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Abstrakt 

CTCF je všudypřítomně exprimovaný jaderný protein, který se váže na DNA skrze 

svojí centrální doménu zinkových prstů. Tisíce CTCF vazebných míst bylo 

identifikováno v genomu na promotorech genů, v mezigénových oblastech a v 

nekódujících sekvencích. CTCF může fungovat jako pozitivní tak i jako negativní 

regulátor genové exprese a také se podílí na vytváření a udržovaní chromozómových 

interakcí na velkou vzdálenost. U různých vývojově důležitých genů se ukázalo, že 

jsou regulované CTCF proteinem a poruchy funkce CTCF jsou asociovány s 

vývojovými vadami nebo nemocemi. CTCF je různě posttranslačně modifikován 

například fosforylací nebo SUMOylací, což ovlivňuje jeho funkci v regulaci genové 

exprese. 
Klíčová slova: CTCF, trojdimenzionální genom, kohesin, regulace genové exprese, 
HOX geny 
  



 

 

Abstract 

CTCF is a ubiquitously expressed nuclear protein that binds to DNA through its central 

zinc finger domain. Thousands of CTCF binding sites have been identified throughout 

the human genome at gene promoters, in intergenic regions or in non-coding 

sequences. CTCF can function either as a positive or as a negative regulator of gene 

expression and is also involved in creating and maintaining long-range chromosomal 

interactions. Various developmentally important genes have been shown to be 

regulated by CTCF and its malfunction is frequently associated with developmental 

defects or diseases. CTCF undergoes various posttranslational modifications such as 

phosphorylation or SUMOylation which also affect its function in the regulation of gene 

expression. 

Keywords: CTCF, three dimensional genome, cohesin, regulation of gene expression, 
insulation, HOX genes 
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1. Introduction 

The first reports about CTCF are almost 30 years old. CTCF was originally 

characterized in chicken embryonic blood cells as a DNA binding nuclear protein. 

These first scientific experiments showed that CTCF has a negative effect on the 

expression of the gene encoding MYC protein. To act as a negative regulator of the C-

MYC promoter, CTCF binds to this promoter at the CCCTC repeats. Although CTCF 

was first isolated from embryonic blood cells, it was also detected in various other cell 

types (Lobanenkov et al., 1990).        

 Following the discovery of CTCF, a huge number of scientific studies have 

focused on this protein and have shown its potential in regulation of gene expression. 

It has been shown that CTCF is able to regulate not only the C-MYC promoter, but also 

a lot of other genes. CTCF can act as a positive transcriptional regulator by forming a 

heterocomplex with RNAPII, which then binds to the DNA regions to be transcribed 

(Chernukhin et al., 2007). The DNA regions that are regulated by CTCF have been 

identified throughout the whole human genome (Kim et al., 2007). CTCF has been 

also found to modulate the three dimensional architecture of chromatin. CTCF, 

together with other architectural proteins, forms chromatin loops and maintains these 

higher order domain structures around the nuclear center or around the nuclear lamina. 

These higher order chromatin structures are important for long-distance inter- or intra-

chromosomal interactions and for insulator activity (Reviewed in Bouwman and de 

Laat, 2015).          

 Nuclear multifunctional CTCF has an impact on an extremely large amount of 

genetic elements throughout the whole genome. This work will summarize the various 

very important functions of CTCF. 

2. CTCF protein structure 

The single CTCF polypeptide chain consists of the N-terminal, central and C-

terminal parts (Fig.1). The central part contains 11 zinc finger motifs, 10 of which 

belong to the Cys2His2 class, whereas the eleventh zinc finger belongs to the 

Cys2HisCys class (Klenova et al., 1993). CTCF zinc fingers 4 to 7 are essential for 

binding of CTCF to DNA and for recognizing the CTCF binding sites. The CTCF-DNA 

complex is stabilized by CTCF zinc fingers 4 to 7 much more efficiently than by CTCF 
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zinc fingers 1 to 3 and 8 to 11 (Nakahashi et al., 2013; Renda et al., 2007). The DNA 

strands are asymmetrically bent when CTCF is bound to them (Liu and Heermann, 

2015). 

 

Figure 1. The human CTCF protein structure: The N- and C-terminal domains do 

not have any secondary structures or structural motifs (Martinez and Miranda, 2010), 

whereas the central domain consists of 11 zinc finger motifs (Adapted from Hore et al., 

2008).            

            

 In various organisms various combinations of CTCF zinc finger motifs are used 

for ideal binding to DNA. For example, for optimal binding to the P2 C-MYC promoter 

region the mammalian CTCF protein needs its zinc finger motifs 3 to 11, whereas the 

chicken CTCF protein needs its zinc finger motifs 2 to 7 (Filippova et al., 1996). 

 Almost one half of the identified CTCF binding sites lies in the intergenic regions. 

Most of the CTCF binding sites are conserved among various cell types and organisms 

and a single gene locus can contain multiple CTCF binding sites. The consensus CTCF 

binding site consists of an approximately 20 bp long GC rich core motif and some 3’ 

and 5’ sequences around it (Kim et al., 2007). The sequences outside of the core motif 

have the ability to weaken or to stimulate the binding of CTCF to DNA. The sequence 

stimulating the affinity of CTCF to DNA lies upstream from the core motif, whereas the 

sequence weakening the affinity lies downstream (Nakahashi et al., 2013). The large 

amount of the CTCF binding sites was created mainly by the tandem gene duplication 

(Liao and Chang, 2014) or by nucleotide point mutations and little of them were created 

through the insertion of transposable elements (Schmidt et al., 2012).  

 A single nucleotide polymorphism (SNP) in a CTCF binding motif results in a 

different affinity of CTCF binding. For example, when the 14th guanine of the core 

sequence is changed to a cytosine, the CTCF binding affinity to DNA is much lower 

(Tang et al., 2015). Binding of CTCF to its target sites located between exons of the 

same gene could lead to activation of an alternative promoter and to transcription of 

an alternative mRNA isoform. This phenomenon has been described for a number of 

genes such as the TRB, PCDHG, or WNT5A gene (Kim et al., 2007; Vaidya et al., 



 

3 

 

2016). It has been shown that the usage of the alternative promoter of the WNT5A 

gene is inhibited in osteogenic sarcoma by methylation of the CTCF binding sites lying 

in the first intron around the 1β exon. When these CTCF binding site are methylated, 

CTCF cannot bind here and cannot activate the alternative promoter. Therefore, the 

osteogenic sarcoma tumor cells produce the longer WNT5A transcript controlled by 

the first promoter rather than the shorter WNT5A transcript whose promoter is not 

active in these cells. On the other hand, in healthy bone cells the level of the shorter 

WNT5A mRNA is higher than that of the longer WNT5A mRNA because the CTCF 

sites are not methylated and the alternative WNT5A promoter is active. The 

experiments also revealed that the demethylating agents can reactivate the usage of 

the alternative promoter (Vaidya et al., 2016).      

 CTCF is well known as a nuclear protein. The transport of a newly synthesized 

CTCF polypeptide from the cytoplasm into the nucleus is mediated by the IPO13 

(Importin-13) transporter. Interestingly, the transport of CTCF into the nucleus is 

positively regulated by CTCF itself, since CTCF can activate the IPO13 promoter 

through a CTCF binding site. In the breast tumor cells the IPO13 gene is 

downregulated and CTCF is therefore not transported into the nucleus and 

accumulates in the cytoplasm (Wang et al., 2013).  

3. Posttranslational modifications of CTCF 

Proteins are frequently modified by various posttranslational modifications 

which affect the cellular functions of the modified proteins. CTCF has been shown to 

undergo four different posttranslational modifications: phosphorylation (Klenova et al., 

2001), poly(ADP-ribosyl)ation (Yu et al., 2004), SUMOylation (MacPherson et al., 

2009) and ubiquitination (Qi et al., 2012).  

3.1 Phosphorylation  

CTCF is phosphorylated by CK2 (Caseine kinase) at the C-terminus containing 

the CK2 consensus sequence (S/T)XX(E/D) (Reviewed in Allende and Allende, 1995; 

Klenova et al., 2001). The phosphorylated protein sequence by CK2 in the chicken 

CTCF is S604KKDS600S610DS612E (Klenova et al., 2001). Although most of the 

phosphorylated amino acid residues at the CTCF C-terminus are serines, 

phosphorylation of tyrosine has been also detected in the capacitated male sperms 
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(Tang and Chen, 2006) or in the Xenopus laevis CTCF (Les J. Burke et al., 2001).

 Phosphorylation of CTCF stimulates the transcriptional activator properties of 

CTCF. The C-MYC gene is one of the genes whose transcription is stimulated by CTCF 

depending on the CTCF phosphorylation status. The authors also suggest that an 

abnormal phosphorylation status of CTCF that is caused by misregulated CK2 may 

lead to upregulation of the C-MYC gene and to the cancer development (El-Kady and 

Klenova, 2005).    

3.2 Poly(ADP-ribosyl)ation  

The CTCF N-terminus undergoes Poly(ADP-ribosyl)ation, which is also called 

PARylation. One of the functions of the CTCF PARylation is to target CTCF to the 

nucleolus where CTCF represses transcription of rRNA (Guerrero and Maggert, 2011; 

Yu et al., 2004). Another function of the CTCF PARylation is to target CTCF to the sites 

of damaged DNA. The PARylated CTCF binds to the damaged sites through its zinc 

finger domain, mainly through its zinc finger motifs number 4, 5 and 6. Then, the DNA 

repairing complex is recruited to these CTCF bound DNA damaged sites (Han et al., 

2017; Venkatraman and Klenova, 2015). PARylation of CTCF also stimulates the 

enhancer-blocking properties of CTCF (see 5.2.2). It has been shown that although an 

unPARylated CTCF is still bound to boundary elements, the enhancer blocking activity 

of this unPARylated CTCF is not as strong as that of PARylated CTCF and the nearby 

genes are transcriptional active (Farrar et al., 2010). 

3.3 SUMOylation  

CTCF contains two sites for SUMOylation, one of them lies at the N-terminus 

and the other one lies at the C-terminus. In mouse, lysines Lys74 at the N-terminal 

domain of the mouse CTCF and Lys698 at the C-terminal domain of the mouse CTCF 

are SUMOylated by SUMO (Small ubiquitin-like modifier) 1, SUMO 2 or SUMO 3 

proteins. These SUMO proteins form an isopeptide bond between their C-terminal 

diglycine residues and the CTCF lysine residues. SUMOylation of CTCF is known to 

stimulate the repressive effect of CTCF on the C-MYC gene (MacPherson et al., 2009). 

 The CTCF SUMOylation level is affected by various stress factors such as UV 

irradiation or hypoxic conditions. Cells exposed to such stress situations show lower 

levels of SUMOylated CTCF due to the overexpression of SENP (SUMO-specific 
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isopeptidase) 1 which hydrolyzes the isopeptide bond between SUMO and CTCF. De-

SUMOylation of CTCF results in transcriptional downregulation of various genes such 

as the PAX6 gene (Wang et al., 2012). 

3.4 Ubiquitination 

Ubiquitination of the CTCF central zinc finger domain is catalyzed by the 

HUWE1 E3 ubiquitin-protein ligase and is responsible for proteasomal degradation of 

CTCF. The extremely low levels of CTCF in the B-cell lymphomas is caused by 

elevated levels of HUWE1 and the subsequent proteosomal degradation of CTCF. The 

reduced CTCF levels in the B-cell lymphomas result in activation of the C-MYC gene 

which consequently contributes to the growth of the B-cell lymphoma (Qi et al., 2012). 

4. CTCF gene 

The human CTCF gene is located on chromosome 16, q22.1 (Fig.2). The whole 

locus is approximately 76 kb long and it gives rise to two CTCF mRNA isoforms. The 

first isoform contains 10 exons and 9 introns, whereas the second isoform contains 12 

exons and 11 introns. In different organisms, the CTCF gene is localized on different 

chromosomes and has different exon structures (Internet source 1). For example, the 

approximately 46.4 kb long mouse Ctcf gene is localized on chromosome 8 and its 

exon structure is the same as that of the human CTCF gene (Internet source 2), 

whereas the approximately 30 kb long chicken CTCF gene is localized on chromosome 

11 and has 11 exons and 10 introns (Internet source 3). 

 

Figure 2. The CTCF locus on human chromosome 16. Two human CTCF mRNA 

isoforms differing in their exon structures are produced from the same CTCF gene 

locus. Blue rectangles represent exons of RefSeq mRNAs. High levels of the H3K27Ac 
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histone modification are associated with active promoter regions and mark the CTCF 

promoter region (Adapted from Internet source 1).  

The two human CTCF mRNA isoforms are likely to encode two CTCF protein 

isoforms which differ in their length. The full length canonical CTCF protein isoform 

shown in Fig. 1 is formed by 727 amino acids, whereas the shorter CTCF protein 

isoform contains only 399 amino acids. Since the shorter CTCF isoform (Fig. 3) lacks 

328 N-terminal amino acids, this isoform is likely to lack the first three zinc finger motifs 

and therefore to be functionally distinct from the canonical full length CTCF isoform 

(Internet source 4). 

 

 

Figure 3. CTCF protein isoforms. The human canonical full-length CTCF protein 

containing 727 amino acids and all 11 zinc finger motifs is shown as CTCF isoform 1. 

CTCF isoform 2 is shown as a shorter protein without the first 329 amino acids (Internet 

source 4). 

 

Various genome-wide binding studies have been performed using a 

combination of ChIP (Chromatin immunoprecipitation) and the next generation 

sequencing approach (ChIP-seq) to analyze binding of various transcription factors to 

their target sequences (Reviewed in Furey, 2012). Some of the ChIP-seq data tracks 

in the UCSC Genome Browser suggest that the human CTCF gene is regulated by 

various transcription factors (Fig.4). The CTCF promoter could have binding sites for 

proteins such as MYC, YY1 or interestingly, for CTCF itself (Internet source 1). YY1 

has been found to be an activating factor of CTCF gene (Klenova et al., 1998). 
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Figure 4. The CTCF promoter region on human chromosome 16. Blue rectangles 

represent the first CTCF exon of the two CTCF mRNA isoforms (the UCSC genome 

browser RefSeq track). The gray and black bars represent binding of various 

transcription factors as analyzed by ChIP-seq (various UCSC genome browser ChIP-

seq tracks). The darker the bar the higher the amount of the protein bound to the 

region. The active human CTCF promoter is marked by the H3K27ac histone 

modification mark (UCSC genome browser H3K27ac ChIP-seq track) (Adapted from 

Internet source 1). 

5. CTCF and three dimensional chromatin 

It is now a well-known and generally accepted fact that chromatin is not 

distributed randomly within the nucleus, but rather that it is arranged in higher order 

structures. It has been shown that CTCF and its various architectural protein partners 

are involved in creating and maintaining these higher order chromatin structures (Fig. 

5). These higher order chromatin structures play an important role in regulation of gene 

expression (Reviewed in Bouwman and de Laat, 2015).  
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Figure 5. CTCF and higher chromatin structures. Chromatin loops frequently 

contain a large number of genes (Tang et al., 2015) and form higher genome structures 

and domains. These domains can be divided into two groups: The first group of 

domains named topologically associating domains inhabits mainly the center of the 

nucleus (Dixon et al., 2012), whereas lamina associating domains actively contact the 

nuclear bilayer (Guelen et al., 2008). 

5.1 Architectural protein partners of CTCF 

5.1.1 Cohesin 

Cohesin and CTCF frequently form a complex that is involved in creating the 

higher order chromatin structures. Most of the cohesin binding sites overlap with those 

of CTCF mainly in intergenic regions (Wendt et al., 2008). To form a three-dimensional 

chromatin loop, the circular protein structure of cohesin encloses the CTCF 

polypeptide bound to DNA (Fig.5) (Tang et al., 2015).  

5.1.2 Zinc finger protein 143 

It has been shown that ZNF143 (Zinc finger protein 143) helps to maintain the 

boundaries of the three-dimensional chromatin structures alongside with the CTCF-

cohesin complex. The ZNF143 binding sites on DNA have been found to partially 
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overlap with the CTCF or cohesin binding sites. When the three-dimensional chromatin 

structure is forming, ZNF143 can be targeted to its binding site by CTCF and cohesin 

or by other proteins like MAX (Ye et al., 2016). A SNP in the ZNF143 binding site 

lowers the binding affinity of ZNF143 to this site (Bailey et al., 2015).  

5.2 CTCF-mediated chromatin loops 

The CTCF-mediated chromatin loops stabilize the contact between the regions 

of the same chromosome - these are called intrachromosomal interactions and are 

relatively strong, and also to stabilize the contact between the regions on different 

chromosomes - these are called interchromosomal interactions, which are not as 

strong as intrachromorosomal interactions (Handoko et al., 2011). The CTCF mediated 

formation of the chromatin loops has been studied in great detail on the β-globin locus 

in the red erythrocytes. It has been found that the β-globin locus is surrounded by 

CTCF binding sites, through which CTCF creates and establishes the long-range 

chromosomal interactions (Splinter et al., 2006). Each CTCF binding site of the β-

globin locus has even its own CTCF binding affinity (Farrell et al., 2002). The cells in 

which CTCF was knocked down using the siRNA approach showed an abberant 3D 

chromatin structure with disrupted long-range chromatin loops and the same 

phenotype was seen for the chromatin loops with mutated CTCF binding sites. 

Mutation of CTCF binding sites also resulted in a changed histone modification status 

of the region (Splinter et al., 2006).       

 Generally, the chromatin loops formed by CTCF can be divided into two groups 

according to their histone modification status: One group of predominantly shorter than 

200 kb chromatin loops contains the histone modification marks that are associated 

with an open chromatin state and with transcriptionally active regions (e.g. H3K4me1, 

H3K4me2 and H3K36me3) (Handoko et al., 2011, see 5.2.1). The other group of 

predominantly longer than 200 kb chromatin loops contains the histone modification 

marks that are associated with a closed chromatin state and with transcriptionally 

repressed regions (e.g. H3K9me, H3K20me and H3K27me) (Handoko et al., 2011, 

also see 5.2.2).     
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5.2.1 Transcriptionally active chromatin loops 

The transcriptional activity of the promoters lying inside the first type of 

chromatin loops formed by CTCF is also dependent on their long-range contacts with 

regulatory enhancer elements (Fig. 6). Certain cell types have their own specific long-

range interactions, which results in transcriptional activity of the genes specifically 

expressed only in these cell types (Heidari et al., 2014). The interaction between 

enhancer and its target promoter is dependent on the presence of active histone 

modifications such as H3K9ac and H3K27ac (Sanyal et al., 2012). The stability of 

certain enhancer-promoter interactions is frequently strictly dependent on the presence 

of cohesin and ZNF143 (Bailey et al., 2015; Ing-Simmons et al., 2015). 

 

Figure 6. A transcriptionally active chromatin loop formed by CTCF. CTCF and 

its architectural protein partners (e.g. cohesin and ZNF143) bind to DNA and drag the 

enhancer element to its target gene promoter (Adapted from Bailey et al., 2015). 

  

A large number of genes lying within the chromatin loops formed by CTCF belong 

to the family of inducible genes, while the outside of the chromatin loops is inhabited 

by housekeeping genes. The transcriptionally active chromatin loops in various 
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immortalized cells contain many genes involved in proliferation or metabolism (Oti et 

al., 2016). CTCF and cohesin engage in creating the frequently interacting regions 

(FIREs). These regions are conserved in mammals and exhibit extremely high 

interacting frequency. Although most of the FIREs lie inside the transcriptionally active 

chromatin loops, some of them are also located at the loop boundaries. FIREs contain 

active histone modification marks and transcriptionally active genes. The repressive 

histone modifications are not usually present in FIREs. The regions flanking FIREs 

contain a lot of tissue-specific genes suggesting that FIREs participate in the regulation 

of tissue-specific gene expression (Schmitt et al., 2016). 

5.2.2 CTCF enhancer-blocking activity 

The chromatin loops formed and maintained by CTCF are also responsible for 

transcriptional repression of the genes lying inside them, which is caused by the CTCF 

enhancer-blocking (also called insulator) activity. CTCF binds to the insulator DNA 

sequence and forms a spherical barrier which prevents the enhancer from contacting 

and activating the gene promoter. The insulator DNA sequence can contain multiple 

CTCF binding sites (Bell et al., 1999). In the nucleolus the targeting of CTCF to the 

insulator DNA sequence is mediated by nucleophosmin which forms a heterodimer 

with CTCF (Yusufzai et al., 2004). The absence of CTCF enhancer blocking function 

in the prostate cancer cells results in transcription of fused chimeric SLC45A3-ELK4 

mRNAs, which supports the cell growth and the cell division. The creation of the 

SLC45A3-ELK4 chimeric RNA occurs by the failure of CTCF to target the insulator 

DNA site flanking the SLC45A3 gene and to target the insulator DNA sites between 

the SLC45A3 and the ELK4 genes. It has been observed that the agents such as 

androgene receptors interfere with the CTCF targeting to the insulator DNA sequence 

(Qin et al., 2016; Zhang et al., 2012).       

 The CTCF enhancer-blocking activity can be inhibited by the protein KAISO 

whose binding sites are near the CTCF insulator binding sites. To prevent CTCF from 

acting as an enhancer blocker, KAISO creates a complex with CTCF through its N-

terminal POZ domain and the CTCF C-terminal domain (Defossez et al., 2005). 
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5.2.3 Polarity of CTCF bound to chromatin loops 

The arrangement of chromatin loops is dependent on the polarity of CTCF 

bound to the DNA strands (Fig. 7). The most favored CTCF binding polarity is 

convergent. Although CTCF bound to DNA in the same orientation (tandem right or 

tandem left CTCF orientation) can also contribute to the establishment of chromatin 

loops, the stability of such chromatin loops is not as strong as that of the loop created 

with convergent oriented CTCF. Also, the visual structure of these two types of loops 

is different. The convergent CTCF oriented chromatin loops resemble a hairpin, 

whereas the tandem CTCF oriented chromatin loops resemble a coiled structure (de 

Wit et al., 2015; Tang et al., 2015).  

    

Figure 7. CTCF chromatin loop binding polarity. An illustration shows different 

CTCF and cohesin binding polarity on DNA - the tandem right polarity, the convergent 

polarity and the tandem left polarity (Adapted from Tang et al., 2015 ).  

The CRISPR/Cas9-mediated inversion or elimination of the mouse convergent 

CTCF sites lead to relaxation of the chromatin loops and to misregulation of some 

genes (e.g. Sox2 or Fbn2). Relaxation of one loop also negatively affects the stability 

of the neighboring loops (de Wit et al., 2015).    

5.3 Topologically associating domains        

A group of the chromatin loops formed by CTCF is called a topologically 

associating domain (TAD). TADs are conserved not only within various cell types but 

also within various animal species. Their average length is hundreds of kilobases (kb), 

although some can measure several megabases (Mb) (Dixon et al., 2012). Each TAD 

consists of several chromatin structures called sub-topologically associating domains 

(Phillips-Cremins et al., 2013). Long-range chromatin interactions between enhancers 

and promoters and subsequent gene activations occur primarily within the same TAD. 

Similarly to the chromatin loop boundaries (see 5.2.1), the TAD boundaries are 

enriched for housekeeping genes (Dixon et al., 2012). The TAD boundaries have been 
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shown to be bound by various transcription factors (e.g. ELK1, p300 or RXRA), when 

the corresponding TAD is transcriptionally active. A SNP in the CTCF binding sites 

contributes to the TAD boundary destabilization (Mourad and Cuvier, 2016). 

 It has been shown that cohesin specific protease cleavage affects the long-

range interactions within a TAD in a different manner than knocking down CTCF by 

siRNA (Fig. 8.) (Zuin et al., 2014). 

 

Figure 8. TADs, CTCF and cohesin. The reduced levels of cohesin lead to disruption 

of whole TADs, whereas the reduced level of CTCF results in partial disruption of TADs 

and to aberrant new interactions. It has been observed that downregulation of cohesin 

negatively affects the expression of the HOX genes (Zuin et al., 2014). 

Another CTCF protein partner involved in building the TADs architecture is 

TOP2B (DNA topoisomerase 2-beta). TOP2B has been found to recognize and bind 

the CTCF or the cohesin DNA binding sequences. TOP2B can also interact indirectly 

with DNA through the CTCF-cohesin complex. In this study the authors hypothesize 

that TOP2B is involved in the supercoiling of the TAD DNA regions (Uuskula-Reimand 

et al., 2016).           

 To better understand the TADs structure and its role in the regulation of gene 

expression, various advanced softwares have been developed to model the TAD 

structure based on the available experimental data (e.g. TADtree) (Weinreb and 

Raphael, 2016). 

5.3.1 Disruption of TADs in disease and development 

The CRISPR-Cas9 mediated modifications (duplication, deletion or inversion) 

of various TAD boundaries lead to misregulation of the genes lying within these TADs 

and to digit abnormalities such as syndactyly, brachydactyly or polydactyly (Fig. 9). 

The misregulated genes associated with these developmental abnormalities are PAX3, 
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IHH and WNT6 and their upregulation is caused by their interaction with an enhancer 

element in the neighboring TAD. In a healthy cell the PAX3, IHH and WNT6 genes do 

not interact with this enhancer element in the neighboring TAD and thus they remain 

silent. The CRISPR-Cas9 mediated deletion of the TAD boundary between the TAD 

containing an enhancer and the TAD containing the PAX6 gene resulted in 

brachydactyly. The CRISPR-Cas9 mediated inversion between the TAD containing an 

enhancer and the TAD containing the WNT6 gene resulted in syndactyly. The 

CRISPR-Cas9 mediated duplication between the TAD containing an enhancer and the 

TAD containing IHH resulted in polydactyly (Lupianez et al., 2015). 

 

Figure 9. Disrupted TADs and limb development. Unmodified TAD boundary does 

not cause any misregulation of the PAX6, WNT6 or IHH gene, whereas modifications 

of the TAD boundaries by CRISPR-Cas9 lead to the shown abnormal phenotypes 

(Adapted from Lupianez et al., 2015).     

TADs can also be disrupted by methylation of CTCF binding sites lying in the 

TAD boundary. In gliomas the mutated isocitrate dehydrogenase (IDH) enzyme 

aberrantly methylates CTCF binding sites TAD boundaries which results in disruption 

of TADs and in upregulation of the PDGFRA gene. The resulting overexpression of the 

PDGFRA gene significantly contributes to the glioma development. The researchers 

has also observed that the correct TAD structure has been restored by inhibiting the 

IDH methylation activity (Flavahan et al., 2016). 

5.4 Lamina associating domains 

Lamina associating domains (LADs) are chromatin loops formed by CTCF at 

the inner layer of the nuclear membrane. LADs interact with the fibrous lamin 

polypeptides - predominantly with lamin B1 but also with lamin A/C (Amendola and van 

Steensel, 2015; Guelen et al., 2008). The size of LADs can reach up to a couple of 

megabases and approximately one third of DNA is estimated to be packed in LADs.  
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Although LADs are not transcriptionally active, some genes lying within LADs 

have been reported to be marked by active histone modification marks and to be 

transcribed. On the other hand, genes lying outside LADs are bound by various 

transcription activators and are expressed at high levels. These regions with high gene 

expression levels can block the expansion of mostly transcriptional silenced LADs to 

the other chromosomal regions (Guelen et al., 2008).     

 LADs interact with the inner layer of the nuclear membrane with various 

frequencies. Some LAD regions rarely interact with the nuclear periphery, whereas 

some LAD regions exhibit a lot of interactions. The high amount of interactions between 

the genome and the nuclear lamina are common for larger chromosomes and haploid 

cells (Kind et al., 2015). 

6. CTCF and HOX genes 

The HOX genes encode HOX transcription factors that bind to DNA through 

their homeobox domain and regulate the expression of their target genes. The activity 

of the HOX genes is very important for a number of processes such as the setting up 

the anterior-posterior early body axis or the dorso-ventral axis of developing limbs. The 

39 mammalian HOX genes are located in four clusters: HOXA, HOXB, HOXC and 

HOXD. The HOX genes are transcriptionally co-regulated and their misregulation leads 

to severe body malformations, developmental defects and diseases (Reviewed in 

Pearson et al., 2005). The HOX gene clusters contain multiple consensus CTCF 

binding sites and they have been shown to be regulated by CTCF. Interestingly, the 

HOX proteins can form complex with CTCF and by doing so they can participate in 

regulating their own expression (Jerkovic et al., 2017).  

6.1 HOXA gene cluster 

The mammalian HOXA cluster contains 11 genes (Reviewed in Pearson et al., 

2005). It has been shown that the CTCF binding site between the HOXA5 and HOXA6 

genes is mainly responsible for silencing the HOXA9 to HOXA13 genes in the human 

fetal lung fibroblasts. On the other hand, in the human foreskin fibroblasts the HOXA9 

to HOXA13 genes are repressed (Wang et al., 2015). Further, CTCF is also involved 

in regulating the expression of the HoxA genes during differentiation of the mouse 

motor neurons. In non-differentiated motor neurons the whole HoxA cluster is silenced 
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by CTCF and various repressive histone marks, whereas in differentiated motor 

neurons the HoXA1-A6 genes are transcriptionally active. The HoxA7 to HoxA13 

genes are flanked by various repressive histone modifications (e.g. H3K27me3) and 

remain transcriptionally repressed. When the CTCF binding sites between the 

individual HoxA genes were disrupted, the epigenetic profile of the HoxA7 to HoxA13 

genes changed from repressed histone marks (e.g. H3K27me3) to active histone 

marks (e.g. H3K4me3), which results in their de-repression and transcription 

(Narendra et al., 2015). By negatively regulating the HOX genes, which can also 

function as tumor suppressors (Pilato et al., 2013), CTCF contributes to cancer 

proliferation. In the breast tumor cells, the HOXA10 gene is constantly kept silenced 

by CTCF bound to the HOXA10 promoter and by the presence of the H3K27me3 

repressive histone modification. Knocking down CTCF with a siRNA results in the 

HOXA10 promoter not being occupied by CTCF and therefore in transcriptional 

activation of this gene. The transcriptional activity of the HOXA10 gene is accompanied 

by the presence of the active histone marks such as H3K4me3 on its promoter 

(Mustafa et al., 2015). 

6.2 HOXD gene cluster 

The mammalian HOXD gene cluster contains 9 genes (Reviewed in Pearson et 

al., 2005). The mouse HoxD genes are also flanked by a large number of CTCF binding 

sites. Transcriptional regulation of the HoxD genes by CTCF have been extensively 

studied for the process of limb development in the mouse. A tissue specific elimination 

of CTCF in the conditional CTCF knockout mice (Prx1Cre:Ctcfflox/flox) results in either 

positive (HoxD8 and HoxD9) or negative (HoxD10 and HoxD13) regulation of the HoxD 

genes lying in the mouse HoxD gene cluster. Downregulation of the HoxD10 gene has 

been detected predominantly in the anterior part of the mutant mouse limb, whereas 

downregulation of the HoxD13 gene has been detected predominantly in the posterior 

part of the mutant limb. The absence of CTCF in these mutant mice results in severe 

developmental limb defects (Fig.10). Most of the bones of the mutant forelimbs do not 

develop at all, whereas some of the bones of the mutant hind limbs develop to some 

extent. The CTCF mutant malformations were mainly attributed to the result of a large 

number of cell apoptotic deaths associated with the misregulation of the apoptotic 

factor PUMA (Soshnikova et al., 2010).  
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Figure 10. CTCF is essential for the mouse limb development. When CTCF is not 

present, the forelimbs (FL) and the hind limbs (HL) suffer from severe bone 

malformations compared to the healthy wild type mouse limbs. Bones are stained blue 

with β-galactosidase staining. The missing bone elements in the mouse mutants are a 

consequence of the high level of apoptosis in the mouse limb cells (Adapted from 

Soshnikova et al., 2010). 

7. CTCF-like protein 

The CTCF-like protein (CTCFL) is a CTCF paralog (Fig.11), which plays an 

important role in the spermatid and testes development by binding to and activating 

the promoter of the gene encoding cerebroside sulfotransferase - a protein important 

for the testes development (Suzuki et al., 2010). 

  

 

 

Figure 11. The protein structures of CTCF and CTCFL paralogues. Their central 

zinc-finger domain is conserved, whereas N- and C-termini show different composition 

and very low protein sequence identity (Adapted from Hore et al., 2008 ).   
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High levels of CTCFL have been observed in the K562 carcinoma cells. In these 

cells CTCFL and CTCF form a stable heterodimer which binds to the shared CTCFL-

CTCF DNA binding sites throughout the genome. Both CTCFL and the CTCFL-CTCF 

heterodimer activate genes whose protein products stimulate tumor proliferation. 

Interestingly, no cohesin presence has been detected at the CTCFL-bound regions, 

which suggests that CTCFL does not participate in the formation of the higher order 

chromatin structures (Pugacheva et al., 2015). 

8. CTCF in invertebrates 

CTCF is likely to have evolved long before the protostomes and the 

deuterostomes since it is present in both groups. As for the protostomes, CTCF has 

been identified in arthropods and in some nematodes. No signs of the CTCF presence 

have been observed in such organisms as unicellulars, fungi and plants. (Heger et al., 

2013; Heger et al., 2012; Heger et al., 2009) 

8.1 Nematodes and Drosophila melanogaster 

The bioinformatic analyses of the Caenorhabditis genome have revealed that 

this nematode species lacks CTCF, whereas the Trichinella or Xiphinema nematode 

species harbor CTCF genes. The CTCF genes of the Trichinella or Xiphinema species 

consist only of four exons and three introns. In these nematode species the central 

part of the CTCF protein structure is made up from 10 zinc finger motifs as opposed to 

11 zinc fingers in vertebrates. The nematode CTCF protein shows approximately 50% 

similarity to that of Drosophila or mammals (Heger et al., 2009).   

 In Drosophila the central domain of CTCF contains 11 zinc finger motifs similarly 

to vertebrates (Moon et al., 2005). The Drosophila CTCF has been also shown to affect 

the development of the fruit fly larvae through a machinery involving the biosynthesis 

of ecdysone from cholesterol through the action of the Halloween proteins (dib, sad, 

nobo and spok). The Halloween genes are transcriptionally activated by CTCF and the 

CTCF mutant fruit flies had prolonged formations of the pupae as a consequence of 

the lower Halloween gene transcript levels. The reduced concentrations of the 

Halloween genes also delayed the expression of the E74B gene whose expression is 

strictly dependent on the expression of the Halloween genes (Fresan et al., 2015).  

 In Drosophila melanogaster, proteins which display a high similarity to the CTCF 
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zinc finger domain (e.g. Su(Hw) and Zw5) also exhibit an enhancer blocking activity 

similarly to CTCF (Heger et al., 2013). 

9. Conclusions 

This work summarizes various functions of the multifunctional CTCF protein. 

CTCF is a nuclear protein whose central zinc-finger domain is essential for targeting 

the protein to its binding sites which spread throughout the genome. By binding to its 

target sites CTCF regulates the expression of various genes. CTCF can 

transcriptionally activate or repress its target genes, creates long-range interactions 

and also exhibits an enhancer blocking activity. The formation and maintaining of the 

three-dimensional genome structure by CTCF is also supported by other architectural 

proteins such as cohesin and ZNF143. Various posttranslational modifications have 

been shown to modulate the CTCF functions - some modifications stimulate the 

activator activity of CTCF whereas other stimulate its repressive properties. CTCF is 

present not only in vertebrates but also in evolutionarily lower organisms such as 

arthropods or nematodes. The CTCF paralogue - CTCFL also participates in gene 

regulation either alone or together with CTCF in a heterodimer complex.  

 CTCF has been intensively studied by the researchers all over the world 

because of the extremely large amount of genetic elements regulated by this protein. 

It will be interesting to see what yet unknown protein partners co-operate with CTCF 

and whether the two CTCF mRNA isoforms encode two different CTCF protein 

isoforms with different functions. Since the current knowledge of the regulation of the 

expression of CTCF itself is very limited, it will be also very interesting to analyze the 

CTCF promoter and its regulation more in detail. 
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