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Abstract 
  

The 3D organization of the eukaryotic genome is an integral part of cell homeostasis and 

differentiation. Genome organization is a multi-tiered system regulated in large part by a host of 

transcription factors and chromatin interacting proteins, such as CCCTC-binding factor (CTCF). 

CTCF is a ubiquitous DNA-binding protein involved in higher-order topological organization of 

the genome via establishment of topologically associated domains (TADs). CTCF is recruited to 

the genome by 40 bp CTCF binding sites (CBSs) that contain a highly conserved 15bp motif. 

CBSs are frequently mutated in cancer and developmental diseases leading to loss of CTCF 

binding and subsequent gene misregulation, but studying the mechanistic consequences of CTCF 

function is complicated by its broad functionality within eukaryotic cells. In addition, CTCF has 

been implicated in gene regulation through the formation of promoter-enhancer loops, but it is 

not clear if cohesin or RNA is the cofactor in this process. To address this limitation, I sought to 

define and alter the DNA-binding determinants of CTCF so as to facilitate structure/function 
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studies of this important regulator. Using a bacterial-two-hybrid (B2H) reporter system, I first 

identified the nucleotides in the CBS that are essential for CTCF binding. I used this knowledge 

to generate a series of variant CBSs (vCBS) that are no longer bound efficiently by wild-type 

CTCF. Leveraging the B2H as a selection system, I evolved CTCF variants with altered binding 

specificities for these vCBSs. Utilizing the CTCF-regulated proto-oncogene ​MYC ​ as an 

endogenous human gene reporter, I demonstrated that these engineered CTCF variants could 

reproduce the normal biological role of CTCF ​in cellula​ and could be used to define the 

functional consequences of mutating CTCF domains on expression of this gene, providing 

evidence that RNA, not cohesin, is the facilitating cofactor of establishing the CTCF-mediated 

promoter-enhancer loop. I have developed a system to study the mechanistic requirements for 

CTCF-mediated gene expression without the confounding pleiotropic effects, allowing for site 

specific analysis of CTCF mediated gene expression. This work could be applied to creating a 

toolbox of variant transcription factors with novel DNA-recognition profiles for application in 

epigenetic engineering. 
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Introduction 

 

The eukaryotic genome is organized by multiple layers of protein-protein and 

protein-DNA interactions that coordinate gene expression, nuclear localization, and cell 

differentiation. Biological mechanisms of the eukaryotic cell such as differentiation, mitosis, and 

DNA repair, are the result of the interplay between epigenetic modifications, chromatin 

associated proteins, transcription factors, and the segregation of the genome in a 3D space​1–3​. 

Genome organization can be arranged in layers of complexity that follow the hierarchy of three 

main tiers of organization: chromosome territories, A/B compartmentalization, and the formation 

of topologically associating domains (TADs). Phase separation is an additional layer of 

eukaryotic genome organization that forms structured regions of interchromosomal and 

intrachromosomal interactions through formation of liquid-phase condensates​4,5​. Phase 

separation is the accumulation of alike molecules at a region of the genome to form droplets that 

act as membrane-less organelles. The condensates recruit molecules (or proteins) of similar 

function while excluding others and in this way create a reaction hub for inter or 

intrachromosomal regions​6–9​. The organization of the eukaryotic genome is key to spatial 

management of gene regulatory elements and plays a critical role in the regulation of gene 

expression. 

Hi-C experiments determined the eukaryotic genome is organized into two main 

compartments (A and B) within the nucleus. Compartment A consists of euchromatic regions of 

the genome that are localized to the nuclear interior, and contain predominantly actively 

transcribed gene bodies. While Compartment B contains mostly heterochromatic genome 
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segments that are localized to the nuclear lamin and nucleolus​11–14​. Swapping between 

compartments appears to be dynamic and mediated by chromatin interacting proteins such as 

transcription factors​12,15,16​. Transcription factors CTCF and YY1 have demonstrated the ability to 

drag genomic regions from compartment A to compartment B, effectively silencing genes of that 

region, however cell-wide depletion of CTCF did not impact the establishment or maintenance of 

A/B compartmentalization, suggesting CTCF does not act in this tier of chromatin 

organization​17,18​,​19​. 

Within each A/B compartment, the genome is further segregated into insulated 

neighborhoods by the formation of topologically associating domains (TADs). TADs establish 

regions of the genome, spanning several MBs, that can interact with elements within the TAD 

boundary, but not with nearby elements outside the boundaries. 92% of mammalian TAD 

boundaries are established by CTCF-Cohesin DNA-protein complexes​19–21​. CTCF-independent 

TADs are demarcated by RNA polymerases, build-up of nascent RNA transcripts, and/or 

transcriptional activators​19,22–25​. A subset of CTCF-independent TADs are still occupied by 

cohesin and have a broader looping structure more similar to A/B compartmentalization​2,21,26​. 

Transcription factors KLF4 and OCT4 have been shown to interact with cohesin and may act to 

create these TADs​27,28​. Single cell analysis and single molecule imaging studies of genome 

organization found that A/B compartmentalization remains largely stagnant with any one gene 

remaining in their original compartment, while TADs are comparatively variable and genes can 

fluctuate between CTCF-cohesin loops suggesting a level of flexibility at this tier of genome 

organization​29–33​.  
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TAD construction is explained by the loop extrusion model. In this model, cohesin 

threads along the genome until it collides with a CTCF, bound to the DNA via a CTCF binding 

site (CBS). The genome is then looped through the ring-like cohesin complex until it binds with 

a convergently oriented DNA-bound CTCF​34​,​35,36​. The orientation of the CTCF bound to the 

genome dictates the boundaries of the cohesin-extruded loop​36​. A TAD will only form between 

two CTCFs bound in opposite orientation of each other with the N-terminal domains arranged 

towards the inside of the loop. TADs can contain nested, smaller TADs further 

compartmentalizing the genome into smaller scale subTADs that facilitate fine-tuned gene 

insulation or gene activation, via promoter enhancer looping, within gene clusters​19,21,22,37–39​. 

Studies on CTCF localization through mitosis reveal CTCF-dependent TADs assemble on the 

genome in a bottom-up order, where CTCF binds across the genome first followed by a delayed 

and gradual accumulation of cohesin​40,41​. The smaller subTADs are built first followed by larger 

TADs. While TADs are highly conserved across cells and species, sub-TADs are not conserved 

across species or even cell types and function as flexible, topological mechanisms of gene 

regulation within the established TAD ​(Figure 1.1a)​42​. 

CTCF is a key regulator of genome organization. Global depletion of CTCF in embryonic 

stem cells, as well as dividing and non-dividing terminally differentiated cells, resulted in loss of 

82% of TAD formation and impacted transcriptional activity for ~⅕ of all protein coding genes​19​. 

Although a global disruption of TAD structures only leads to gene expression changes in a fifth 

of total mammalian protein-coding genes, depletion of CTCF had the largest impact on genes 

regulated by clusters of enhancers (superenhancers), suggesting a role in gene regulation through 

enhancer recruitment and restraint​43,44​. In addition, CTCF has been found to regulate mRNA 
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splicing by influencing the rate of transcription and implicated in promoting homologous 

recombination repair at double-strand breaks​45​,​46​.​47​. The many roles of CTCF in the eukaryotic 

cell can be attributed to the many domains of CTCF and their function. CTCF can be split into 

three main regions; 1) the amino-terminal domain spanning amino acids 1-248, 2) the central 

DNA binding domain containing an 11-finger Cys​2​His ​2​ zinc finger array, and 3) the 

carboxy-terminal domain spanning amino acids 580-727 ​(Figure 1.1b)​. Cys ​2​His ​2​ zinc finger 

architecture is the most common among transcription factors in eukaryotic cells, and not unique 

to CTCF. Zinc finger arrays following the Cys​2​His ​2​ architecture can often function as recognition 

domains to facilitate protein-DNA, protein-RNA, and/or protein-protein interactions​48​. The zinc 

finger array of CTCF is no exception as CTCF has been found to bind to DNA, RNA, and form 

protein complexes​49–52​. These interactions will be further discussed in chapters 1, 2, and 3 

respectively. 

CTCF binds across the genome via a 40 bp binding site (CBS) and clusters at TAD 

boundaries as well as at promoter and enhancer domains within TADs, due to its duplicative role 

in promoter-enhancer looping​12,53​. Gene activation by promoter-enhancer looping subTADs, 

established by CTCF, reduces the distance between the promoter region of genes and 

enhancer-bound transcription factors​44,54,55​. CTCF-formed TADs can have an insulatory effect on 

gene transcription if the TAD boundaries exist between genes and enhancer regions, but CTCF 

can also repress gene expression by binding on top of the transcriptional start site of genes or by 

RNA Polymerase II stalling​19,45​. Sequence mutations of CBSs as well as methylation can result in 

loss of CTCF binding, disruption of TAD and subTAD formation, and subsequent gene 

misregulation and disease​39,56–59​. The accumulation of indels and substitutions in CBSs has been   
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Figure 1.1: CTCF dependent topologically associated domains are established by CTCF           
binding to the genome via DNA binding domain. a, topologically associated domains are             
established by CTCF (yellow) occupancy of CTCF binding sites and subsequent looping directed             
by Cohesin (green ring). Genes and enhancers are depicted as boxes and ovals respectively.              
Genes and enhancers on either end of TAD boundaries have little interaction with each other.               
Genes and enhancers within a TAD will have more freedom to interact. Smaller subTADs exist               
within the larger insulated neighborhoods and act to direct promoter-enhancer loops. TADs are             
conserved across species and cell types while subTADs vary significantly. ​b, CTCF consists of              
three domains: N-terminal domain (orange), central DNA binding domain consisting of an            
11-finger Cys​2​His ​2​ zinc finger array, and C-terminal domain (green).  
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linked to chromosomal instability and tumorigenesis in gastrointestinal cancer and melanoma​60,61​. 

Cancer-specific CTCF binding patterns were identified in six cancer types in an analysis of over 

700 CTCF ChIP-seq profiles from human tissue and cancers, a portion of which was related to 

CBS mutations resulting in loss of CTCF binding and the misregulation of tumor suppressor and 

oncogenes​10​. A trans-TAD genomic duplication in the ​SOX9 ​gene region results in the 

destruction of the existing TAD and the formation of a new TAD which results in the 

misexpression of a previously excluded gene ​KENJ2​62​. Disruption of a TAD boundary at the 

gene-dense limb development loci, by genomic inversion or duplication, results in loss of 

association of enhancers to the limb-specific ​EPHA4 ​gene. The same disruption leads to 

increased association of the ​EPHA4-​specific enhancers to ​WNT6-IHH ​ or ​PAX3​ resulting in 

concurrent loss of ​EPHA4 ​expression and ectopic activation of ​WNT6, IHH ​or ​PAX3​. The 

destruction of one TAD and formation of another, and subsequent gene misregulation, results in 

digit malformations in humans​39​. In all these cases, the mutations to the 40 bp CBS that result in 

loss of CTCF occupancy are not consistent and include deletions, insertions, or multiple 

substitutions. Therefore it is not clear which portion of the CBS is responsible for maintaining 

CTCF occupancy and TAD formation. 

Due to CTCF’s ubiquitous nature in the cell, it is difficult to investigate 

structure-function studies at CTCF regulated gene loci. Which mutations within the CBS result 

in loss of CTCF binding and gene misregulation is not well defined. The disruption and 

formation of TADs in disease cases suggest TAD level of chromosomal organization is flexible. 

Single-molecule imaging studies provide evidence for gene fluctuation between TADs, 

suggesting continuous formation and dissolution of CTCF-cohesin loops. Based on this, it may 
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be possible to manipulate the higher-order organization of the eukaryotic genome for targeted 

gene regulation. We set out to determine if we could define critical bases within the CBS that 

lead to loss of CTCF binding, evolve CTCF variants with new sequence specificity to target 

mutated CBSs and use this system to determine cofactors  of CTCF promoter-enhancer looping 

at an endogenous site, and finally use engineered CTCF variants for alteration of gene expression 

by introducing variant-specific CTCF-mediated genome reorganization. 
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Chapter 1: 

 

Utilizing bacterial selection for engineering CTCF proteins with novel sequence recognition 

Rebecca T. Cottman​1,3​, J. Keith Joung​1,2 

1​Molecular Pathology Unit, Center for Cancer Research, and Computational and Integrative 

Biology, Massachusetts General Hospital, Charlestown, MA, ​2​Department of Pathology, Harvard 

Medical School, Boston, MA, ​3​Department of Biological and Biomedical Sciences, Harvard 

Medical School, Boston, MA 

 

All authors listed contributed to the work described in this chapter. I designed and performed 

wet-lab experiments. Keith Joung oversaw research and provided direction.   
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Introduction 

 

CTCF is a transcription factor conserved in most eukaryotes with the exception of yeast, 

C. elegans, and plants​1​. CTCF was first identified as a regulator of ​c-MYC ​( ​MYC ​) expression, it 

has since then been identified as a key regulator of higher order genome organization​35,49,63​. 

CTCF binds throughout the genome via a highly conserved 11-finger zinc finger (ZF) array with 

a Cys​2​His ​2​ architecture that recognizes a 40bp CBS, of which a core region of 15 bp forms the 

motif defined by JASPAR motif analysis of ChIP-seq datasets ​(Figure 1.2a)​48,64–66​. Co-crystal 

structure of the 11-finger ZF array bound to its DNA substrate suggests that only ZFs 3-7 of the 

11-finger ZF array appear to make protein-DNA contacts​67​. The site of protein-DNA contacts 

overlaps with the highly conserved 15bp core sequence (​Figure 1.2a​), confirming the source of 

conservation of particular base pairs within the larger CTCF binding site. In contrast, ZFs 8-11 

and ZFs 1-2 do not appear to mediate sequence-specific contacts, which may be why the 

conserved motif does not extend beyond the 15 bp core sequence within the targeting range of 

ZF3-7 ( ​Figure 1.2a​) ​67​. In fact, structures of CTCF zinc finger array bound to its DNA substrate 

were obtained with high resolution for only zinc finger 2-9 with the other fingers not visible in   
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Figure 1.2: Zinc finger array of the CTCF DNA binding domain makes Protein-DNA             
contacts to the partially conserved CTCF binding site. ​a, Representative sequence of CTCF             
binding site. Core sequence is conserved and forms the motif derived from ChIP experiments              
(black underline). 5’ and 3’ flanking regions (blue and orange underline, respectively) are not              
detected by ChIP experiments, but are required for CTCF binding. ​b, ​Structure of a single               
Cys ​2​His ​2 zinc finger in complex with a Zn+ molecule. The alpha helix contains the residues that                
coordinate protein-DNA contacts with the sequence of the binding site. ​c, ​Simplified diagram of              
the protein-DNA contacts typical of Cys ​2​His ​2 zinc finger architecture. Residues of the            
recognition helix are numbered -1 through 6, with a subset of residues forming direct              
protein-DNA contacts (black bars) with a triplet of DNA sequence. ​d, Residues of each zinc               
finger recognition helix and the interacting DNA sequence. Zinc fingers 3-7 of the zinc finger               
array of CTCF make contacts with the 15 bp core motif of the CTCF binding site. Residues are                  
numbered in relation to the recognition helix of each zinc finger, the core region of the CBS is                  
numbered 3’-5’ direction.  
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the structure, providing evidence they are not involved in targeting the flanking sequences of the 

CBS ​67​. However, ChIP-exo studies of lenti-virally integrated CTCF constructs implicate the 

importance of ZFs 8-11 and ZFs 1-2 in maintaining CTCF occupancy genome-wide​68​. Single 

peptide changes in the first or second zinc-coordinating histidine within any one of the 11 ZFs 

resulted in a reduction in occupancy of CBSs genome-wide with the most severe reduction 

observed in constructs with mutations to ZFs 3-7. This, combined with DNaseI footprinting 

suggests that although ZFs 3-7 appear to be critical for protein-DNA interactions, the remaining 

fingers in the array are required for optimal binding to the target CBS in a sequence-independent 

manner​68,69​. It remains unclear why all 11 fingers in the array impact CTCF occupancy at CTCF 

binding sites. As is the case with other DNA binding proteins utilizing Cys​2​His ​2​ zinc finger 

arrays such as TFIIIA, WT1, or GATA-1, ZFs 3-7 could be responsible for protein-DNA 

contacts while the other fingers in the array could be coordinating protein-RNA or 

protein-protein interactions that may stabilize CTCF on the genome​70–72​. 

The Cys​2​His ​2​ class of zinc finger arrays is the most common protein architecture found in 

the DNA binding domains of eukaryotic transcription factors​48​. The first observation of  the 

Cys ​2​His ​2​ architecture was made in a study of Transcription Factor IIIA (TFIIIA). Much of the 

architecture was later elucidated from further studies with EGR1, also known as Zif268​48​. Zinc 

fingers of this architecture consist of two anti parallel beta sheets followed by an alpha helix that 

contains the residues forming the protein-DNA contacts. The two highly conserved Cysteines 

and Histines of each zinc finger coordinate a Zn+ ion that maintains the finger-like fold of the 

protein ​(Figure 1.2b)​. This allows for the orientation of the alpha helix to recognize and bind to 

the major groove of the DNA, with only a slight widening of the major groove to accommodate 

 

11 

https://paperpile.com/c/OEevVI/tVuzs
https://paperpile.com/c/OEevVI/QmjKJ
https://paperpile.com/c/OEevVI/aRe6y+QmjKJ
https://paperpile.com/c/OEevVI/UPhtZ+iNywK+2HIJ
https://paperpile.com/c/OEevVI/neoC6
https://paperpile.com/c/OEevVI/neoC6


the array. Recognition of a target sequence is coordinated by the recognition helix, defined as 

residues -1 through 6, of each zinc finger in tandem with residues -1, 2, 3, and 6 making Van der 

Waals contacts between the protein and DNA ​(Figure 1.2c)​. ZF3-7 of CTCF makes 

protein-DNA contacts with the 15 bp core sequence of the 40 bp CBS in this fashion ​(Figure 

1.2d) ​. Linkers connecting the fingers of the array typically conform to the consensus amino acid 

sequence ‘TGEKP’. Each finger in the array will recognize a triplet of base pairs in the 

recognition sequence; in the case of Zif268, three zinc fingers target a 9 bp sequence of DNA. 

CTCF has 11-fingers of which only 5 make protein-DNA contacts to recognize the 15 bp core 

region of the 40 bp CBS​67,68​. Attempts to expand the target sequence of Zif268 beyond 9 bps 

were initially made by adding more zinc fingers to the array with a simple ‘TGEKP’ linker, but 

any addition beyond three fingers had moderate improvements in binding affinity to the 

expanded target sequence​73​.  

Accumulation of substitutions and indels in CBSs has been implicated in tumorigenesis 

of gastrointestinal cancers and melanoma​60,61​. Inversions disrupting CBSs during embryogenesis 

results in developmental disorders, such as fragile-x syndrome, due to disruption in TAD 

boundaries​62,74,75​. CTCF binding sites have been reported to be mutational hotspots in cancer with 

cancer-associated mutations localized to the core sequence of the CTCF binding site in primary 

samples from gastrointestinal cancer patients and with accompanying atypical gene expression 

profiles of oncogenic and tumor suppressor genes​61​. Small deletions of CTCF binding sites have 

also been shown to lead to loss of expression of genes such as ​MYC ​and ​PTGS2 ​, which both play 

a role in cancer development​76,77​.  It would therefore be therapeutically relevant to engineer 

CTCF to bind to pathogenic CBS mutations and restore gene regulation. However, the 
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heterogeneity of alterations in the CBS sequence that results in loss of CTCF occupancy make it 

difficult to know which mutations are causal. EMSA-based ​in vitro​ studies determined base 

changes within the 15 bp core region resulted in reduced CTCF occupancy, however this study 

investigated a handful of ‘triplet’ mutations, where a triplet of DNA was altered at a time, and 

did not perform an exhaustive analysis of all possible single base alterations across the CBS​78​.  

The DNA binding domain of CTCF is composed of an 11-finger zinc finger array that 

follows the Cys​2​His ​2​ architecture common in eukaryotic transcription factors and found in 

Zif268. Attempts to engineer Cys​2​His ​2 ​zinc finger arrays to target novel sequences have mainly 

focused on three-finger Zif268 due to its modularity and previously well characterized structure 

and protein-DNA interactions. It is therefore feasible to apply the previously developed selection 

methods used to evolve Zif268 sequence specificity to CTCF. 

There are two competing selection systems for creating Cys​2​His ​2​ zinc finger arrays that 

recognize novel sequences: Phage display and the bacterial-two-hybrid method. Phage display 

was first described as a method for clonal expansion of desired gene products or a method for 

raising antibodies against a displayed peptide​79​. The first application of phage display as a 

selection system was in selecting a library of mutant human growth hormone proteins (hGH) 

fused to the C-terminus of the filamentous gene III and for binding to the wild type receptor​80​. 

This was the first demonstration of the use of phage display to study and select for novel 

protein-protein interactions. Finally, it was applied to evolving proteins with novel protein-DNA 

interactions by fusing the short Zif268 coding sequence to the C-terminal end of the filamentous 

phage III gene and selecting libraries of Zif268 with degenerative coding sequence to bind to, at 

first, 3 base changes in the 9 base pair recognition sequence​81–84​. 
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The bacterial-two-hybrid (B2H) selection method was developed later as an alternative, 

and more efficient, selection method for Zif268 variants with novel protein-DNA and 

protein-protein interactions​85,86​. Originally, the B2H method was applied as a screen for 

protein-protein interactions, where protein interacting domain (A) was fused to a DNA binding 

domain with known binding capacity for a DNA sequence. Another protein interacting domain 

(B) was fused to the alpha-subunit of ​E. coli​ RNA polymerase. Interaction of protein A and B 

would result in the assembly of transcriptional machinery at the TSS of a weak promoter 

upstream of a ​lacZ​ gene. Protein-protein interaction could then be screened with a colorimetric 

assay detecting beta-galactosidase, the product of ​lacZ​ expression ​(Figure 1.3a)​87,88​. The B2H 

selection system was adapted from this work by replacing ​lacZ ​with ​HIS3-aadA ​ construct and 

replacing protein A and B with modified portions of yeast derived proteins Gal11P and Gal4​85​. 

Gal4 is fused to the alpha subunit of ​E. coli ​RNA polymerase while Gal11P is fused to the 

protein of interest that will have varying ability to recognize and bind a target sequence upstream 

of a minimal promoter directing expression of the selective yeast gene ​HIS3 ​that can recover 

histidine biosynthesis is ​E.coli​ strains with ​ΔHisB​ ​(Figure 1.3b)​85​. A phagemid library with 

variation in residues -1 through 6 of the recognition helix of the most C-terminal zinc finger of 

the three-finger Zif268 zinc finger array was fused to Gal11P and through selection generated 

novel Zif268 variants capable of binding to three unique 3 bp subsite of the native 9 bp target 

sequence. The B2H selection system could negatively screen through a larger library pool of 

variants than the B2H reporter system and could produce proteins with altered sequence   
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Figure 1.3: Previously described bacterial-two-hybrid (B2H) systems for screening of          
protein-protein and selection of protein-DNA contacts. ​a, ​B2H reporter assay of           
Protein-Protein interaction between protein X and Y developed by Hochschild et al.(​87,89​).            
Protein interactions were assayed by fusing protein X to a DNA binding domain with known               
affinity for a binding site (yellow box) upstream of a reporter gene ( ​lacZ​). Expression of the                
reporter gene is dependent on interaction of Protein X with protein Y, which is fused to an alpha                  
subunit of RNA polymerase and is subsequently recruited to the minimal promoter. ​b, ​Diagram              
of B2H selection system developed by Joung et al., ( ​85​) for Protein-DNA interactions. Modified              
versions of yeast derived proteins (Gal4 and GallP) are used to replace the protein-protein              
interaction of X and Y. The ​lacZ reporter gene is replaced with ​HIS3 and ​aadA​. 3 finger array of                   
Zif268 is fused to Gal11p and survival of the bacteria is dependent on successful binding of the                 
zinc finger array to the sequence of the binding site.  
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specificity in fewer rounds of selection than the phage display method​85​. This method has also 

been applied to selection of novel protein-protein interactions, with minimal breakthroughs of 

background variants ​86​.Both selection methods take into consideration the nature of Cys​2​His ​2​ zinc 

finger arrays and the components of the protein structure that influences protein-DNA and 

protein-protein interactions. Here we adapted the B2H system to create a reporter assay and 

selection for identifying critical bases within the CBS binding site for maintaining CTCF 

occupancy and then CTCF variants that can bind to those sequences. In this chapter, the 

protein-DNA interactions of ZFs 3-7 of the CTCF zinc finger array will be explored further and a 

bacterial-two-hybrid selection system will be applied to generate CTCF variants with novel 

sequence affinity. 
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Results 

 

CTCF relies on critical residues within the CBS motif to maintain DNA contact. 

CTCF is composed of a central DNA recognition domain composed of an eleven-finger 

zinc finger array (​Figure 1.1b​). Crystal structure of the CTCF zinc finger array bound to 

double-stranded DNA indicates that zinc fingers 3 through 7 make protein-DNA contacts with 

the 15 bp core motif of CBS and direct the sequence specificity of CTCF across the genome 

(Figure 1.2d)​67​. Indels or duplications disrupting the core motif of CBSs, which may have 

resulted in loss of CTCF binding, have been linked to developmental defects, instability of the 

genome, as well as associated with tumorigenesis​60,61,74​. Because of the heterogeneity of 

mutations that result in loss of CTCF binding and onset of disease, it is difficult to determine 

which bases within the CTCF binding site are critical for CTCF occupancy. In order to engineer 

CTCF variants with orthogonal CBSs that wild type CTCF could not bind to, we first needed to 

determine which bases were critical to maintaining CTCF occupancy. 

To do this, we developed a bacterial-two-hybrid (B2H) reporter system with a ​lacZ 

reporter regulated by CTCF binding ​(Figure 1.4a)​. First we determined the components of the 

CTCF DNA binding domain and CTCF binding site required for optimal binding in the B2H 

reporter system. We screened ga11p fusions of different subsets of the zinc finger array on a 

selection of known CBSs from previously published studies ​(Figure 1.4b)​. We determined a full 

length 40 bp consensus CBS, composed of 5’ flanking, core, and 3’flanking regions, paired with  
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Figure 1.4: Optimization of CTCF zinc finger array and CTCF binding site sequence in an               
adapted bacterial-two-hybrid reporter system. ​a, ​Diagram of CTCF zinc finger array and            
binding site in the B2H reporter system. Full length or subsets of the 11-finger array of CTCF                 
were fused to gal11P, zinc fingers involved in Protein-DNA contacts (dark gray) and those with               
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no evidence of making contact to the DNA (light gray) are indicated. Expression of the ​lacZ                
reporter gene is dependent on binding of the CTCF zinc finger array to the binding site. ​b,                 
Optimization of the components of the CTCF zinc finger array and CTCF binding site that is                
required for optimal activation of the reporter gene. Heat map reflect fold activation of the               
reporter gene over background expression. Columns are labeled with the portion of the zinc              
finger array fused to gal11p; the rows are marked by binding site sequences and their source.                
Binding sites tested contained different components of the full 40 bp CTCF binding site as               
indicated by black underline (core), blue underline (5’ flanking), or orange underline (3’             
flanking). ​c, ​Consensus CTCF binding site (CBS) with the 15 bp core region highlighted in gray.                
Heat map reflects fold activation of ​lacZ reporter gene above background for a single bp change                
at the indicated site in the consensus sequence. Each row of the heat map indicates the labeled                 
base at that position with black dots indicating consensus nucleotide sequence at that position.              
Each cell represents mean fold activation of triplicate experiments.  
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the full 11-finger zinc finger array, led to the strongest CTCF binding. To identify the critical 

bases in the CBS necessary for CTCF binding, we introduced single substitutions of the 

remaining possible bases at each position of the binding site and assayed the ability of CTCF ZF 

array to bind using the B2H reporter assay. We discovered that certain single base-pair 

substitutions within the 15 bp core motif region (highlighted in gray) resulted in complete loss of 

CTCF binding, and substitutions outside of this core region of the binding site had little impact 

(Figure 1.4c)​.  

  

Engineering CTCF variants to bind to variant binding sites. 

Next, utilizing a B2H selection system we engineered CTCF variant zinc finger arrays 

that could bind to the variant CBSs (vCBS) with single alterations in the bases critical for CTCF 

binding ​(Figure 1.5a)​. The B2H selection is similar to the reporter system except instead of 

binding driving the expression of ​lacZ​,​ ​successful binding results in survival of the clone via the 

expression of ​blaC​,  an antibiotic resistance gene. In this way a library of zinc finger array 

variants can be selected to bind to a new target sequence. The CTCF zinc finger array follows the 

Cys ​2​His ​2​ zinc finger architecture and as such, the recognition helix of each ZFs 3-7 recognizes a 

triplet of bases in the CBS ​(Figure 1.5b)​. Amino acids at positions -1, 2, 3, and 6 of the 

recognition helix, relative to the first residue in the alpha helix of each zinc finger, establish the 

protein-DNA contacts with the CBS, however zinc finger arrays make context-dependent 

interactions and so all residues of the recognition helix must be considered when designing 

selections targeting an altered binding site​48​. Therefore, libraries of zinc fingers were constructed 

with degenerative residues limited to within the DNA-recognition helix of zinc finger 3-7, and  
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Figure 1.5: B2H selection system for generating CTCF variants with novel sequence            
recognition. a, A diagram of the B2H selection system used to select CTCF variants within one                
finger of the zinc finger array for a single base change in the CTCF binding site. Zinc finger                  
containing VNS codons for residues in the recognition helix is marked with an asterisk and               
multicolored to represent a complex library of zinc finger variants within the array. Survival of               
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colonies is dependent on successful binding of CTCF variant to the modified sequence, the              
consensus CBS (yellow) with single base change (red rectangle), and subsequent expression of             
blaC​, a penicillin resistance gene. ​b-c, ​Detail of core sequence within the consensus CBS and               
the zinc fingers within the array that coordinate protein-DNA contacts with each triplet. The              
positions within the core are numbered from 3’-5’ for future reference. ​d, ZF7 recognition helix,               
with the protein-DNA contacts detailed (black lines), recognizes bases 13-15 of the core             
sequence within the CBS. The ‘A’ base at position 13 was altered to a ‘T’, ‘G’, or ‘C’ and the                    
library of CTCF zinc finger array variants were constructed with ‘VNS’ codons encoding the              
residues at the indicated positions (X) within the ZF7 recognition helix. CTCF variants were              
tested for sequence specificity in the B2H reporter assay. Heat maps of mean fold activation               
above background in triplicate. Wild-type zinc finger array (RKSD) base specificity. Sequence            
preference of surviving variants shown for each base change in the CBS. Surviving variants were               
sequenced and their residues at the (X) positions are detailed above the heat map of binding                
ability as assayed by the previously described B2H reporter system. The blue base under each               
heat map indicates the base the variants were selected to bind to, base sequences labeling the                
rows indicate the base present at the same position in the B2H reporter. ​e, ​Schematic of library                 
construction for ZF7 recognition helix selected to bind to alterations in the 2​nd position of the                
triplet DNA sequence. (X) Indicate residues encoded by ‘VNS’ codons, ‘C’ base altered to ‘T’,               
‘A’, or ‘G’. Performance of surviving variants (sequences above heat maps) selected to bind to a                
single base change (listed below heat map) in the CBS were assayed for ability to bind to all                  
possible sequence changes at that position. 
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only to the subset of residues that would have an impact on binding to the corresponding single 

base change in the CBS. The library of CTCF zinc finger arrays with degenerative residues was 

prepared by introducing ‘VNS’ at codons corresponding to the residues -1,1,2,3 or 2,3,5,6 of the 

recognition helix, depending on the location of the alteration in the CBS ​(Figure 1.5b-c)​. We did 

not alter residue 4 of the recognition helix because it faces the internal core of the ZF domain and 

is not expected to make contacts to the DNA, but instead serve to stabilize the structure of the 

alpha-helix​48,90​. CTCF zinc finger array libraries were selected to bind to single base alterations 

at each critical residue of the CBS using the B2H selection system (​Figure 1.5a​). A sub-set of 

surviving clones were assayed for their ability to bind to their target vCBS using the previously 

described B2H reporter system and found that we had three categories of variants; specific, 

relaxed, weakened ​(Figure 1.5d-e, Figure 1.6)​. 

We were interested to see if the sub-set of evolved zinc finger arrays we characterized 

from the selection was representative of the population of surviving variants. We scraped the 

colonies growing on the highest selection stringency, isolated the zinc finger array encoding 

plasmid and prepared it for NGS. The resulting sequences were translated and aligned to reflect 

the amino acid in position -1 through 6 of the recognition helix for each selection of ZF7 

libraries on a C to A, G, or T base change in the CBS ​(Figure 1.7)​.​ ​The initial clones expanded 

from the selection appeared to be representative of the dominant variants in the population 

( ​Figure 1.5d-e​). 

We next wanted to make a vCBS that would be orthogonal to CBSs in the human 

genome. Multiple changes were introduced to the 40 bp CBS, all within the 15 bp core region, to 

generate five different vCBSs (vCBS1-5) that were then used in the B2H selection system. Five   
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Figure 1.6: Zinc finger library construction and selection for alterations to critical bases in              
the CBS. ​a-g, Library construction of recognition helix and target triplet of DNA in the CBS.                
Residues altered varied with ‘VNS’ codon encoding residues within the recognition helix (X)             
and the target base that was altered (colored pink or blue). Each variant pulled out of selection                 
were assayed for binding to all possible changes in the CBS at that position in the B2H reporter                  
assay.  
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Figure 1.7: Population sequencing of selection pools demonstrates preferred residues          
within the recognition helix for base specific sequence recognition. Residues at varied            
positions in ZF7 recognition helix post selection with the library described in Figure 5e. Quilts               
reflect the amino acid sequence of the population of surviving variants. Wild-type residues of              
ZF7 recognition helix recognizing a C at position 14 of the core CBS are at the top of the quilts                    
with the C:N change along the left side of each population. 
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groups of CTCF zinc finger array libraries were constructed using the pools of variants generated 

from the previous selections to single base changes in the CBS ​(Figure 1.8a-e)​. 5 groups of 

libraries were selected on 5 different vCBSs using the B2H selection system. 12 colonies from 

each vCBS selection were assayed using the B2H ​lacZ ​reporter system​ ​for their ability to bind to 

their vCBS and the consensus CBS (​Figure 1.9a-e)​. We found that in selection groups 3, 4, and 

5, many of the observed CTCF variants were represented more than once, highlighting the 

strength of our selection system to enrich for the small number of strong binders from a pool 

with an initial estimated complexity of 1.0x10​8​. In all but one vCBS, we were able to select for 

CTCF variants that recognized multiple alterations to the CBS that did not retain wild-type 

CTCF occupancy.  
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Figure 1.8: Library construction of CTCF zinc finger arrays targeting multiple           
simultaneous alterations to the CBS sequence. ​a-e, alterations to the consensus CBS are             
shown and highlighted with red boxes. Zinc fingers and their residues within the recognition              
helix requiring alteration are indicated with colored brackets. Selected variant pools from the             
previous selections in Figure 5 and 6 for the alteration in the binding sequence indicated were                
assembled into the zinc finger array at the zinc fingers indicated.  
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Figure 1.9: CTCF variants bind specifically to variant CBS with multiple, simultaneous            
sequence alterations. ​a-e, Variant zinc finger (colored,*) of the 11 finger array and target vCBS               
used in the selection. Heat map of binding affinity of surviving variants to the target vCBS                
sequence and consensus WT CBS. Original wild-type CTCF zinc finger array (CTCF) also             
assayed.  
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Discussion 

Previous attempts to characterize the sequence requirements of CTCF binding sites have 

been made, with alterations made to the sequence in sets of 3​78​. Here we describe the first 

characterization of single base alterations made sequentially across the entire CTCF binding site. 

These results determine the sequence requirements within the entire 40 bp CBS for CTCF 

occupancy is restricted to the 15 bp core region ​(Figure 1.4)​. In addition, our results corroborate 

the ChIP-seq derived motif for CTCF binding as well as indicate causal mutations of those 

reported to be enriched within CBSs in cancers​60,61,64,65​.  The full 40 bp CTCF binding site was 

required for optimal occupancy of wild-type CTCF zinc finger array in the B2H reporter assay. 

EMSA-based ​in vitro​ studies of sequence requirements for CTCF binding do not always require 

the full 40 bp binding site. In one study, a 28 bp DNA substrate containing the 15 bp core was 

enough to recruit CTCF​78​. However, the presence of the full length sequence is required for 

optimal occupancy in eukaryotic cells, similar to what is observed in the B2H reporter assay​68​. 

What is surprising is the flexibility in the sequence at the regions flanking the core sequence. It is 

likely that the DNA-protein contacts of the zinc fingers 3-7 maintain the conservation of bases 

within the core sequence and the lack of conservation in the flanking regions suggests the 

remaining zinc finger arrays do not make constructive contacts with the flanking regions of the 

CBS. In eukaryotic cells, the flanking sequences may serve to recruit co-factors to CTCF binding 

sites, but these sequences are not required in the ​E. coli​ based B2H system where there is no 

homologue of CTCF, making it unlikely that any co-factors are at play in the prokaryotic system. 

Therefore, it remains unclear what the role of the flanking sequences are in the CBS, but our 
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results further confirm their presence is required for CTCF recruitment. In addition, we provide 

evidence that whatever function the flanking sequences of the CBS play in CTCF binding, it is 

sequence independent. The necessity for the full zinc finger array in the B2H assay for optimal 

occupancy of the binding site reflects the findings ​in cellula​, where mutations in any one of the 

zinc fingers of the 11-finger array had an impact on occupancy, with the largest impact being in 

the DNA-binding fingers 3-7​68​. 

There were more variants selected with relaxed specificity rather than altered specificity, 

this could be a result of sampling as only a subset of surviving variants were assayed for binding 

(Figure 1.5, 1.6)​. It may also be a reflection of the nature of the bacterial-two-hybrid selection 

protocol as the system allows for anything that binds to the sequence and does not have a 

selective pressure for specificity. In previous attempts of Zif268 evolution with phage display, 

after a couple rounds of selection of the library pool on the target sequence, the enriched pools 

would be subject to a negative selection with a wild-type, or off-target, sequence as bait​83​. This 

would allow for a depletion from the selection pool of variants that had non-specific sequence 

preference. This approach could be used to improve the specificity of our selection further by 

having a degenerative sequence that included off-target sites and non-inclusive of the on-target 

site, upstream of a toxic gene, ​ccdB​ for example, in the B2H system. Finally, current CTCF 

library design excludes Aromatics and Cysteine, as well as stop codons. However, aromatics are 

often required to coordinate binding of a C in the first or second position of a sequence triplet. 

We can potentially improve CTCF variant recognition of C bases within the CBS if we allow for 

these residues to exist in the selection library. 
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One caveat of the B2H system is CTCF and other Cys​2​His ​2​ zinc fingers are not native to 

prokaryotes. The ​E. coli​ genome may function as a non-specific competitor to the CTCF zinc 

finger array, sequestering potential variant CTCFs that could have bound to the binding site. We 

also observed long-term expression of CTCF zinc finger arrays in ​E. coli​ resulting in an 

unusually high rate of missense and nonsense mutations in CTCF coding sequence suggesting 

the zinc-finger array may have been interacting with the bacterial genome or interfering with a 

molecular pathway that impacted viability. This may result in the loss of variants that bind to the 

target sequence if they also bind strongly to the ​E.coli​ genome and result in a fitness cost. 
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Materials and Methods 

All antibiotics and chemicals were obtained from Sigma-Aldrich or ThermoFisher. 

Reporter (ONPG β-galactosidase) Assay 

CTCF binding to the variant CBS (vCBS) was determined using a modified bacterial-two-hybrid 

reporter system. The system relies on co-expression of two low-copy plasmids, zinc finger array 

plasmid and the binding site plasmid, in chemically competent delta lambda (Δλ) ​Escherichia 

coli​ cells, a gift from the lab of Dr. George Church (Harvard University, Boston, MA). The zinc 

finger array plasmid contained a Kanamycin resistance gene (Kan​R​) and the Gal11p-ZF array 

fusion, the zinc finger array of wild-type CTCF or a CTCF variant, under the control of a lac 

promoter. This same plasmid contained the Gal4 and alpha subunit of RNA polymerase fusion 

under control of the lac operon. The zinc finger array plasmid was maintained at low copy in ​E. 

coli ​via pBR322 derived origin containing the ​rop ​ gene. The binding site plasmid, the second 

component of the reporter system, conferred Chloramphenicol resistance (Cam​R​) and contained 

the CBS upstream of a minimal ​lacZ​ gene under the control of a minimal promoter (Pmin). The 

binding site plasmid was maintained at low copy number via origin ​oriV​. Δλ cells 

co-transformed with both plasmids plated on LB agar plates containing 50 µg/mL kanamycin 

and 25 µg/mL chloramphenicol. Colonies from the plates were grown overnight in 1 mL cultures 

of LB medium supplemented with 50 µg/mL kanamycin, 25 µg/mL chloramphenicol, 1M IPTG 
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and 10 mM ZnCl​2​. 25 ml of overnight culture was transferred to fresh 1 mL medium and grown 

for 2 hours, towards the end, growth was monitored by up to three OD​595​ readings using a 

microplate reader (Bio-Rad Model 680 168100XTU). At an OD value range between 0.157 and 

0.260, 100 ml of culture was lysed with a mixture of Popculture (Novagen #71092-75mL) and 

rLysozyme solution (Novagen #71110-3) for 15 minutes. 135 ml of Z buffer (60 mM NaH​2​PO ​4, 

10 mM KCl, 1mM MgSO ​4​, pH adjusted to 7.0) containing β-ME (2.7 uL/1 mL of Z buffer) and 

30 ml of ONPG (4 µg/mL) were added to each lysed sample and rate of hydrolysis of ONPG by 

the gene product of ​lacZ​ (β –galactosidase) was monitored by a microplate reader (OD​410​). Fold 

activation of the ​lacZ​ reporter gene was calculated as a ratio of the reaction rate of samples with 

the ZF-array fusion and the target binding site over samples with an empty fusion and the same 

target binding site, adjusted for their respective culture density (OD​595​). 

  

Assembly of the CTCF zinc finger array selection library for single and multiple alterations in 

the CBS 

The residues within the recognition helix of each finger considered for variation in the library 

depended on the position of the altered sequence in the CBS. In the case of single base 

alterations to the binding site, a library of variants was generated with ‘VNS’ codon replacing the 

coding sequence of either residues [-1, 1, 2, and 3] or residues [2, 3, 5, and 6] of the recognition 
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helix within the finger of the array that maintained direct protein-DNA contacts with the altered 

base. The residues [-1,1,2,3] were varied when the altered base was in the 1 position of the triplet 

of sequence, the zinc finger recognized (3’-5’ direction). Residues [2,3,5,6] were varied when the 

altered base was in position 2 or 3 of the triplet of sequence the zinc finger recognized. Oligos 

with degenerative ‘VNS’ sequences within the CTCF array were ordered via IDT, with 

complementary sequences on either end to act as cloning ‘handles’ for annealing and ligating 

into the target zinc finger within the array of a double-digested backbone. Fill in of the 

un-complimented ‘VNS’ portion of the insert was achieved by ​E.coli​ plasmid repair 

mechanisms. Each library was assembled into the digested Kan​R​, zinc finger-gal11P fusion 

plasmid by annealing the oligos and pooling 16x T4 ligation reactions (NEB #M0202S) 

following the manufacturer’s protocol. The pooled ligation reactions were purified by miniElute 

PCR purification columns and eluted in 20 uL of ddH​2​O following manufacturer’s instructions 

(Qiagen #28004). 5 uL of the reaction was electroporated into 70 uL of XL1 Blue ​E. coli​ cells 

made electro competent following standard vacuum-based protocols. Each sample of 

electroporated cells was recovered for 1 hour in 1 mL of pre-warmed SOC at ​37°C, shaking at 

900rpm,​ and pooled in triplicate into 100 mL of LB media with 50 µg/mL kanamycin for 

expansion at 10 hours until OD​600​ 0.400 was reached. Plasmid was then extracted from cell 

culture by MIDIprep kit following manufacturer’s protocol and eluting with 100 uL of provided 

EB (Qiagen #12943). 

 

35 



Selection pools of CTCF variants against multiple alterations of the CBS were constructed from 

pools of variants that were enriched from selection on the single base alterations to the CBS. 

Construction of CTCF variant pools against multiple CBS alterations was performed by targeted 

PCR amplification and Gibson assembly of required zinc finger arrays into a zinc finger 

array-gal11p fusion plasmid with BsaI restriction site landing pads replacing the target zinc 

finger array. Gibson reactions and clonal expansion were carried out as described for the initial 

selections. 

  

Selection of engineered CTCF that binds vCBS 

Selections for CTCF variants that bind to their target vCBS were performed in two stages, using 

a B2H system with a β-lactamase resistance gene (​blaC​) as selective pressure. Individual 

libraries with variation introduced into one of the zinc fingers 3 through 7 in the eleven zinc 

finger array was transformed into electrocompetent Δλ ​E. coli ​cells already containing the target 

vCBS and recovered in 1 mL of pre-warmed SOC in a 96w block for an hour at ​37°C, shaking at 

900rpm​. Subsequently, the culture of transformants were transferred to 3 mL of LB 

supplemented with 50 µg/mL kanamycin, 12.5 µg/mL chloramphenicol and 10 mM ZnCl​2​ and 

induced with 200 mM IPTG. After 3 hours of induction​, 1 mL of the culture was plated on low 

stringency rectangle agar plates (​50 µg/mL kanamycin, 12.5 µg/mL chloramphenicol, 200 mM 
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IPTG, 100 µg/mL carbenicillin, 10 mM ZnCl​2​, and a low concentration (0.45 µg/mL) of 

clavulanic acid, a β-lactamase inhibitor. After 24 hours of incubation, the colonies on the plate 

were harvested in 1 mL of LB of which a 50 ml aliquot was used to inoculate 1 mL of Terrific 

Broth (TB) medium. The inoculated TB cultures were grown overnight (12-16 hours) in a 96w 

block with agitation (900rpm) at 37​°C. ​Plasmids were isolated using miniprep kits (Qiagen 

27106) to yield an enriched library of CTCF variants which was then subjected to a second, 

higher stringency round of selection. For the high stringency selection, 600 ng of the enriched 

CTCF variant library from low stringency selections were transformed into chemically 

competent Δλ ​E. coli ​cells already containing the vCBS selection plasmid and subsequent 

recovery and induction were performed as described above. Following induction, 1 mL of 

cultures were plated on rectangle gradient selection agar plates, a gradient of low to high 

selection stringency. Gradient stringency selection plates were constructed by plating 20 mL of 

molten LB agar containing (4 µg/mL of clavulanic acid, 50 µg/mL kanamycin, 12.5 µg/mL 

chloramphenicol, 200 mM IPTG, 100 µg/mL carbenicillin, 10 mM ZnCl​2​) in a rectangle plate 

(ThermoFisher #264728) and solidified at ~30° angle (elevated by resting one edge on the fat 

end of a p200 tip). Once the bottom layer was solidified a second layer of 20 mLs of molten LB 

agar containing (50 µg/mL kanamycin, 12.5 µg/mL chloramphenicol, 200 mM IPTG, 100 µg/mL 

carbenicillin, 10 mM ZnCl​2​) was spread evenly on top. Two wedges were created, one with 

clavulanic acid and one without, for the gradient effect across the plate. Colonies were picked 

 

37 



from the highest point of growth on the gradient plate and grown overnight in 1 mL of LB and 

50 µg/mL of kanamycin in 96w blocks, 37C, 900rpm. CTCF variant containing plasmids were 

isolated from overnight cultures by Qiagen miniprep (Qiagen #27106) and retransformed into 

chemically competent XL1 Blues for expansion and subsequent sequencing to identify the amino 

acids in the CTCF variant.  
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Chapter 2: 

 

CTCF variants can replicate the biological function of wild-type CTCF in human cells 
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Introduction 

 

CTCF establishes TADs across the genome to create neighborhoods of structure that 

facilitate the interaction of genomic elements within, while insulating them from elements 

outside the TAD boundaries​91–96​,​97​. CTCF acts to regulate gene expression with its function 

mostly dictated by the location of CTCF binding in relation to the transcriptional start site​19​. 

Selective gene activation of gene clusters within TAD neighborhoods by CTCF can occur by 

prevention of nucleosome occlusion of the TSS or by formation of promoter-enhancer loops via 

recruitment of enhancer regions to the gene promoters. The exact mechanism of bringing specific 

enhancer and promoter elements in physical proximity is not completely defined, but DNA 

binding proteins such as the transcription factor YY1 and CTCF, play a role​98​. Although the 

majority of CTCF binding sites cluster at TAD boundaries, CTCF binding can occur within the 

enhancer and promoter regions of genes, and has been demonstrated to contribute to increased 

association between enhancer-promoter regions by looping, or subTADs​54​,​19,21,99,100​. While 

subTAD formation was initially believed to be exclusively CTCF-cohesin mediated, recent work 

has provided evidence for the complexes of CTCF-cohesin-RNA or potentially CTCF-RNA 

assembling and directing sub-TAD formation, especially those involved in promoter-enhancer 

looping events at CTCF-regulated gene loci​20,76,101,102​. The ​MYC ​ locus is an example of a gene 

under the control of a CTCF-directed promoter-enhancer loop, but it is unclear whether cohesin 

and/or RNA is the co-mediator in establishing the topological change. 
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Originally CTCF was thought to be a negative regulator of the proto-oncogene ​c-MYC 

( ​MYC ​) ​49​. Subsequent studies now indicate that CTCF is a positive regulator of ​MYC ​, with several 

binding sites within the intronic regions as well as upstream of the transcriptional start site 

(TSS) ​63,76​. The ​MYC ​gene resides within a 2.8 Mb TAD with three CTCF binding sites at the 

MYC ​locus; 2kb upstream of the TSS, one overlapping the TSS, and the final one binding ~1 kb 

downstream of the TSS within the first intron​63​. These binding sites and the larger TAD structure 

are conserved across cell-types and species. In contrast, the promoter-enhancer looping 

structures within the 2.8 Mb TAD vary dramatically in number and size across cell types and 

species​64,76​. In K562s, a human erythroid lymphoblastoid cell line,​ MYC ​expression has been 

shown to be dependent on CTCF-mediated promoter-enhancer looping between the enhancer 

docking site, a CTCF binding site 2 kb upstream of the ​MYC ​ TSS, and two enhancer regions ~2 

Mb downstream ​(Figure 2.1)​20,76​. Deletion or methylation of this CBS results in a loss of CTCF 

binding concurrent with a reduction of ​MYC ​expression and loss of enhancer-promoter 

looping​20,76​. We used this locus to determine if CTCF variants pulled out of the bacterial 

selection can reproduce the biological function of wild-type CTCF in creating 

promoter-enhancer loops in K562s.  
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Figure 2.1: ​MYC expression is driven by a CTCF-mediated promoter-enhancer loop. ​a,            
Chromosome region within one large TAD containing the ​MYC locus. ChIP-seq profiles of             
CTCF and H3K27Ac at the Hg38-chr8:127,203,520-129,941,066 locus of K562s.         
Promoter-enhancer looping of the ​MYC locus promoter region (yellow box) and two distal             
enhancer regions (#’ed teal boxes) is represented by black arcing line. ​b, ChIP-seq peaks of               
CTCF at the ​MYC ​locus in K562 cell line. The CBS critical for maintenance of ​MYC expression                 
(yellow box) is ~2kb upstream of ​MYC TSS. Two additional CTCF binding events occur within               
the first exon and intron of ​MYC ​. 
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Results 

 

Engineered CTCFs​ ​can fulfill the biological role of native CTCF at the ​MYC ​locus. 

We investigated the ability of the CTCF variants to bind to their target sequence ​in 

cellula​ and replicate the function of native CTCF. To demonstrate this, we used the ubiquitously 

expressed ​MYC ​locus which is enclosed in a 2.8 Mb TAD recognized as an insulated 

neighborhood containing no other annotated protein-encoding genes​103,104​. ​MYC ​ expression is 

regulated in part by CTCF-mediated looping of distal enhancer regions to the promoter region of 

MYC ​. It has been previously shown that introduction of indels at the CBS ~2kb upstream of the 

MYC ​TSS prevents CTCF binding which results in a loss of association to distal enhancer 

regions ~2 Mb downstream of the ​MYC ​TSS and a subsequent reduction of ​MYC ​ expression​20,76​. 

As a first step in testing the CTCF variants ​in cellula​, we engineered clonal cell lines that 

replaced the critical ​MYC ​-proximal CBS with each one of the five vCBSs used in the bacterial 

selection ​(Figure 2.2a)​. A ‘Deletion’ cell line, with a 14 bp deletion of the 15 bp core sequence 

of the CBS, and a ‘Concensus’ cell line, with the native CBS replaced with the wt CBS used in 

the B2H system, were also created as clonal negative and positive controls, respectively. 

Chromatin Immunoprecipitation (ChIP) of CTCF followed by qPCR with primers specific to  the 

modified CBS locus was performed to detect endogenous CTCF occupancy of the region in each 

of the vCBS, ‘Deletion’, and ‘Consensus’ cell lines. CTCF could not bind to the vCBSs, with the 

exception of vCBS 3, and ​MYC ​ expression was reduced to a similar level as cell lines with a 

deletion of the target CBS (​Figure 2.2b, c​). Although CTCF was able to bind to vCBS 3, it did   
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Figure 2.2: CTCF variants restore MYC expression in engineered cell lines by recreating             
CTCF-mediated topological loop. ​a, ​MYC locus on Chr8 with ChIP-seq peaks of CTCF in              
K562s. Workflow of generating clonal cell lines with variant CBSs (vCBS)s, consensus CBS             
(consensus), or indels (deletion) in place of the critical CBS through CRISPR-based genome             
editing. ​b-c ​, ChIP-qPCR quantification of endogenous CTCF occupancy of clonal cell lines with             
vCBS, deletion, or consensus CBS and concurrent effect on ​MYC expression. Occupancy of             
endogenous CTCF and ​MYC ​expression levels are relative to levels in the ‘Consensus’ cell line.               
MYC ​expression levels were normalized across samples to ​HPRT​, a house-keeping gene. Values             
reflect triplicate replicates with p values (ns ≥ .05, **** < .0001) determined by ANOVA               
compared to the control (Consensus cell line).  
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not have a full recovery of ​MYC ​ ​expression. This may be due to vCBS 3 sequence specific 

effects on CTCF cofactors required for ​MYC ​expression. 

We next used these cell lines to assay the binding affinity of each group of CTCF variants 

generated from the B2H selections to their respective vCBS cell line ​(Figure 2.3a-e)​. Variants 

from vCBS groups 2, 4, and 5 had the most promising occupancy of their target vCBS, while 

variants from group 1 proved to have weak affinity for their binding sequence and were not 

further investigated. Next, we expressed the top two CTCF variants from each group in their 

cognate vCBS cell lines and observed ​MYC ​expression was restored concurrently with binding of 

the CTCF variants to the vCBSs (​Figure 2.4a-f)​. Finally, we confirmed that the recovery of 

MYC ​expression​ ​in the engineered cell lines was due to the CTCF variant restoring the looping of 

distal enhancers to the promoter of ​MYC ​, using circularized ​chromosome conformation capture 

( ​4C​) ​ analysis ​(Figure 2.4g-i)​. Cells expressing the CTCF variant showed increased association 

between the ​MYC ​ promoter region and the two distal enhancer regions, while transfection of 

wild-type CTCF or GFP plasmid in the vCBS cell lines did not restore the looping. CTCF 

variants expressed in a cell line with a deletion of the critical CBS did not recover ​MYC 

expression, indicating binding at the engineered vCBS site is cause for restoration of ​MYC 

expression ​(Figure 2.5)​. 

We took the opportunity of the lack of CTCF occupancy at the vCBS sites in the 

engineered cell lines​ ​to determine if wild-type CTCF fused to dCas9 could be directed to the 

vCBS region and used to restore ​MYC ​expression. Not only could ​MYC ​expression not be 

recovered in either N-terminal or C-terminal conformation of the dCas9-CTCF fusion, but dCas9 

fusion to a CTCF variant, which is able to bind to the same vCBS site when not fused to dCas9,  
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Figure 2.3: Binding capacity of CTCF variants to their target vCBS in the engineered cell               
lines. ​a-e, ChIP-qPCR assay of occupancy of vCBS in vCBS cell lines transfected with CTCF               
variants (#.#), wild-type CTCF (CTCF), and pMaxGFP as transfection control (Neg Ctrl). ChIP             
performed with the HA antibody for plasmid delivered construct specific detection of occupancy             
at the vCBS. Occupancy is relative to endogenous CTCF occupancy of consensus CBS in the               
consensus cell line.  

 

47 



 

Figure 2.4: Expression of CTCF variants in respective engineered cell lines bind to the              
variant CBS and recover ​MYC expression. a, Occupancy of vCBS was measured by             
ChIP-qPCR, IP performed with CTCF antibody. Graph of the mean occupancy of vCBS of top               
two variants from each selection group, wild-type CTCF expressed from plasmid (CTCF) and             
pMaxGFP (Neg Ctrl) as a transfection control, relative to endogenous CTCF occupancy of             
consensus CBS in the consensus cell line. Experiment performed in triplicate with ANOVA             
relative to Neg Ctrl derived p-values above each sample (ns ≥ .05, * < .05; ** < .01, *** < .001).                     
b, ​Endogenous ​MYC expression levels of corresponding samples normalized to a housekeeping            
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gene ( ​HPRT​). Data reflects triplicates of normalized endogenous ​MYC ​expression levels relative            
to ​MYC expression in the ‘Consensus’ cell line as quantified by RT-qPCR. Significance was              
determined in the same way as described in (b) ​c, 4C analysis of conditions in (a-b) to observe                  
association of two distal enhancer regions (Enh #1; Enh #2) to the viewpoint ( ​MYC ​promoter               
region). 4C signal across samples was normalized to reads accumulated at the viewpoint. Box              
plots are result of quadruplicate replicates with ANOVA p-values reflecting significance           
compared to the transfection control (Neg Ctrl) indicated by asterisks above each box plot (ns ≥                
.05, * < .05; ** < .01, *** < .001, **** < .0001). 
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Figure 2.5: Recovery of ​MYC expression is specific to CTCF variants binding to the vCBS               
~2kb upstream of the ​MYC ​TSS. a, ​ChIP-qPCR, with CTCF antibody, of the CBS region               
region in the ‘deletion’ CBS cell line transfected with CTCF variants (2.2, 4.1, or 5.1), wild-type                
CTCF (CTCF), or pMaxGFP (Neg Ctrl). in triplicate. Occupancy of the region with the top               
variant CTCF of each group relative to occupancy of consensus CBS by endogenous CTCF. ​b,               
Endogenous ​MYC expression relative to expression in the consensus cell line. Bar graphs reflect              
the mean value of triplicate replicates quantified by RT-qPCR.  
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appears to hinder its ability to occupy the vCBS site, suggesting the fusion in and of itself 

interferes with normal CTCF function ​(Figure 2.6)​. 

 

CTCF directed looping at the ​MYC​ locus is RNA mediated and Cohesin-independent  

Cohesin and RNA have been shown to be involved in the formation of CTCF-mediated 

subTADs ​101,102​. Currently it is not known if either cohesin or RNA plays a role in CTCF-directed 

looping at the ​MYC ​ locus. RNA-CTCF interactions are coordinated by a series of RNA binding 

regions (RBRs) scattered throughout CTCF 11-finger zinc finger array while cohesin interaction 

is coordinated by the interaction between a subunit of cohesin, SA2, with three peptides within 

the C-terminal and N-terminal domain of CTCF​(Figure 2.7a)​105–107​. The co-mediators of CTCF 

looping at the ​MYC ​locus can not be easily determined with endogenous CTCF. Our CTCF 

variants and cell lines can be applied as a method for locus-specific identification of cofactors in 

CTCF-mediated gene activation.  

To investigate the RNA-CTCF interactions at the ​MYC ​ locus, we deleted the RBRs 

within zinc finger 1 (ZF1) and zinc finger 10 (ZF10) of CTCF variant 2.2, 4.1, and 5.1, zinc 

fingers that have been shown to be non-essential for DNA binding, but essential for maintaining 

CTCF-RNA interaction​68,101​. The double RBR deletion (ΔZF1+ΔZF10 RBRs) in the CTCF 

variants resulted in reduced ​MYC ​expression despite maintaining the ability to bind to the target 

vCBS ( ​Figure 2.7b,c).​ When we deleted the C-terminal domain of the CTCF variants, a region 

previously thought to mediate cohesin-CTCF looping, we did not observe any effect on binding 

to vCBS or ​MYC ​ expression. It has been shown that removal of the N-terminal region of CTCF  
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Figure 2.6: Permutations of dCas9 fusion to CTCF or a CTCF variant do not recover ​MYC                
expression. a, ​Occupancy of the vCBS in vCBS 2 cell line transfected with dCas9 and dCas9                
CTCF variant 2.2 fusion constructs was quantified by ChIP-qPCR of the vCBS region,             
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immunoprecipitation performed with HA antibody for detection of dCas9 and dCas9 fusion            
constructs. Data reflects triplicate samples with or without the specified gRNAs localizing the             
dCas9 fusion to the specified target sites. Universal gRNA 1 and 2 target sites 20 bp up and                  
downstream, respectively, of the vCBS site. vCBS2 gRNA overlaps the vCBS site and mimics              
distance CTCF variant 2.2 binding would be to the TSS of ​MYC ​. Occupancy is relevant to the                 
vCTCF 2.2 positive control with plasmid-based expression of wild-type CTCF (CTCF) as a             
negative control. ​b, ​Endogenous ​MYC ​expression levels of samples in ( ​a​) relative to endogenous              
MYC ​expression levels in the positive control (CTCF variant 2.2). Data reflects the mean of               
triplicate experiments quantified by RT-qPCR with endogenous ​MYC ​specific primers. 
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Figure 2.7: RNA coordinates CTCF-mediated promoter-enhancer looping at the ​MYC          
locus. ​a, Diagram of full length CTCF and various modifications. Important Cohesin interacting             
and RNA interacting regions of CTCF are marked and labeled. ( ​∆ 580-727) removes 2 out of 3                 
peptides that have been identified to mediate cohesin recruitment. ​( ​∆ ZF1+∆ZF10 RBRs)            
modification removes two out of 6 predicted RNA binding regions and has been shown to result                
in loss of RNA-dependent TADs genome-wide. ​( ​∆ 1-248) is known to have lost the ability to                
bind to DNA and serves as a negative control. ​b-c ​, Occupancy of indicated vCBS by specified                
modified CTCF variants from groups 2,4, and 5 and the concurrent ​MYC expression levels.              
Occupancy assayed by ChIP-qPCR, IP performed with HA antibody, in triplicate, ANOVA            
p-values indicated significance compared to negative control ( ​∆ 1-248) ​(ns ≥ .05, * < .05; ** <                 
.01, *** < .001, **** < .0001). ​d, 4C analysis of association of enhancer region #1 and #2 to the                    
MYC promoter region for the same conditions in (b-c). Viewpoint same as previously described              
for the ​MYC locus. 4C signal was normalized across samples to reads mapped to the viewpoint.                
ANOVA p-values of quadruplicates calculated in relation to negative control ( ​∆ 1-248) ​(ns ≥ .05,               
* < .05; ** < .01, *** < .001, **** < .0001). 
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results in loss of binding of CTCF that is independent of the DNA-binding domain​105​. We used 

this modification in our CTCF variants as a negative control and saw the expected loss of 

occupancy, reduction of ​MYC ​expression, and lack of association of distal enhancer regions to 

the promoter region of ​MYC ​. Removal of the two C-terminal cohesin interacting peptides did not 

result in a loss of the promoter-enhancer loop. In contrast, deletion of the two RBRs in ZF1 and 

ZF10 of each of the CTCF variants resulted in a loss of association of the distal enhancer regions 

to the ​MYC ​ promoter as quantified by 4C (​Figure 2.7d​). The reduction in ​MYC ​expression due to 

the deletion of RBSs coincides with a loss of enhancer association with the ​MYC ​TSS, similar to 

levels in the negative control. These data suggest that the CTCF directed promoter-enhancer loop 

at the ​MYC ​ locus relies on RNA as a co-mediator. 

 

Discussion 

 

We have demonstrated that not only do the CTCF variants bind to their selected for 

sequence in K562s, but the use of these variants as a method for site-specific investigation of 

cofactors in CTCF-directed subTADs. In most cases, occupancy of the vCBS tracked with 

recovery of ​MYC ​expression ​(Figure 2.2).​ However, the ability of endogenous CTCF to bind to 

vCBS 3 sequence did not result in a full recovery of ​MYC ​ expression. ​Although CTCF is able to 

bind to vCBS 3, it could be that the modification in the sequence do not allow for ideal wrapping 

around the DNA that is required for comediation with a cofactor.​ ​Alterations in this sequence are 

targeted by ZF 4 and 5, which also have RNA binding regions. It is possible that ZF 7,6, and 3 of 

 

56 

https://paperpile.com/c/OEevVI/J5IoY


CTCF could be enough to sustain the protein-DNA interaction, but 4 and 5 are not participating 

fully, which in turn may impact their ability to interact with their RNA substrate required for 

MYC expression. In addition, linkers between ZFs in an array are unstructured in the 

unbound-state and become rigid and structured, making contacts to the phosphate backbone, 

when the array is bound to DNA​90,108,109​. ZF4 and ZF5 of the array may not be perfectly bound to 

the vCBS 3 sequence and subsequently have unstructured linkers that may interfere with the 

proper interaction with cofactors. ​This may explain why occupancy of a vCBS does not always 

correlate with the level of recovery of ​MYC ​expression. However, binding of the ZF to DNA, 

and stabilization of the linker between zinc fingers in the array, does not seem to impact RNA 

recognition in other transcription factors with the Cys​2​His ​2 ​architecture​70​. Still, the influence of 

CTCF-DNA interaction and subsequent interaction with substrates may be an explanation for the 

discrepancy. 

These data suggest that CTCF variants are able to replicate the function of CTCF at 

endogenous sites. The ability of CTCF variants to recruit the distal enhancer region indicates the 

variants are able to interact with cofactors of endogenous CTCF and with endogenous CTCF 

itself to re-form topological alterations in the genome. There is also the application of the CTCF 

variants as a tool for studying the molecular biology of CTCF ​in cellula​, at endogenous sites and 

genome-wide. 

It is unclear if CTCF has distinct subgroups of zinc fingers within the array that 

coordinate protein-DNA interaction and protein-RNA interaction, or if they have dual roles like 

other transcription factors with the Cys​2​His ​2​ zinc finger array architecture. Wilm’s Tumor 

suppressor 1 (WT1) is an example of a transcription factor where the fingers in the Cys​2​His ​2​ zinc 
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finger array have distinct DNA or RNA binding roles​71,110​. While Transcription Factor IIIA 

(TFIIIA) is an example of zinc fingers in the array having a dual role where DNA recognition is 

established through zinc fingers in the 9-finger zinc finger array while a subset of the array, zinc 

fingers 4-6, has the capacity to bind DNA and RNA substrates​111,112​. Crystal structure of TFIIIA 

bound to its RNA substrate reveals zinc finger 4 and 6 bind to the RNA substrate by residues 

-1,1,2 of the recognition helix while finger 5 recognition helix contacts the phosphate backbone 

of RNA. Zinc fingers 4-6 have an inverse behavior when bound to a DNA substrate, where 

finger 5 makes protein-DNA contacts by residues -1, 2, 3, and 6 of the recognition helix and 

finger 4 and 6 act as non-binding linkers​111,112​. 

The structure of CTCF bound to a DNA substrate indicates that only zinc fingers 3-7 

make stable protein-DNA contacts; our studies confirmed the reported role of ZF1 and ZF10 of 

the array in maintaining protein-RNA contacts​101​. It would be interesting to determine the 

residues within ZF1 and ZF10 that coordinate the protein-RNA contact with the RNA substrate 

and if they recognize RNA in the same way as the fingers in the array of TFIIIA. As of now, the 

peptide deletions of ZF1 and ZF10 likely lead to restructuring of the entire finger rather than 

identifying certain residues, perhaps introducing alanine substitutions at residues -1,1, and 2 of 

the recognition helix for ZF1 and ZF10 may provide some indication of function. 

There is a president for CTCF-RNA mediated gene regulation, with some cases not 

involving cohesin​50​. There is a significant portion of subTADs that form on the genome after 

mitosis before Cohesin is detected which suggests that not all CTCF mediated sub-TADs rely on 

cohesin​41​. CTCF interacts with RNA for locus specific targeted inactivation on the 

X-chromosome​50​. CTCF binds to Wrap53, the antisense RNA transcript of p53 to regulate p53 
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expression​113​. The ability of the Cys​2​His ​2 ​zinc finger array of CTCF to interact with RNA 

transcripts is not surprising as many Cys​2​His ​2​ zinc fingers have been demonstrated to make 

protein-RNA interactions ​(Figure2.7)​. However, we can not definitively say that cohesin is not 

involved in the promoter-enhancer looping at the ​MYC ​locus as work published after these 

experiments were performed identified two residues in the N-terminal region of CTCF that are 

required for recruitment of cohesin, and the peptides in the C-terminal region are not 

required​106,107​. This work does not conflict with the conclusion that RNA is essential for 

formation of the CTCF mediated loop, but allows for the possibility that it is a complex of 

CTCF, Cohesin, and RNA or a complex of CTCF and RNA that build the subTAD. We could 

distinguish between these two possibilities by introducing two mutations in the N-terminal 

region of the CTCF variants, Y226A and F228A, that were identified to be essential for Cohesin 

interaction​107​. Then test these mutants for ability to recover ​MYC ​expression and create the 

promoter-enhancer loop. In this way we can determine if the CTCF-mediated subTAD at the 

MYC ​ locus requires Cohesin in addition to RNA. 

Another outstanding question from this study is what RNA substrate interacts with CTCF 

to establish the loop. Two likely candidates are the nascent transcript from the ​MYC ​ locus or 

lncRNA produced from the distal enhancer regions. Performing RNA-based gel mobility shift 

assays would be a simple ​in vitro​ method of determining a multitude of RNA that is able to 

interact with CTCF, but would not identify the causal RNA substrate for coordinating the 

CTCF-directed promoter-enhancer loop. Crosslinking of CTCF variants with its RNA substrate 

in one of our vCBS cell lines followed by tag-based enrichment of the CTCF-RNA crosslinked 

complexes would allow for extraction and analysis of RNA substrates specifically involved with 
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looping at the ​MYC ​locus. However, it is possible that the sequence of the RNA does not matter 

and just having a large concentration of negatively charged sequence through CTCF recruitment 

is what establishes the environment for transcriptional activation. Therefore, scrambled RNA 

sequences orthognanal to the transcriptome could be included in the previously described 

experiments. Any sequence preference can be determined by a modified cut and run protocol 

where enrichment of RNA fragments bound to a purified CTCF variant or CTCF protein can be 

isolated and sequenced. Enrichment of any sequence from the original library can then be 

determined and a motif of sequence preference, if any, can be derived through motif analysis. 

The lack of functionality of the dCas9 fusion constructs targeted to the vCBS sites was a 

surprise, but may lend insight into the function of CTCF ​(Figure 2.6)​. In the case of other 

proteins with Cys​2​His ​2​ architecture, the linkers between zinc fingers in an array are flexible and 

unstructured in an unbound state, but become rigid and form water-mediated contacts with the 

phosphate backbone of DNA when the fingers in the array are bound to their target​90,108​. This 

may be an explanation for why the CTCF-dCas9 nor the dCas9-CTCF fusions did not recover 

MYC ​ expression as the CTCF may undergo slight conformational changes when bound to its 

target that enables functional interaction with RNA and other cofactors. The dCas9 fusion itself 

may inhibit these interactions as demonstrated with the performance of dCas9-CTCF variant 

(dCas9-CTCFv) or CTCF variant-dCas9 (CTCFv-dCas9) fusion at the engineered vCBS. Both 

constructs were unable to bind to the vCBS and recover ​MYC ​expression even when there was no 

competing gRNA-mediated recruitment to an adjacent site. The gRNAs used in these 

experiments were previously tested for quality by a cleavage assay of these targets using the 

gRNAs to recruit Cas9. These data suggest that CTCF must be able to bind to its substrate and 
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interact freely with co-mediators in order to alter topology of the genome and the dCas9 fusion 

itself had a destabilizing effect on the CTCF variant that prevented it from binding to its target 

site. Expression analysis should be performed to confirm that there is no difference in expression 

of the fusion constructs. 
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Materials and Methods 

Mammalian cell culture 

K562 cells were cultured in a 37° C incubator at 5% carbon dioxide, in RPMI 1640 medium + 

L-glutamine (​ThermoFisher ​11875119​ with 10% FBS, 1% Penicillin and Streptomycin. 

Polyclonal, virally transduced exogenous ​MYC ​ K562 cell line (exoMYC.K562, 

pCMVmurine-TdTomato) was a gift from Dr. Richard Young (Massachusetts Institute of 

Technology, Cambridge, MA). exoMYC.K562 cells were cultured in the medium described 

above for the K562 cell line, supplemented with puromycin (2 µg/mL) for maintenance of the 

exogenous ​MYC ​ gene. vCBS cell lines derived from a monoclonal expansion of exoMYC.K562 

#3.6 (exoMYC.K562-vCBS) were cultured the same as exoMYC.K562s with puromycin (2 

µg/mL). 

  

Generating vCBS Cell lines 

The polyclonal, TdTomato positive exoMYC.K562 cell line was subjected to single cell sorting 

to generate a monoclonal exoMYC.K562 cell line. The number and location of integration events 

of the exoMYC cassette in the clonal lines were determined via the modified ATAC-Seq 

protocol. Clones that had integration events of the exoMYC cassette that may interfere with 
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downstream analysis as well as expression levels of endogenous and exogenous ​MYC ​ were 

excluded. A clonal cell line that had minimal integration events while maintaining approximately 

similar levels of exogenous and endogenous ​MYC ​expression was labeled as exoMYC.K562 #3.6 

and used to derive all the vCBS cell lines using CRISPR-Cas9-based editing. To generate the 

vCBS cell lines, pCMV-SpCas9-3xFlag-P2A-EGFP plasmid (RC5175), was co-transfected with 

both the gRNA targeting the CBS upstream of ​MYC, ​and the ssODN carrying the desired vCBS 

flanked by 55 nt of sequence homologous to the target site. 72 hours post transfection, cells that 

were positive for both GFP and TdTomato were single cell sorted into a 96w dish, expanded, and 

screened for the presence of vCBS at the targeted location. Clones containing the vCBS at the 

target site with no other indels were used for further experiments. A clonal line with a 14bp 

deletion at the target CBS was used in this study as a negative control. 

  

Transfections 

K562, exoMYC.K562, or exoMYC.K562-vCBS cell lines were seeded at 3 x 10​5​ cells/mL in 

culture plates 24 hours prior to transfection following described culture conditions. On the day of 

transfection, 1x10​6​ cells/reaction were collected by centrifugation at room temperature for 10 

min at 90g, resuspended in 100 mL room temperature Nucleofector Solution (Lonza VCA-1003), 

and transfected with 5 µg of CTCF variant plasmid (pCMV-HA-CTCFvariant) or wildtype 
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CTCF plasmid (pCMV-HA-CTCF) DNA using Amaxa Biosystems Nucleofector II, program 

T-016. Following nucleofection, the cells were transferred to 25 mL of pre-warmed ​RPMI 1640 

medium + L-glutamine (​Thermo ​11875119​) with 10% FBS, 1% penicillin, 1% streptomycin​  and 

puromycin (2 µg/mL). Transfections were done in triplicate per CTCF variant or wildtype CTCF 

condition and pooled post-nucleofection when transferred to pre-warmed RPMI media. Pooling 

of transfected biological replicates was necessary to achieve the minimum number of cells (1 x 

10​7​) 3 days post-nucleofection needed for ChIP. 72 hours after transfection, cells were either 

crosslinked for ChIP processing or harvested for RNA isolation. 

  

Determination of CTCF binding by ChIP-qPCR 

ChIP-qPCR was used to determine the binding of CTCF variants and wild-type CTCF to the 

vCBS at the ​MYC ​locus. Approximately 1 x 10​7​ ​exoMYC.K562 ​ cells transfected with either 

CTCF variant or wild-type CTCF plasmid DNA were crosslinked with 1% formaldehyde (Sigma 

F8775) in the culture medium for 10 min at 37°C followed by quenching with 1.2 mL of 2.5 M 

glycine for 5 minutes. Cells were washed twice with ice cold PBS, collected by centrifugation, 

and frozen at -80°C. Nuclei were isolated by resuspending the cell pellet in lysis buffer (50 mM 

Tris-HCl, pH 7.4, 1% SDS, 0.25% DOC, protease inhibitors) followed by dilution in ChIP buffer 

(50 mM Tris-HCl, pH 7.4, 0.1% SDS, 150 mM NaCl, 1.84% Triton-X, protease inhibitors). 
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Samples were sonicated on ice in a Branson 250 Sonicator for a total run time of 5.5 minutes (0.7 

s on and 1.3 s off in each cycle) and the supernatant of the lysate collected after centrifugation 

(20,000g). The CTCF-DNA complex in the supernatant was immunoprecipitated by overnight 

incubation with HA (2 µg) or CTCF (5 µg) antibody at 4°C. HA antibody was used to enrich for 

crosslinked protein-DNA fragments specific to the exogenous CTCF variant while CTCF 

antibody allowed detection of binding from both exogenous CTCF variant and endogenous 

wild-type CTCF. The immunoprecipitated complex was collected by incubating with magnetic 

Protein G Dynabeads (Thermo 10003D) for 2 hours at 4°C. The beads were then washed in wash 

solutions made in the following specifications: 1 mL of ice-cold Wash Buffer 1 (​0.1% SDS, 

0.1% DOC 1% Triton X-100, 1 mM EDTA, 10 mM Tris-HCl pH 8, 150 mM NaCl), 1 mL of 

Wash buffer 2 (0.1% SDS, 0.1% DOC 1% Triton X-100, 1 mM EDTA, 10 mM Tris-HCl pH 8, 

500 mM NaCl), 1 mL of Wash Buffer 3 (10 mM Tris-HCl, pH 8, 250 mM LiCl, 0.5% Triton 

X-100, 0.5% DOC), and 1 mL of Wash Buffer 4 (10 mM Tris-HCl, pH 8.5)​ three times each 

sequentially. Beads were then resuspended in elution buffer with 5 mM DTT (​1x Tris-HCl, pH 8, 

0.1% SDS, 150 mM NaCl) and incubated at 65​°C for an hour. The protein-DNA complex was 

eluted from the beads (in ​1x Tris-HCl, pH 8, 0.1% SDS, 150 mM NaCl ​  and 5 mM DTT), 

subjected to RNAse (Roche 11119915001) treatment at 37°C for 30 minutes, reverse crosslinked 

by Proteinase K (Lifetech 100005393) overnight incubation at 65°C and the DNA purified using 

SPRI beads (Beckman Coulter Agencourt AMPXpure A63882). Purified ChIP DNA was 
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quantified by qPCR using a set of on-target primers (oRC2731, oRC2732) overlapping the vCBS 

~2KB upstream of MYC TSS along with set of negative site primers (oRC2739, oRC2740) 

targeting a region with no CTCF enrichment by publicly available ChIP-seq data, to serve as 

background binding values. qPCR experiments were run on a LightCycler 480 System (Roche 

05015243001) ​ under ​established cycling conditions (1 denaturation cycle at 95​°C for 20 s, 45 

amplification cycles at 95°C for 3 s followed by 60°C for 30 s​). All ChIP experiments shown 

were performed in biological triplicates and each individual biological sample was qPCR 

amplified in technical triplicate. 

  

Quantitation of​ MYC ​expression by qRT-PCR 

RNA was isolated from ~1 x 10​6​ cells from the same samples that were used for ChIP-qPCR, 

using the ​NucleoSpin RNA Plus kit (TakaraBio 740984.250) and reverse transcribed with the 

High Capacity RNA-to-cDNA Kit (Thermo 4387406) following the manufacturer’s instructions. 

Quantitative real-time PCR was performed on the ​LightCycler 480 System (Roche 

05015243001) using primers specific to the endogenous copy of ​MYC ​ and SYBR green PCR 

master mix (Thermo 4309155). qPCR was performed with the same cycling conditions as 

described above for ChIP-qPCR. ​Ct values over 35 were marked as 35 because Ct values have 

been shown to considerably fluctuate for very low expressed transcripts.​ All experiments shown 
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were performed in biological triplicates and each individual biological sample was assayed in 

technical triplicates. Expression of ​HPRT​, endogenous ​MYC ​, and exogenous ​MYC ​ were 

quantified by the following primers: HPRT: oRC3150, 3151 (5’- 

CATTATGCTGAGGATTTGGAAAGG -3’; 5’- CTTGAGCACACAGAGGGCTACA -3’); 

endogenous ​MYC ​: oRC3045, oRC3046 (5’- AACCTCACAACCTTGGCTGA -3’; 5’- 

TTCTTTTATGCCCAAAGTCCAA -3’); oRC3047, oRC3048 (5’- 

TGATCCTAGCAGAAGCACAGG -3’; 5’- TGGACGAGCTGTACAAGAGC -3’). Expression 

was normalized across samples to ​HPRT​, and relative endogenous ​MYC ​ expression of 

experimental conditions were calculated based on endogenous ​MYC ​expression levels in the 

consensus cell line (wild-type control). 
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CTCF variants alter gene expression via de novo binding events and topological alteration 

of the genome 

Rebecca T. Cottman​1,3​, Jay W. Jun ​1​, Sowmya Iyer​1​, Caleb A. Lareau​1,4,5​, Martin J. Aryee​1,4,5​, J. 
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Introduction 

 

The mechanisms of CTCF-mediated gene regulation vary from physical barrier, 

protein-protein interactions or recruitment of transcriptional machinery. General trends have 

been observed for CTCF-mediated positive regulation of genes. 90% of genes under the positive 

regulation of CTCF have a CTCF binding in an orientation that points the N-terminal region in 

the direction of gene transcription​19​. The N-terminal region of CTCF has been identified to 

recruit and interact with the largest subunit of RNA polymerase II and colocalize to overlapping 

regions of the genome at intergenic regions suggesting a mechanism for transcriptional control 

through polymerase recruitment​114​. CTCF interaction with RNA polymerase II does not alway 

have a positive effect on gene expression. Stalling of the RNA polymerase II by CTCF has been 

implicated in regulation of splicing events at the ​CD5 ​locus by binding on top of exon 5 and 

resulting in polymerase pausing​45​. CTCF mediated expression of a gene can also be the result of 

physical occlusion of the spread of silencing epigenetic markers across the gene TSS. Binding of 

a CTCF upstream or within the intronic regions of a gene has been demonstrated to prevent the 

spread of nucleosomes and displace nucleosomes from its binding site as well as prevent the 

spread of repressive methylation marks​63,115​.  Downregulation of genes by CTCF is much less 

complex and often the result of TAD boundaries insulating a gene body away from active 

enhancer regions​2,19,37​. Genes downregulated by CTCF are enriched for binding events further 

away from the gene promoter region while genes that are under the positive regulation of CTCF 

have a higher frequency of binding events proximal to the gene TSS​19,21​. CTCF mediated 
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protein-protein interactions have been implicated in regulation of gene transcription with 

corecruitment of CTCF with SIN3A or GATA-1 for locus specific regulation​51,72​. CTCF binding 

genome wide and subsequent gene regulation can be a result of large or small-scale topological 

changes. We endeavored to investigate whether CTCF variants are capable of binding across the 

genome and if so, if they alter gene expression suggesting they are capable of reproducing the 

mechanisms of CTCF-driven gene regulation.  
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Results 

 

Engineered CTCF variants bind to their variant CBS genome-wide and alter gene 

expression. 

CTCF has a role in gene regulation through the formation of TADs and subTADs. Using 

ChIP-seq analyses we determined the genome-wide occupied sites of the top variant from group 

2, 4, and 5 selections (CTCF variant 2.2, 4.1, and 5.1). We performed ChIP with HA antibody to 

detect variant specific binding events and not conflate them with endogenous CTCF binding. 

CTCF variant 2.2 had 27,749 new binding sites across the genome, while CTCF variants 4.1 and 

5.1 had fewer ​de novo​ binding events (54 and 24,666 respectively). Homer Motif analysis of the 

ChIP-seq dataset was used to identify sequence motifs of the CTCF variants in the context of the 

eukaryotic genome (​Figure 3.1a)​. Next, we explored changes in transcriptome that may 

implicate the CTCF variant binding events in directing topological changes in the genome. 

RNA-seq analysis was performed on K562 cells transfected with CTCF variants 2.2, 4.1, or 5.1. 

141 genes and 1,141 genes in K562 cells transfected with CTCF variant 2.2 and 5.1 respectively, 

had altered transcript levels when compared to the cells overexpressing wild-type CTCF, while 

cells expressing CTCF variant 4.1 had no changes in transcription ​(Figure 3.1b-d)​. ​Volcano 

plots of all protein-encoding genes were segregated based on the proximity of a CTCF variant 

binding event to within 2 kb of a gene TSS (green), overlapping an H3K27Ac region within 1 

Mb of the gene TSS (red), binding within 2 kb of the gene TSS and overlapping an H3K27Ac 

region (blue), or no detected CTCF variant binding following any of the criteria ​(Figure 3.1c-d)​. ​ 
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Figure 3.1: CTCF variants bind to unique sites across the genome and alter gene              
expression. ​a, ​CTCF and CTCF variant 15 bp motifs. Motifs generated from analysis of the top                
10k ChIP-seq peaks with a p value cutoff of 0.0001 for each. ​b, ​Venn diagrams of the total                  
number of downregulated and upregulated genes in K562 cells transfected with CTCF variant             
2.2 or 5.1 CTCF variant 4.1 did not result in any significant changes in gene expression. Genes                 
with altered gene expression in both group 2 and 5 are in the overlapping region of the diagram.                  
Genes included as altered had a significance threshold of p value 0.05. ​c-d, ​Volcano plot of gene                 
expression data of all protein coding genes in samples transfected with CTCF variants 2.2 or 5.1.                
Plots are quartered into groups based on distance from the gene TSS of a CTCF variant binding.                 
CTCF variant overlapping an H3K27Ac site within 1 Mb (red). within 2 kb of TSS (green), both                 
within 2kb of TSS and within the H3K27Ac region (blue), and finally none detected (black).               
Plots reflect fold changes compared to expression levels of K562 cells transfected with CTCF              
plasmid off of the same promoter. Values are the result of quadruplicate replicates. ​e-f,              
Histograms of CTCF variant binding frequency across distance from the TSS of genes with              
altered expression. 
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We also wanted to know if there were any trends unique to upregulation or 

downregulation of genes based on distance from the gene TSS of the CTCF variant binding 

event. It has been shown that genes downregulated by CTCF have a greater frequency of CTCF 

binding events overlapping the TSS of the target gene​19​.​ Using ​ ​the​ ​combined​ ​RNA-seq ​ ​and​ 

​ChIP-seq ​ ​datasets,​ ​we ​ ​binned​ ​all​ ​protein​ ​expressing​ ​genes​ ​in​ ​the​ ​human​ ​genome​ ​based​ ​on​ ​the​ 

​proximity​ ​of ​ ​a​ ​CTCF​ ​variant​ ​binding​ ​event​ ​​(Figure​ ​3.1e-f)​​.​ ​For ​ ​cells​ transfected with ​CTCF​ 

​variant​ 2.2 or ​5.1,​ ​we ​ ​looked​ ​at​ ​how ​ ​many​ ​genes​ ​had​ ​a​ ​CTCF​ ​variant​ ​binding​ ​event​ ​within​ a 

distance range of ​0-6 ​kb​ from ​the​ ​gene​ ​TSS ​ ​for ​ ​the​ ​downregulated​ ​and​ ​upregulated​ ​genes​.​ For 

variant 2.2, a higher percentage of upregulated genes had a CTCF variant binding overlapping 

the gene TSS (26.7% of upregulated genes vs 16.1% of downregulated genes). CTCF variant 5.1 

had a trend more similar to wild-type CTCF where downregulated genes had a greater 

percentage of binding events overlapping the gene TSS (3.9% of upregulated genes vs 8.1% of 

downregulated genes). ​The​ ​remainder​ ​of ​ ​the​ ​binding​ ​events​ ​occurred​ ​more​ ​than​ ​2​ ​kb​ ​away​ ​from​ 

​the​ ​TSS ​ ​with​ ​a​ ​slight​ ​shift​ ​of ​ ​CTCF​ ​variant​ ​binding​ ​events​ ​closer​ ​to​ ​the​ ​TSS ​ ​for ​ ​upregulated​ 

​genes. 

 

CTCF variant directed alteration in gene expression suggests the formation of ​de novo 

looping events. 

Of the genes with altered expression, ​SGCA​, a gene specific for striated muscle cells and 

not normally expressed in the erythroid lymphoblastoid K562 cell line, was upregulated ~662 

fold in K562 cells transfected with CTCF variant 2.2 (​Figure 3.1c​). ChIP-seq reveals a ​de novo 

CTCF variant 2.2 occupied site ~300 bp upstream of the ​SGCA ​TSS oriented in the same 
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direction of gene transcription (​Figure 3.2a​). CTCF variants 4.1 and 5.1 did not alter ​SGCA 

expression nor were there detectable binding events within a 1 Mb region of the TSS of ​SGCA​. 

Based on this, we hypothesized that the activation of ​SGCA ​is driven by the variant specific 

binding event of CTCF variant 2.2. To determine whether the binding of CTCF variant 2.2 was 

activating expression of ​SGCA ​via topological changes in the region, we performed 4C analysis 

on samples transfected with wild-type CTCF or CTCF variant 2.2 using the ​de novo​ binding site 

proximal to the TSS of ​SGCA​ as the viewpoint. We found that in samples transfected with the 

CTCF variant 2.2, there was an overall increase in association with the region compared to 

samples transfected with exogenous CTCF or the transfection control, however it was not 

statistically significant compared to the negative control (p value 0.32) ​(Figure 3.2b)​. We also 

took a more targeted approach and looked at the association between the viewpoint and binding 

events of CTCF and CTCF variant 2.2 with compatible orientation for loop formation with the 

CTCF variant bound proximally to the TSS of ​SGCA ​within the same 1.5 Mb window. Of the 29 

compatible binding events investigated, only one, involving a CTCF bound region, had a 

significant alteration in association in samples transfected with CTCF variant 2.2 ​(Figure 

3.2b-inset) ​. The enhancer region immediately upstream of the CTCF bound region had a slight 

increase in association with the ​SGCA ​promoter region, but it was not significant (p value 0.57). 

CA11 ​is another gene identified to be upregulated (~4 fold) in cells transfected with the 

CTCF variant 2.2. As with ​SGCA​, there was a new CTCF variant specific peak ~600 bp 

upstream of the ​CA11​ TSS. This binding event was also oriented in the same direction of 

transcription with the N-terminus proximal to the TSS. We performed 4C with a viewpoint  
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Figure 3.2: CTCF variant binding event results in ​de novo topological gene activation of a               
striated muscle specific gene ​SGCA ​. a, ​SGCA ​loci with ChIP-seq tracks H3K37Ac (teal) in              
K562s, CTCF binding (orange), and CTCF variant 2.2 binding events (blue). ChIP-seq tracks for              
CTCF variant 4.1 (yellow) and 5.1 (purple) are also shown. Orientation of the CTCF variant and                
CTCF binding is indicated by arrows (C-terminal to N-terminal direction). ​b, ​4C analysis of              
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alterations in genome organization around the ​SGCA loci. CTCF variant binding orientation is             
indicated by direction of arrow, with the head of the arrow reflecting the N-terminal end of                
CTCF. Loop-compatible variant and wildtype CBSs are indicated by black bars. 4C analysis was              
performed on quadruplicate replicates. Viewpoint is ~700 bp downstream of CTCF variant            
specific binding event and marked with a line. 4C traces are the mean normalized 4C reads, with                 
SEM as shaded area, across the region in cells transfected with CTCF variant 2.2 (green), wt                
CTCF (blue), or a pCMV-GFP plasmid as a negative control (red). Inset box plots are the                
frequency of association to the indicated viewpoint of the regions marked by arrows. CTCF              
binding site is a region with a CTCF binding, enhancer region overlaps an H3K27Ac mark               
immediately upstream of the CTCF binding site. Box plots are mean of quadruplicate replicates              
Significance indicated by p values (ns ≥ .05, * < .05) 
 

 

 

 

 

  

 

77 



~600bp upstream of the CA11 TSS and found that cells transfected with CTCF variant 2.2 had 

an increased association with the region downstream of ​CA11​ when compared to the CTCF only 

or negative control samples ​(Figure 3.3a-b)​. There are three regions that appear to have a 

dramatic increase in association with the ​CA11​ promoter region in the presence of CTCF variant 

2.2 (green) compared to the controls. These regions appear to coincide with loop-compatible 

CTCF and CTCF variant binding events. ​HPF1 ​and ​POGK ​ are two examples of genes 

downregulated (~3 and ~2 fold respectively) by CTCF variant 2.2. In both cases, CTCF variant 

2.2 binds directly on top of the gene TSS ​(Figure 3.4a-b)​. Both loci normally have H3K27Ac 

marks overlapping the region flanking the TSS suggesting this is an active promoter region with 

gene transcription.  
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Figure 3.3: CTCF variant binding at the CA11 loci results in gene activation and              
topological changes. a, ​CA11 ​loci with ChIP-seq tracks showing H3K37Ac (teal) regions in             
K562s, CTCF binding (orange), and CTCF variant 2.2 (blue). CTCF variant binding orientation             
is indicated by direction of arrow, with the head of the arrow reflecting the N-terminal end of                 
CTCF variant. ​b, ​4C analysis of alterations in genome organization around the ​CA11 loci.              
Loop-compatible variants and wildtype CBSs are indicated by black bar. Viewpoint is ~700 bp              
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downstream of the CTCF variant specific binding event and marked with a line. 4C traces are the                 
mean normalized 4C reads, with SEM as shaded area, across the region in cells transfected with                
CTCF variant 2.2 (green), wt CTCF (blue), or a pCMV-GFP plasmid as a negative control (red).                
Arrows indicate regions of increased association with the viewpoint in samples transfected with             
CTCF variant 2.2. 4C analysis was performed on quadruplicate replicates and data reflects the              
mean of normalized 4C reads across the region. 
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Figure 3.4: CTCF variant binding overlaps the TSS of downregulated genes HPF1 and             
POGK. a-b, ​HPF1 ​and POGK ​locus with CTCF variant 2.2 ChIP-seq tracks (blue), CTCF              
binding events (orange), H3K27Ac regions in K562 cells (teal). Arrows indicate orientation of             
the CTCF variant 2.2 on the genome. ​HPF1 ​is downregulated by ~2.4 fold and ​POGK ​is                
downregulated by ~1.7 fold in K562s transfected with CTCF variant 2.2. 
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Discussion 

 

For the most part, CTCF variants had a binding motif that reflected the sequence the 

variant was selected to bind to (​Figure 3.1a​). However, motifs generated from CTCF variant 

binding events across the genome are likely impacted by two variables: the frequency of 

expected vCBS target sequence and the specificity of the CTCF variants. The vCBS sequence 

that existed most frequently across the genome with a mismatch of 1 or less was vCBS 2 with 67 

sites. vCBS 4 and 5 had 13 and 10 sites of 1 mismatch or less. Therefore, it is not surprising that 

the vCBS 2 sequence used in the B2H selection was the most similar to the vCBS motif derived 

in cellula​. Although vCBS 4 had few exact matches to the vCBS sequence ​in cellula​, the motif 

still resembled the vCBS sequence. The conflict in motif generated for CTCF variant 4.1 may 

also be biased by a lack of sample size as there were only ~50 binding events across the genome. 

CTCF variants 2.2 and 5.1 had a similar number of binding events in K562s, but only CTCF 

variant 2.1 had a motif similar to its target sequence. The motif for CTCF variant 5.1 is the most 

dissimilar from the vCBS sequence used in the selection and is likely the result of both the vCBS 

sequence not existing with great frequency across the genome and the lack of specificity of this 

variant for its target sequence. 

Gene expression changes in cells transfected with CTCF variant 2.2 and 5.1 show a 

distinct profile of upregulated or downregulated genes for each, with CTCF variant 5.1 resulting 

in a larger number of downregulated genes than upregulated ​(Figure 3.1b)​. Observations have 

been made connecting the position of CTCF binding in relation to the gene TSS and the outcome 
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of gene regulation​19​. ~80% of Genes under positive regulation of CTCF have a CTCF occupied 

binding site within 2 kb of the gene TSS​19,21​. Genes that were upregulated by the CTCF variants 

did not appear to follow this pattern (​Figure 3.1b-e)​. No binding events were detected within 1-2 

kb of the gene TSS for genes upregulated by CTCF variant 5.1 and there was no increased 

frequency of binding events in active regulatory regions for upregulated genes compared to 

downregulated genes. It is still possible that binding of the CTCF variant upregulates genes 

through prevention of nucleosome occlusion of the gene TSS rather than promoter-enhancer 

looping. In fact, of the genes under positive regulation by endogenous CTCF, only ~38% of 

those genes have an additional CTCF binding event in a regulatory region, either overlapping an 

SMC1a anchor site or an H3k27Ac region​19​. This suggests the remaining 62% of genes with a 

CTCF binding in the promoter region of genes upregulates gene expression, possibly by acting 

as a barrier to nucleosome occlusion​19,20,41​. In genes that are upregulated by CTCF, almost all 

binding events (90%) proximal to the gene TSS are in the same orientation as gene transcription, 

which may be a better predictor of CTCF variant activity genome-wide​19​. It may be possible to 

query the ChIP-seq and RNA-seq datasets for the orientation of CTCF variant binding sites 

proximal to the TSS of upregulated and downregulated genes to find if they follow a pattern 

similar to endogenous CTCF. For both CTCF variants, there were genes that had altered gene 

expression with no detectable CTCF variant binding event within a 1 Mb range of the TSS 

( ​Figure 3.1d-e​). These genes may be downstream in an expression regulatory pathway 

controlled by another gene altered in expression by the CTCF variant. It is also possible that 

these genes are being mediated by a CTCF variant interaction greater than 1 Mb away from the 

gene TSS, which has been observed for endogenous CTCF​20,76​. 
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We observed the presence of weak CTCF peaks overlapping CTCF variant peaks in 

ChIP-seq samples only transfected with variant CTCF and not in samples transfected with an 

endogenous source of CTCF or pMaxGFPAnother. This may support a potential confounding 

factor with this ChIP-seq based analysis as the CTCF variants can interact with endogenous 

CTCF to affect the transcriptome. Performing this analysis on only CTCF variant binding events 

will always render an incomplete image of the actual mechanisms at play for genome-wide 

effects on transcription. In addition, the previous studies were able to draw patterns of CTCF 

binding distance to gene TSS based on ~60,000 CTCF binding events and almost 5,000 gene 

transcription changes while we were working with ~25,000 binding events and 1,100 gene 

expression changes for this analysis. The limited power of our dataset and frequency of binding 

events impedes any conclusion on functional profiling of CTCF variant binding distance to gene 

TSS. A further topic of research would be to use the ChIP-seq and RNA-seq data sets to try and 

determine a pattern of fold change and location of binding. The biological mechanisms of 

CTCF-mediated gene activation is not entirely clear and as such it is difficult to identify the 

cofactors at play in the gene expression changes seen with expression of the CTCF variants. 

This decline in association with the promoter region of ​SGCA​ at a CTCF bound site may 

hint at a topological alteration that results in the activation of ​SGCA ​(Figure 3.2)​. Based on the 

evidence. However, it is also possible that the CTCF variant binding event at the ​SGCA ​locus 

prevents occlusion of the TSS by nucleosomes, a form of CTCF-mediated gene activation 

previously described​19,63​. The topological changes observed by 4C of the genomic region 

downstream of ​CA11 ​is the closest evidence linking CTCF variant topological changes with gene 

activation ​(Figure 3.3)​. These data suggests a ​de novo​ loop is formed between a CTCF variant 
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binding upstream of the TSS of ​CA11​ and a second, or possibly multiple, CTCF variant and 

wild-type CTCF binding event downstream. The most proximal increase in association overaps 

is overlapped by a H3K27Ac region, indicating the increased activation of ​CA11​ may be the 

result of this enhancer looping to the promoter region via the new CTCF variant binding binding 

in a loop-compatible orientation. In both the case of ​SGCA​ and ​CA11​, the causal enhancer or 

binding site can be validated by doing targeted deletion of implicated enhancer region, or more 

elegantly, the CTCF or CTCF variant binding sites, and observing the impact on gene expression 

as well as association to the gene promoter. 

In the cases of downregulation of ​HPF1 ​and ​POGK ​, the binding of the CTCF variant 

directly on top of the gene TSS is the likely mechanistic explanation ​(Figure 3.4)​. It is 

interesting to note that the orientation of the CTCF variant bound to the site is not in the opposite 

direction of transcription. This would suggest that the method of repression is through physical 

occlusion of the start codon, perhaps acting as a physical barrier to read through of the 

transcription elements assembled at the 5’ UTR. 
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Materials and Methods 

4C-Seq 

Transfection and chromatin fixation of the exoMYC.K562-vCBS​ cells lines with either 

CTCF variant or WT CTCF plasmid DNA ​was done as previously described for ChIP using 1 x 

10​7​ cells per sample. 4C sample processing was performed following published protocol (van de 

Werken et al., 2012, Ref. ​116​) with a slight modification in the isolation of nuclei (Rao et al., 

2014, Ref. ​117​). NlaIII (New England Biolabs) was used as the primary restriction enzyme 

followed by BfaI (New England Biolabs) as the secondary restriction enzyme. 4C-seq library 

was prepared by amplifying 3.2 µg of 4C sample across 16 individual PCR reactions with 

primers oRC3050 (5’- GCGCGCGTAGTTAATTCATG -3’), oRC3051 (5’- 

AAAGAAGGGTATTAATGGGC -3’) following Roche Expand Long-template Polymerase 

protocol (Sigma #11681842001). The PCR reactions were purified, eluted, and pooled as 

described in (van de Werken et al., 2012). Each 4C sample was prepared with a unique UMI 

using Rubicon DNA-seq library kit, 48S (Takara #R400675) following manufacturer’s protocol. 

The prepared libraries were pooled in equal molar amounts and sequenced to produce at least 10 

million 76 cycle single-end reads per sample, on the Illumina NextSeq 500 system. 
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4C-Seq data processing 

 Reads containing specific 4C adapters for each viewpoint were identified and trimmed 

using cutadapt (Martin 2011) and aligned to the hg38 reference genome with bowtie2 

(Langmead and Salzberg 2012). Counts overlapping regions of interest were determined using 

the GenomicRanges countOverlaps function (Lawrence et al., 2013) and normalized to the total 

number of fragments detected on the viewpoint chromosome. Statistical significance was 

determined from the Wald statistic p-value for the biological treatment term from the linear 

model for the log2 normalized counts while accounting for the replicate as a fixed effect 

covariate. Smoothed 4C track visualizations were computed taking the mean over replicates in 

6000bp bins with a 500bp step size as previously reported (Schuijers et al., 2018). 

  

ChIP-Seq Sample handling 

Samples for ChIP-seq were processed in the same manner as described above for 

ChIP-qPCR, with the exception of a final elution of DNA in 13 mL of 10 mM Tris pH 7.5. The 

eluted DNA was used to prepare libraries​ for sequencing using the Rubicon DNA-seq library kit, 

48S (Takara #R400675).​ Final libraries were sequenced ​in single-read mode for 76 bases on an 

Illumina NextSeq 500 system. 
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ChIP-Seq data processing 

Reads were aligned to the hg38 reference genome using bwa (PMID:20080505). After 

removal of PCR duplicates, normalized signals were generated using bedtools 

( ​https://doi.org/10.1093/bioinformatics/btq033​). MACS2(PMID:18798982) was used for calling 

peaks using input DNA as control with a setting of 0.0001 for q-value thresholds. Top 10000 

peaks based on peak score were selected for motif identification using Homer (PMID: 

20513432​) 

  

RNA-Seq 

RNA-seq was performed to identify transcriptome-wide gene expression changes that 

were specific to engineered CTCF binding events. EGFP-tagged CTCF variants were transfected 

into K562 cell line and sorted for EGFP positivity following RNA extraction. K562 cells were 

transfected in triplicate using Lonza Kit V K562 using the manufacturer’s protocol. 3 x 10​6​ cells 

were nucleofected with a total of 15 µg of CTCF variant-P2A-EGFP plasmid and cultured for 72 

hours in previously described culture conditions. A minimum of 2 x 10​5 ​EGFP positive cells 

were sorted and RNA extracted using Nucleospin RNA Plus (Takara Clonetech # 740984.250) 

following manufacturer’s protocol. Total RNA cDNA synthesized from 50 ng of total RNA was 
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used for preparing NGS libraries using TruSeq Stranded Total RNA Library Prep Gold (Illumina 

20020598) following the manufacturer's instructions. Replicates of each uniquely molecularly 

indexed CTCF variant NGS library were pooled and sequenced on a NextSeq 500 system, with 

the aim of achieving 20 million 76 cycle, dual indexed, paired end reads for each sample. 

 

RNA-Seq data processing 

Reads were aligned to hg38 using STAR(​https://doi.org/10.1093/bioinformatics/bts635​), 

followed by removal of PCR duplicates and removal of reads that aligned to ribosomal RNA. 

Gene expression was quantified using featureCounts(doi: 10.1093/bioinformatics/btt656) and 

differential expression analysis was performed using DESeq2( doi: 

10.1186/s13059-014-0550-8 ​). 
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Conclusion 

 

Through the bacterial-2-hybrid system we showed which residues within the CBS were            

critical to maintaining CTCF-binding, interestingly these critical residues are also sites where            

mutations that lead to tumorigenesis are located, granting insight into which of the accumulated              

mutations are causal in driving cancer progression, which can be used as a target for drug design.                 

A majority of eukaryotic transcription factors contain a zinc finger array in their DNA binding               

domain, such as YY1, TFIIIA, FOG, and GATA-1 ​70,98,118,119​. The bacterial selection system could             

be applied to these transcription factors to make a suite of gene regulating proteins that recognize                

a desired sequence. 

We used this system that places the endogenous human ​MYC ​ gene under heterologous 

CTCF regulation to study the mechanistic requirements for CTCF-mediated ​MYC ​expression. 

Previous studies have shown that CTCF can generate topological loops with either Cohesin or 

RNA as a cofactor. Mutations of the RNA-binding domain of the CTCF variants did not affect 

binding to its cognate vCBS, but resulted in reduced ​MYC ​ expression. By contrast, removal of 

the Cohesin-interacting peptides within the C-terminal region of the CTCF variant did not affect 

binding or reduce ​MYC ​ expression. We could not conclude however, that the loop established at 

the ​MYC ​locus was Cohesin independent as more recent publications indicate the peptide critical 

for Cohesin-CTCF interaction resides in the N-terminal domain of CTCF​106,107​. Looping at the 

MYC ​locus is therefore mediated by a CTCF-Cohesin-RNA model or a CTCF-RNA model as 

there are examples of CTCF relying solely on RNA in regulating gene expression​38,50​.  
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We also demonstrate that the vCBS and the cognate CTCF variants can be potentially 

used to induce heterotopic gene expression by altering the topological organization of the 

genome. CTCF mediated gene activation could be the result of promote-enhancer looping, 

prevention of promoter occlusion by nucleosomes, or recruitment of transcriptional machinery to 

a TSS. While CTCF mediated gene repression is the result of insulation of genes from near-by 

enhancers and blocking transcription machinery or occlusion of the gene TSS by overlapping 

binding. The gene expression changes observed with expression of the CTCF variants can 

provide a system for independent study of what, along with CTCF, created a genomic 

environment for gene regulation. As CTCF has been observed to interact with RNA, protein, and 

DNA, the machinery assembled for gene activation or repression may vary by locus. The 

orthogonality of some of the CTCF variants could be used to investigate the complex networks 

of CTCF-mediated gene regulation at these loci. Furthermore, Hi-C experiments with the CTCF 

variants will provide a clear picture of the interaction between CTCF variants and endogenous 

CTCF. Comparing Hi-C datasets from cells expressing the CTCF variants and the wild-type 

condition would allow for the isolation of CTCF variant-mediated topological changes in the 

genome and provide evidence for TAD structures composed of CTCFv-CTCFv or 

CTCFv-CTCFwt complexes. 

We have developed a system to study the mechanistic requirements for CTCF-mediated            

gene expression without the confounding pleiotropic effects caused by altering the endogenous            

CTCF protein. Our results demonstrate the functionality of variant CTCFs as a substitute for              

endogenous CTCF function at promoter-enhancer loops. Using variant CTCFs we were able to             

elucidate RNA as a cofactor in maintaining ​MYC ​expression. The observed topological changes             
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in cells expressing our CTCF variants highlights how the topology of the genome can be               

manipulated for gene regulation. Generating CTCF variants with the ability to bind to vCBSs              

allows for new promoter-enhancer looping events for targeted gene regulation. This system            

could be used for creating synthetic gene circuits or treating diseases that result from              

haploinsufficient gene expression. Our results support existing literature about the mechanistic           

function of CTCF, but also highlights new discoveries and illustrates a method for determining              

co-factors in CTCF-driven gene regulation. In conclusion, this novel system we have developed             

enables the investigation of the mechanisms behind CTCF-driven loops at a single locus. This              

method also allows for epigenome engineering via directed topological changes to alter gene             

expression. 
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