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Summary 
 

Developmental and tissue-specific expression of higher eukaryotic genes requires activation 

of transcription at the appropriate time and place. RNA-pol II is an enzyme that transcribes all 

the protein coding genes in the eukaryotes. It regulates the gene expression together with the 

general transcription factors and with additional regulatory proteins called transcription 

factors.  Transcription factors are sequence specific proteins that may either increase or 

decrease the rate of transcription. They bind to near transcription start site or distal regulatory 

elements that are located far from the target promoter and physical interactions of the 

transcription factors and the transcription machinery at the promoter are reached through 3 

dimensional interactions by the DNA-looping. Third generation high throughput sequencing 

methods and the development of new techniques that enable whole genome studies can be 

used to study these 3 dimensional interactions, their biological functions, as well as 

interactions between regulatory elements and gene promoters, and mechanisms of regulation.  

 

In this study, the method called Chromatin Interaction Analysis using Paired End Tag 

sequencing (ChIA-PET) was used in order to study the 3 dimensional architectures of the 

regulatory regions. ChIA-PET combines immunoprecipitation and proximity ligation. Certain 

genomic regions are selected for the analysis by the antibody against the protein of interest 

followed by the ligation of the physically interacting chromatin ends. We were interested to 

analyze all the protein interactions that are important for the transcriptional activation. An 

antibody against RNA-polymerase II was used in order to select all the active promoters for 

analysis.  

 

DNA flexibility and bending plays an important role in 3 dimensional organization of the 

genome in vivo, but is also important for the ChIA-PET analysis and successful proximity 

ligation in vitro. Chromatin fragments have to be able to bend in order to be proximity ligated. 

DNA flexibility and circularization ability was analyzed in solution. We could show that 

proximity ligation is relatively frequent when the fragment size is over 500 bp and frequency 

is increased by the fragment size. Prior knowledge about the correlation between the fragment 

size and the frequency of the proximity ligation in vitro were used to optimize the chromatin 

fragmentation methods for further ChIA-PET-studies. In the future, ChIA-PET can be used to 

analyze protein interactions during transcriptional initiation and to identify all the enhancers 

and silencers that act on each promoter in the genome.  
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1. Introduction  
 

Cross talk between the enzyme called RNA-polymerase II (RNA-pol II) and its regulators 

allows dynamic gene expression in which activity of every gene is spatially and temporally 

regulated (Fraser et al. 2009).  RNA pol II transcribes all the protein coding genes in higher 

eukaryotes. It has been shown to be capable of DNA-dependent RNA synthesis in vitro, but is 

incapable of specific promoter recognition in the absence of additional factors called general 

transcription factors (GTFs). GTFs, together with RNA-pol II, bind to the core promoter and 

form a pre-initiation complex (PIC) that promotes transcription at a low rate called basal 

transcription (Lee and Young 2000).  

 

RNA-pol II activity and the rate of transcription is highly modulated by trans-acting 

regulatory proteins that are able to recognize and bind to cis-acting regulatory regions at the 

promoter and at the distal regulatory elements (Mallanna et al. 2008, Maston et al. 2006). Cis-

acting elements can be divided to core promoters, proximal promoters that are commonly 

located a couple of hundred base pairs from the transcription start site and to distal regulatory 

elements, called enhancers and silencers, which act over long genomic distances. Enhancers 

and silencers may be located several hundreds of  kilobases from the target promoter and the 

physical interaction is accomplished by looping the intervening DNA between the enhancer 

and the promoter as the enhancer complex moves along the chromatin fiber towards the 

promoter (Maston et al. 2006, Landry et al. 2009). (Vernimmen et al. 2009, Nolis et al. 2009, 

West and Fraser 2005, Cook 2003).  

 

Enhancers and silencers serve as a binding site for transcription factors (TFs). TFs are trans-

acting proteins that bind to the consensus sequences in order to increase or decrease the rate 

of basal transcription (Sandoval et al. 2010). Enhancers bind activators that promotes the gene 

expression by increasing the rate of PIC formation, initiation, elongation, or for example by 

recruiting chromatin remodeling proteins that induce opening of the chromatin and in that 

way making DNA accessible to the transcription machinery (Lee and Young 2000, de la 

Serna et al. 2005 Tiwari et al. 2008, Dissen et al. 2004, Vernimmen et al. 2009). Silencers on 

the other hand bind repressor-proteins that possess an opposite role compared to the 

activators; they inhibit the rate of transcriptions by inhibiting the action of the enhancer by 

direct contact with the basal transcription machinery or by recruiting cofactors and enzymes 
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that modulate the structure and the accessibility of the chromatin (Gaunitz et al. 2005). 

Activators and repressors are highly sequence specific. Sequence polymorphism at the 

transcription factor binding sites may affect the binding of the TFs which leads to altered gene 

expression and phenotype (Kasowski et al. 2010). 

 

Genome wide association (GWA) studies can be exploited to identify functional polymorphic 

sites like single nucleotide polymorphic sites (SNPs) or copy number variants (CNVs) that are 

linked to a certain phenotype. The associations between the polymorphic site and a phenotype 

can be identified by comparing the genomes of the affected case individuals and the un-

affected controls. SNPs have been linked to various diseases like prostate and breast cancer 

(Wassermann et al. 2010), cancer metastasis (Azzato et al. 2010) and to many polygenic 

diseases like hypertension (Sun et al. 2009), obesity (Kettunen et al.2010) and type II diabetes 

(McCarthy et al. 2010). 

 

GWA studies may be used to identify mutations that contribute to a certain phenotype, but 

their biological function still remains unknown .In most of the cases, mutations that lead or 

predispose to a disease has shown to be located outside the protein coding part of the gene; in 

cis-acting regulatory regions, introns or regions that are associated with the regulation of 

regional imprinting (Poole et al. 2010, Dimas et al. 2009, Heap et al. 2010, Li et al. 2010, Ma 

et al. 2010, McCarthy et al. 2010) which indicates the effects of the polymorphism on the 

gene regulation rather than the gene product itself. Based on this fact, it would be highly 

important to identify all the regulatory elements and identify which genes they act on. Better 

understanding of gene regulation could be applied to study the genetic disorders, to improve 

diagnostics and therapies and to identify pharmacogenetical associations (Daly 2010). 

 

Many aspects of gene regulation remain poorly characterized mainly due to the complexity of 

the regulatory system. First of all, the expression of a gene is regulated by various trans-

acting factors and the combinatorial action of these regulatory proteins determines the final 

transcriptional output. Secondly, the genome does not function in a linear fashion. Regulatory 

elements may regulate distal genes on the same or possibly even on different chromosomes 

(Dostie and Dekker 2007) and it is not uncommon that unrelated genes are located between 

the regulatory elements and the promoter of the gene that they control. (Vernimmen et al. 

2009, Miele et al. 2009, Lower et al. 2009). More detailed picture of the complicated 

architecture of the regulatory networks, called interactomes, can be reached by proceeding 
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from one gene studies to genome wide level. The main technologies that can be used to study 

the organization of human interactomes are Chromatin Immunoprecipitation (ChIP) (Kuo and 

Allis, 1999), Chromosome Conformation Capture (3C) (Dekker et al. 2002) and 3C based 

applications like ChIA-PET (Fullwood et al. 2009) (Figure 1).   

 

ChIP utilizes highly selective antibody-antigen interaction for studying how DNA-binding 

proteins are associated with specific regions of the genome.. In a standard ChIP experiment, 

protein-chromatin interactions are fixed by formaldehyde treatment, followed by chromatin 

shearing by sonication or by enzyme digestion. Protein-chromatin complexes are then 

precipitated with a specific antibody against the protein of interest and the protein binding 

sites can be analyzed via massive parallel sequencing (ChIP-seq) or DNA microarray (ChIP-

chip) (Lieb et al. 2001). ChIP has turned out to be a good method for identifying the 

regulatory elements in a genome wide manner. However it can’t be used to study the protein 

interactions like enhancer promoter communication, which is required in order to fully 

understand the mechanism of the gene expression.  
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Figure 1. Methods to study gene regulation in a genome wide manner. Chromatin immunoprecipitation (ChIP), 

Chromosome conformation capture (3C) and Chromatin interaction analysis using paired end tag sequencing 

(ChIA-PET) are the main methods to map the regulatory elements and to study genomic 3 dimensional 

interactions that are important for transcriptional regulation.  

 

3C had been successfully used to study the spatial organization of the genome and genomic 

long range interactions between the enhancers and the promoters in vivo (Nolis et al. 2009, 

Vassetzky et al. 2009, Dostie and Dekker 2007).  In a 3C assay, protein-chromatin 

interactions are cross-linked and chromatin is digested with a restriction enzyme followed by 

a proximity ligation in order to ligate the interacting chromatin fragments together. The 

chromatin from the enhancer region is ligated to promoter sequences if they are in close 

physical proximity (Dekker et al. 2002). Under diluted conditions, ligations between cross-

linked DNA fragments are strongly favored over ligations between random fragments. After 

the ligation, the cross-links are reversed, and ligation products are detected by polymerase 

chain reaction (PCR) (Vassetzky et al. 2009).  



5	  
	  

	  
	  

3C can be used to study the organization of the chromatin at individual genes but it is not 

unbiased or suitable for finding new, de novo, high resolution interactions. Prior knowledge 

of the interacting promoters and enhancers is needed in order to select the restriction enzyme 

for the chromatin fragmentation and in order to detect the interaction by PCR.  Locus specific 

PCR-primers are designed to flank the restrictions site at promoter and enhancer. The method 

can be used for studying the protein interactions in one gene level, because only one, 

predicted interaction can be analyzed at the time. In order to get a precise picture of the spatial 

conformation of the genome and genomic interactions, there is need for a high throughput 

technology that can be used for detection of higher resolution interactions and to screen the 

whole genome in an unbiased manner.  

 

The latest 3C improvement, which was used in this study, is called ChIA-PET (Fullwood et 

al. 2009). ChIA-PET combines immunoprecipitation and proximity ligation. ChIP is used to 

select the regions of interest in order to reduce the complexity of the genome and proximity 

ligation to ligate the fragments that are physically close to each other.  Protein complexes are 

cross-linked and chromatin is fragmented by sonication followed by the immunoprecipitation 

in order to reduce the noise and complexity of the genome. Barcoded half linkers are ligated 

to the ends of the chromatin fragments and a second ligation step, called proximity ligation, is 

performed in highly diluted conditions to ligate the half linkers together. Linkers contain a 

recognition site for the Mme I restriction enzyme (Morgan et al. 2009). Mme I cuts 20 bp 

from its recognition site, which makes it a suitable enzyme for releasing the paired end tags 

(PETs). Mme I digestion creates PETs that are composed of 20 bp tag sequences that 

represent the binding sites of the interacting proteins and which are bound together via 

linkers. The results can be analyzed by massive parallel sequencing that makes the method 

powerful and high throughput. 

 

ChIA-PET is a genome wide method to study 3 dimensional interactions. ChIA-PET provides 

de novo identification of the spatial organization of the genome. The method provides 

information of protein binding site through ChIP, but also information about interacting 

regions of the genome through proximity ligation. The ChIA-PET method can be used to 

study protein-protein interactions in an unbiased way because no prior knowledge of the 
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protein interactions is needed which means that it can be used to find new cis-acting 

regulatory regions in a genome wide manner. 

 

We were interested to analyze genome organization and gene regulation in more detailed way 

by using the newly established ChIA-PET-method. The aim was to identifying all the 

regulatory elements that are interacting with active promoters via DNA-looping and are 

involved in activation of transcription. The main part of the work consisted of optimization of 

method. First of all, the ability of the linear DNA-molecules to bend and to form circles was 

analyzed with DNA-fragments in solution. It was demonstrated that the fragment size of the 

DNA is a critical parameter for the successful ChIA-PET analysis; the fragment size 

correlates positively with the circle formation. The knowledge of the DNA-flexibility and 

circularization abilities was used to design proper proximity ligation conditions for ChIA-

PET.  

 

2. Results 

 

2.1.  Promoter selection by immunoprecipitation 

 

ChIA-PET method exploits ChIP to select the regions of interest from the genome. A 

monoclonal antibody against the unphosphorylated RNA-pol II was used in order to select 

promoter containing chromatin fragments in HepG2 cells. Unphosphorylated RNA-pol II has 

been shown to be a good marker for the active promoters (Gupta et al. 2010, Tummala et al. 

2010). An antibody against IgG was used as a negative control and an antibody against the 

chromatin modification Histone 3 lysine 4 trimetylation (H3K4me3) was used as a positive 

control. H3K4me3 is high at highly expressed genes in the genome so it can be expected to 

give a strong signal.  

 

Immunoprecipitated DNA was reverse crosslinked, purified and analyzed by PCR with 

positive and negative primers (Figure 2A). Positive primers were designed at the promoter 
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region near the transcription start site of the genes Forkhead box A1 (FOXA1) and NF-E2-

related factor 2 (NRF2) that were known to be active in HepG2 cells. FOXA1 is a 

transcription factor that opens the compacted chromatin structures within the liver-specific 

target genes and is needed for the differentiation of the hepatocytes (Lee et al. 2005). NRF2 

binds to antioxidant response element (ARE) that is located in the promoter region of related 

genes and is highly expressed in the hepatocytes due to the reactive oxygen species that are 

formed in the liver in consequence of detoxification reactions (Defa et al. 2010). Negative 

primers 1 and 2 were designed at least 200 kb from the closest RNA- pol II binding site.   

 

A strong signal from the RNA-pol II and only a weak signal from the IgG 

immunoprecipitated sample should be observed in the case that the antibody has worked 

specifically. Input sample was collected after the sonication and contains all the genomic 

sites. It was used to compare the intensities of the signals. Results indicate that the antibody 

against the RNA-pol II is suitable for the promoter selection. Positive primers show a strong 

signal over the RNA-pol II immunoprecipitation compared to the IgG precipitation, which 

indicates the enrichment of FOXA1 and NRF2 promoters. Input sample was used to validate 

the fragment size after the sonication. (Figure 2B). In this case the average size of the 

fragments was 150 bp which can be considered to be good for ChIP-studies.  

 

 

 

 

 

 

Figure 2. PCR-analysis of the immunoprecipitated DNA (Figure 2A.). Positive primers FOXA1 and NRF2 bind 

at the RNA-pol II binding site while negative primers 1 and 2 amplify regions outside the promoter region. 

Immunopresipitation samples (1 and 2) were positive when compared to IgG (lane 4) that was used as a negative 

control. Histone 3 lysine 4 trimetylation (K4me3) was used as a positive control (3). Input sample (lane 5) was 

collected before the immunoprecipitation and it contain all the genomic sites. Input was used to compare the 

intensity of the signals and to detect the fragment size of the sonicated chromatin (Figure 2B.) 

 

B.	  A.	  
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2.2. DNA flexibility and circularization  

 

Chromatin has to be able to bend and proximity ligation to take place in order to create ChIA-

PET libraries. DNA flexibility, frequency of the proximity ligation and circularization of the 

linear DNA were analyzed in vitro. It has been shown that flexibility and bending ability of 

the double stranded DNA is dependent on the fragment size. We were interested to find out 

the minimal fragment size of the linear DNA molecule for the proximity ligation and 

circularization to take place. The knowledge of the optimal fragment size could be useful 

when designing the chromatin fragmentation for the ChIA-PET. In addition, the aim was to 

test that the half linkers are able to ligate together and form circles in solution before starting 

the library preparation in the cell line. 

 

PCR amplified DNA-molecules of various sizes were used as a starting material to predict the 

optimal fragment size for the proximity ligation. Primers for the PCR were chosen so that the 

amplified fragment contained one restriction site for BamH1-restriction enzyme (Figure 11). 

Linkers A and B were ligated at the ends of the DNA molecules and linker ligation was 

analyzed by the electrophoresis. Successful ligation of the linkers at both end of the DNA-

molecule increases the size of the fragment by 42 bases. Ligation can be detected due to the 

fact that longer fragments move slower in the agarose gel.  

 

The aim was to quantify the amount of proximity ligated DNA fragments by comparing the 

amount of the proximity ligated fragments to the unligated ones. Successful proximity 

ligation can also be detected by the electrophoresis based on the fact that circular DNA 

fragments move slower on the gel compared to the linear molecules of the same molecular 

weight. BamH1 digestion was performed to confirm and quantify the proximity ligation and 

circularization. Restriction is a semiquantitative way to estimate the frequency of the 

proximity ligation because moving of the circles on the gel is hard to predict and usually a 

smear is detected and the total amount of the circularized fragments is impossible to predict. 

Opening of the circles by restriction enzyme digestion reveals the proportion of the proximity 
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ligated fragments compared to unligated ones.  After the complete BamH1 restriction only 

one band of predicted size should be detected. If proximity ligation has not been successful, 

BamH1 restriction leads to fragmentation of the linear DNA-molecule and two DNA-

fragments of predicted sizes are detected. 

 

Results of the proximity ligation of 200 bp and 1000 bp fragments were analyzed by running 

the samples on 2 % agarose gel (Figure 3).  Linker ligation increases the fragment size that 

can be especially detected in a case of 200 bp fragment (Figure 3, lane 2 and lane 3). After the 

proximity ligation, no clear band can be detected in a case of 200 bp fragment while 1000 bp 

fragment has two bands (Figure 3, lane 4).  One band has the size of original linker ligated 

fragment that corresponds to the unligated molecules while a smear above the 1000 bp band 

illustrates circularized molecules that have moved slower on the gel.  

 

After the BamH1 digestion, no clear band is detected in a case of 200 bp fragment, while two 

bands can be seen in a case of 1000 bp molecule (Figure 3, lane 5). Bigger band has the size 

of the original 1000 bp that corresponds to the linearized molecules while the second one is 

approximately 800 bps long that represents fragments that have not formed circles. 
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Figure 3. Analysis of the proximity ligation and circularization in solution. PCR amplified DNA fragments of 

200 bp (lane 1) and 1000 bp (lane 1´) were used as a starting material.  Half-linkers A (lanes 2 and 2´) and B 

(lanes 3 and 3´) were ligated at both ends of the linear DNA-fragments. Linker ligated DNA-fragmetns were 

circularized by proximity ligation (lane 4 and 4´) and frequency of circularization was detected by BamH1-

restriction (lanes 5 and 5´). Results were analyzed by running the samples on 2 % agarose gel.  

 

 

 

 

The experiment was repeated by using the 500 bp and 1000 bp fragments as a starting 

material (Figure 4). The fragment length of the fragmented, uncircularized molecules is 

represented in lane 7.  If the 500 bp molecule has not been circularized, it will be fragmented 

to approximately 225 bp and 275 bp fragments. In a case of 1000 bp the length of the 

fragmented molecules is 800 bp and 200 bp. 
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The amount of proximity ligated 500 bp fragments is too low in order to detect the 

circularization on the gel. However, after the BamH1 digestion a clear band of 500 bp is 

detected that corresponds to successful proximity ligation. In addition, bands that would 

correspond to the fragmented molecules are not detected.  Results of 1000 bp were similar to 

those in Figure 3. 

 

 

 

Figure 4. Analysis of the proximity ligation and circularization in solution. PCR amplified DNA fragments of 

500 bp (lane 1 and 2) and 1000 bp (lane 1´ and 2´) were used as a starting material.  Half-linkers A (lanes 3 and 

3´) and B (lanes 4 and 4´) were ligated at both ends of the linear DNA-fragments. Linker ligated DNA-fragments 

were circularized by proximity ligation (lane 5 and 5´) and frequency of circularization was detected by BamH1-

restriction (6 and 6´). It should be noted that BamH1 digested samples are loaded incorrectly. Lane 7 shows the 

product after the digestion of linear fragment by BamH1.  Results were analyzed by running the samples on 2 % 

agarose gel.  

2.3. ChIA-PET protocol validation in solution 
	  

The aim of the project was to optimize the ChIA-PET method in order to analyze enhancer-

promoter interactions in HepG2 cells. The validation protocol was used to optimize the 

protocol in solution before starting the experiment in the cells. The method can be validated 

and results can be analyzed by electrophoresis because the exact size of the specific end-

product is known. Predicted size of the PETs is 78 bp which is composed of 20 bp tag- 
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sequences bound together via linkers. Ligation of the adapters and amplification by SOLiD 

library primers increases the fragment size to 170 bp. The detection of a 170 bp band can be 

considered as a positive signal.  

 

PCR amplified DNA-fragments of various sizes were used in order to estimate optimal 

fragment size for ChIA-PET library construction. Figure 5 shows the results of two replicates 

of ChIA-PET protocol validation. Fragments of 200 bp (lane 1), 500 bp (lane 2) and 1000 bp 

(lane 3) were used as a starting material in order to find out how the fragment size affects the 

ChIA-PET analysis.  

 

Figure 5A corresponds to successful ChIA-PET library. Light signal from 500 bp fragment 

and a strong signal of 170 bp are detected from 1000 bp fragment while 200 bp product shows 

no positive signal. There is a clear positive correlation with the fragment size and the intensity 

of the specific signal. According to the results, the frequency of the proximity ligation 

increases by the fragment size.  

 

In Figure 5B a strong band of approximately 125 bp is detected in a case of 500 bp and 1000 

bp fragments while only a light band of predicted size can be observed and a strong unspecific 

signal of approximately 130 bp were detected. Strong unspecific band is likely to be due to 

the nick translation. Nick translation with E. coli DNA-polymerase I was tested on 500 bp and 

1000 bp samples while on 200 bp fragment nick translation was performed according to 

SOLiD-protocol by PCR. In this case, 200 bp fragment shows a light positive signal. In 

addition, a bigger fragment of approximately 370 bp is detected. The longer fragment 

corresponds to the fragment that has not been circularized. Linkers and adapters have been 

successfully ligated at the end of linear 200 bp product that leads to the formation of 370 bp 

fragments. This uncircularized fragment can be detected also from 500 bp sample but not in a 

case of 1000 bp fragment. 
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Figure 5. Two replicates of ChIA-PET analysis in solution. 200 bp (1), 500 bp (2) and 1000 bp (3) fragments 

were used to test the protocol. Linkers were ligated to the end of the fragments, followed by proximity ligation to 

form circles by ligating the linkers together. PETs were released by MmeI digestion. SOLiD adapters were 

ligated at the end of the PET, followed by nick translation by PCR (1) or by E.coli polymerase (2 and 3). 

Ligation products were analyzed by PCR and separated on 2% agarose gel. Correct size after amplification is 

170 bp which is marked with a red arrow.   

 

 

 

 

 

 

 

 

2.4. ChIA-PET library construction in HepG2-cells 

	  

After validating the method in solution, ChIA-PET was applied to analyses in HepG2 cells to 

study the transcriptional regulation in more detailed way. An antibody against RNA-pol II 

was used in order to precipitate promoter containing regions in the genome. Enrichment was 

measured by quantitative PCR (qPCR) before continuing the library construction. Enrichment 

by the immunoprecipitation was evaluated by comparing the amount of α-RNA-pol II 

immunoprecipitated DNA to IgG precipitated one (Figure 6 and Figure 7). PCR was 
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performed with two positive and two negative primers to evaluate the level of the background 

signal.  

 

 

 

 

 

Figure 6. Amplification plots after 

amplification of immunoprecipitated 

chromatin. Quality of precipitated 

chromatin was validated by 

quantitative PCR using SYBR-

green. Figure 7A illustrates 

amplification with positive primers. 

Figure 7 B shows amplification 

results when negative primers are 

used. 
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Figure 7. qPCR results of immunoprecipitated DNA. 10% of the immunoprecipitated material was used for 

quantification and validation of ChIP before ChIA-PET library construction. RNA-pol II and IgG precipitated 

DNA were analyzed with positive and negative primers. Positive primers 1 and 2 were designed at RNA-pol II 

binding site and negative primers 1 and 2 at least 200 kb from the RNA-pol II binding site.  

 

The average concentration of immunoprecipitated DNA was 6 ng/µl while concentration of 

IgG was 0.7 ng/µl. Quantification was done by using 10 % of the immunoprecipitated 

material, so the total amount of α- RNA-pol II immunoprecipitated DNA was 1200 ng which 

has been shown to be enough for ChIA-PET library construction (Fullwood et al. 2009). The 

amount of immunoprecipitated DNA was 0.30 ng/µl in a case of α-RNA-pol II and 1.0 ng/µl 

in the case of IgG by using the negative primers that corresponds to the background level. 

Enrichment of approximately 20 fold was confirmed when comparing the background level to 

the amount of PCR-products that were amplified using the positive primers.   

 

In ChIP, the chromatin is fragmented by ultrasound prior to immunoprecipitation with the 

method called sonication. The average fragment size of the sonicated chromatin was 

considered to be critical parameter for the proximity ligation and successful library 

preparation so it was validated by running 1 µg of sonicated DNA on 2% agarose gel (Figure 

8). The average size of the fragments was 500 bp which was considered to be optimal for the 

library preparation.   
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Immunoprecipitated material that was left after ChIP-validation was used for ChIA-PET 

library preparation. The chromatin was blunt ended, linkers were ligated to the ends of the 

chromatin fragments and proximity ligation was performed in order to ligate the linkers. 

MmeI digestion was used to release the PETs. Sequencing adapters were ligated at the ends of 

the PETs and the library was amplified by PCR. Positive result of the ChIA-PET library 

constructions should be a clear band of 170 bp. No well defined band of predicted size could 

be detected after 20 and 35 cycles of the PCR (Figure 9). However, DNA fragments of 100-

250 bp were detected after 35 cycles.    

 

 

 

 

 

 

Figure 8. Fragment size of immunoprecipitated chromatin after 3.5 minutes of sonication with manual Dr 

Hielscher GmbH - sonicator. The average sice of the sonicated chromatin is 500 bp.  Fragmentation was 

performed in two parallel sonication (lanes 1 and 2). 
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3. Discussion 

 

 

3. Discussion 

 

3.1. DNA-bending and flexibility  
 

DNA is a flexible molecule that is able to bend, twist and loop. Flexibility of the DNA allows 

tight wrapping of the DNA around histone octamers in chromatin and DNA looping in gene 

regulation and recombination. Directed and actively regulated interactions between a distal 

regulatory element and the promoter of the target gene allow the gene expression to be 

spatially and temporally regulated.  

 

Figure 9. Results of the ChIA-PET library preparation. ChIP was performed by using the antibody against 

RNA-pol II in order to select the active promoters. Half linkers were ligated at the ends of the 

immunoprecipitated chromatin followed by the proximity ligation that was performed in order to ligate the 

physically interacting chromatin fragments together. PETs were released by the MmeI restriction enzyme 

digestion and sequencing adapters were ligated at the ends of the PETs and library was amplified by the PCT 

and amplicons were loaded on 2 % agarose gel.  Lane 1 shows results after 20 cycles and lane 2 after 35 

cycles of PCR. The expected size of the Paired-end tags is 170 bp which is indicated by the red arrow.  
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Flexibility of the relatively small DNA fragments was analyzed by detecting the ability of the 

DNA fragments to form circles. Results indicate that 200 bp fragment is not able to form 

circles while notable part of 500 bp fragments has gone through successful proximity ligation 

and over 50 % of the 1000 bp fragments has been successfully proximity ligated. The fraction 

of circularized DNA-fragments was quantified by BamH1 digestion. Enzyme digestion was 

shown to be a semi-quantitative way to detect the approximate amount of successfully 

proximity ligated DNA-molecules. In the case of 1000 bp fragment, the signal of the 

linearized fragment is stronger compared to fragmented 800 bp products after the digestion 

which indicates that more than half of the fragments were able to bend in order to form circle.  

 

According to the results, the frequency of proximity ligation is relatively high if the fragment 

size is long enough. Fragment size seems to be an important and limiting factor for the 

bending and circularization of the linear, naked DNA-molecule. Results indicate that 

proximity ligation and circle formation is allowed when the size of the size of the fragment is 

over 500 bp and there is a clear positive correlation between the fragment size and the amount 

of circularized molecules. The frequency of the ligation increases with the fragment size.  

 

3.2. Optimization of the ChIA-PET method in solution 

 

The first ChIA-PET based analyses were done in solution with DNA fragments. We were 

interested to study in more detailed how the length of the DNA-fragment affects the 

circularization of the linear DNA-fragments and especially its effects on the ChIA-PET 

analysis. It was important to know the optimal fragment size for the ChIA-PET studies in 

order to gain high amount of proximity ligated fragments. The results could be analyzed by 

electrophoresis because the exact length of the end product was known. The size of the PETs 

after adapter ligation and PCR amplification was known to be 170 bp. Detection of a 170 bp 

fragment could be considered as positive results and it would confirm that all the steps in the 

ChIA-PET method are working in solution.   
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Protocol validation results corresponded to the results of the proximity ligation tests. The 

results indicate that the ChIA-PET protocol is working if the fragments are long enough.  

Fragment are not proximity ligated if the size is 200 bp while a strong positive signal could be 

detected in the case of 500 bp fragment and the intensity of the signal increases with the 

fragment size. Results give an indication that 200 bp fragment is too small to form circles. A 

light positive signal could be detected in one experiment, but it could not be repeated. The 

frequency of the circularization correlates positively with the fragment size. Longer fragment 

size allows bending of the DNA-fragment and favors successful proximity ligation of the half 

linkers. Results were considered to be important for the further ChIA-PET studies. Prior 

knowledge about the DNA-flexibility and the optimal fragment size for the proximity ligation 

could be used to design the chromatin fragmentation for the further studies.  

 

3.3. Studying the long range genomic interactions  

 

Chromatin in not located in the nucleus is a simple linear form but it is 3 dimensionally 

organized. Chromosome territories and the folding of the chromatin represent higher level of 

the chromatin organization while accessibility of the chromatin structure and is more spatially 

and temporally regulated. The highest and probably the most regulated level of the chromatin 

structure is connected to the gene expression. Distal regulatory elements may be located 

several kilobases from the target gene or possibly even in a different chromosome which 

means that transcription is regulated by the chromosomal associations between the regulatory 

regions and the promoter via 3 dimensional interactions between the regulatory element and 

the promoter of the target gene. 

 

The ChIA-PET method exploits proximity ligation to identify the genomic sites that are 

physically close to each other. Previously ChIA-PET has been used to detect the interactions 

between the promoter and estrogen reseptor-α (ER-α) in order to analyze ER-α sites that are 

actively taking part in gene regulation (Fullwood et al. 2009). In this study, the main interest 

was to identify interactions between the promoter and all the distal regulatory elements that 

play a role in gene regulation.  



20	  
	  

	  
	  

Even though all the main steps of the ChIA-PET were successfully validated in solution, no 

successful library could be created from the cell line. The ligation of the linkers and the 

proximity ligation were shown to be working in a case of naked DNA. However, it might be 

that the ligation conditions were not optimal for the proximity ligation of the chromatin. In 

previous studies, DNA has shown to be more flexible in vivo compared to the naked DNA 

(Ringrose et al. 1999). Histone proteins make DNA more prone to bend and twist which is 

important for the condensation and accessibility of the chromatin. In our case, the average 

fragment size of the sonicated chromatin was 500 bp. Based on our proximity ligation studies 

and the fact that chromatin is more flexible than naked DNA  it relevant to assume that it 

should be long enough to be proximity ligated at relatively high frequency.  

 

Another critical step that may affect the sensitivity of the analysis is the MmeI digestion. 

MmeI restrictions enzyme is used to release the PET-sequences after the proximity ligation. 

The amount of the PETs is reduced if the Mme I enzyme digestion is not effective enough 

which will make the detection of the specific PETs difficult, especially if there is a high 

background signal like in our case.  

 

Libraries are usually amplified by 10 cycles of PCR. In our case, 10 cycles was not enough to 

detect any DNA-products from the agarose gel. Increasing the number of PCR-cycles led to 

high background due to the adapter dimers. In conclusion, the ligation frequency and MmeI 

activity has to be high in order to create a good ChIA-PET library that can be detected by 

electrophoresis after low amount of PCR-cycles and to be isolated by electrophoresis. 

Otherwise the background signal will overcome the signal of the PETs.  

 

Control steps could be added to the ChIA-PET library preparation to further improve and to 

validate the method. DNA fragments were shown to be proximity ligated at relatively high 

frequency so naked DNA-fragment could be used as a positive control to validate that all the 

ligation steps are working.  In addition, all the ligation steps could be validated in the cell line 

by 3C-analysis to be sure that the ligation is optimal not only for the naked DNA-fragments 

but also in the case of chromatin.  
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In conclusion, ChIA-PET can be used to create a genome wide map of regulatory elements 

that are interacting with RNA-pol II during the transcriptional activation. A genome wide 

enhancer map can be a useful tool for studying the regulation of gene expression in a more 

detailed way. It will provide information of all enhancers and silencers that act on each 

promoter in the genome. This information can be used when investigating the biological 

function of sequence variation. It may also help to reveal the effect of sequence variation on 

pathological situations and for example on allele specific gene expression.  

 

 

4. Materials and methods 

 

4.1. Chromatin immunoprecipitation (ChIP) 

 

Transcriptional activation was detected by the Chromatin immunoprecipitation method 

(ChIP). The experiments were done in the liver carcinoma cell line called HepG2. A global 

analysis of active transcription start sites was done by precipitating specifically RNA 

polymerase II using a monoclonal antibody against RNA-pol II (Abcam, ab817 ). 

 

Cells were cultured in RPMI-medium with 10 % fetal bovine serum (FCS), 1% L-glutamine 

and 1 % streptomycin/penicillin at 37 ºC. Amount of 80-100 x 106 cells were used for each 

experiment. Cells were washed three times with 1 x PBS in room temperature (RT) and 

resuspended in serum free RPMI-medium. Protein-chromatin complexes were crosslinked 

with 0.37% formaldehyde on rocking table for 10 minutes. Crosslinking reaction was stopped 

with 0,125 M Glysine by incubating for 5 minutes on rocking table. Incubation was 

terminated by placing the growth flasks on ice. Cells were kept on ice during the following 

steps.  

 

Cells were detached from the growth flask with a scraper, collected into a Falcon tube and 

collected by centrifugation at 1200 rpm for 6 minutes at +4 ºC. The pellet was resuspended in 
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1.5 ml cold 1xPBS and centrifuged at 2000 rpm for 5 minutes at +4 ºC. Cells were lysed by 

suspending the pellet in 470 µl of cell lysis buffer that contained protease inhibitors. 10 mM 

Sodium butyrate, 10 µg/ml Leupeptin and 500 µM PMSF were added to the cell lysis buffer. 

Cell lysis was performed by incubating samples 10 minutes in cell lysis buffer and 

centrifuging the lysate at 2500 rpm for 5 minutes at 4 ºC. The supernatant was removed and 

nuclei were resuspended in 1 ml of Radio-immunoprecipitation assay-buffer (RIPA) that 

contained proteinase inhibitors and samples were incubated for 10 minutes on ice prior to 

sonication. RIPA enables efficient cell lysis and helps to maintain the biological activity of 

the proteins.  

 

Sonication was used to fragment the chromatin prior to immunoprecipitation. The total 

sonication time depends on desired fragment size. In our case, samples were sonicated with 

Bioruptor® water bath sonicator for 15 minutes with 320 V output. Shared chromatin was 

spunn down at 1300 rpm for 5 minutes at 4 ºC. The supernatant was transferred to a new 

Eppendorf tube and 1 ml of RIPA buffer that contained protease inhibitors was added. 

Chromatin was pre-cleared in order to reduce unspecific binding of antibody. Pre-clearing 

was performed by adding 75 µl of G-agarose beads (Roche) and incubating for 1 hour at 4 ºC 

on a rotating wheel.  

 

The supernatant was collected by centrifuging at 3000 rpm for 2 minutes and aliquoted. 790 

µl of supernatant was used for RNA-polymerase II and for IgG immunoprecipitations and 270 

µl for Input-sample. Input DNA was collected without adding the antibody and was used to 

detect the fragment size of sonicated chromatin. IgG was used as a negative control and 

histone 3 modification lysine 4 trimetylation (H3K4me3) was used as a positive control. 10 

µg of antibody was added and antibody binding was performed by incubating samples 

overnight at +4 ºC on a rotating wheel. 100 µl of G-agarose beads was added to the 

immunoprecipitation samples and incubated 2 hours at +4 ºC on rotating wheel in order to 

collect the immunocomplexes.  
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Beads were collected by centrifuging at 13 000 rpm for 2 minutes at +4 ºC. The supernatant 

was discarded and the pellet was washed four times with 500 µl of RIPA-buffer. Washing was 

performed by vortexing and centrifuging 13 000 rpm for 2 minutes at +4 ºC. Further washing 

steps were done with IP-wash buffer 2 and TE-buffer pH 8.0. Washing step was performed as 

previously described.  

 

Immunocomplexes were eluted from the protein G-agarose beads by adding 225 µl of freshly 

prepared IP-elution buffer. Samples were incubated in elution buffer at RT for 15 minutes at 

gentle agitation (850 rpm) of Thermomixer comfort (Eppendorf). Protein-DNA complexes 

were collected by centrifuging at 13000 rpm for 2 minutes. The supernatant was collected and 

the elution step was repeated. RNAs were removed by adding 15 µg of RNase A and 

incubating for 6 hours at 65 Cº followed by the reversion of the protein-chromatin crosslinks 

by the 120 mg of Proteinase K and incubating overnight at 45 ºC. 

 

DNA was extracted by phenol/chlorophorm/isoamyl extraction. 500 µl of 

phenol/chlorophorm/isoamyl was added and mixed by vortexing. DNA was collected by 

centrifuging 13 000 rpm for 5 minutes at 22 ºC and aqueous layer was transferred into a new 

tube. Extraction step was repeated with 500 µl of chloroform. 1 µl of glycogen and 50µl of 3 

M sodium citrate (pH 5.2) was added and samples were vortexed and 1 ml of 100% ethanol 

was added in order to precipitate DNA. Precipitation was done by incubating the samples at   

-70 ºC for 30 minutes and centrifuging at 13 000 rpm for 20 minutes at +4 ºC. The chromatin 

pellet was washed with 500 µl of cold 70 % ethanol. Ethanol was removed by centrifuging at 

13 000 rpm for 10 minutes at +4 ºC and pellet was air dried at +37 ºC for 10 minutes. The 

chromatin pellet was resuspended in 100 µl in a case of input DNA and 50 µl in the case of 

immunoprecipitation samples. 
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4.1.1. Validation of immunoprecipitation 
	  

Input samples were collected before immunoprecipitattion in order to detect the fragment size 

of the chromatin after the sonication. Samples were run on 2 %- agarose gel. 

Immunoprecipitation was validated by PCR using positive and negative primers 

(Supplementary table 1). Primers were selected according to previously sequenced ChIP-seq 

data (Motallebipour, unpublished data) using University of California Santa Cruz (UCSC) 

genome browser (http://genome.ucsc.edu/). Positive primers were designed at the RNA-

polymerase II binding sites, near the transcription start site of the active genes FOXA1 and 

NRF2. Negative primers 1 and 2 amplify regions outside the promoter region at least 200 kb 

from the closest RNA-pol II binding site. Negative primers were used as a control to evaluate 

the level of the background signal.  

	  

PCR was performed by combining 12.5 µl of JumpStart Taq ready mix (Sigma), 1 µl of 10 

µM forward and reverse primers, 5 ng of DNA and adding dH2O up to 25 µl. PCR was 

performed and 7 µl of PCR-product was run on 2 % agarose gel (Figure 2). 

 

 

4.2. Chromatin interaction analysis using paired end tag sequencing (ChIA-PET) 

 

In ChIA-PET experiment protein-chromatin and protein-protein interactions are fixed and 

immunoprecipitation with an antibody against the protein of interest is used to select desired 

regions of the genome. The ends of immunoprecipitated DNA-fragments are ligated together 

via half linkers. DNA-fragments will be ligated if they are in close proximity. Fragments that 

are immunoprecipitated together due to protein interactions will be ligated together more 

frequently than chromatin fragments of different immunocomplexes.  

 

In this study, ChIA-PET was used to detect long range chromatin interactions of promoters 

and distal regulatory elements. An antibody against RNA-pol II was used in order to identify 

the regions of the genome that are interacting with promoter bound proteins during the 

transcriptional activation. 



25	  
	  

	  
	  

4.2.1. Linker design 

 

Biotinylated, HPLC-purified half linkers (Integrated DNA-technologies) were designed 

according to previously published article (Fullwood et al. 2009). Linker A and B (Figure 12) 

contains barcode sequences that can be used as a control to quantify the amount of false 

positive results. Successful ChIA-PET library contains only paired end tags (PETs) that are 

formed after intra-complex ligation.  Barcode sequences can be used to discriminate inter-

complex ligations.  

 

Half linkers contain GGCC-overhang sequence, which allows linkers to ligate efficiently. The 

linkers have restriction site for the Mme I restriction enzyme that is used to release the paired 

end tags (PETs). Mme I enzyme creates double strand break 20 bp from its binding site. 

Biotinylated T-nucleotide allows PET-sequences to be extracted by Streptavidine bound 

Dynabeads.  

 

 

Figure 10. Biotinylated half-linkers A and B. Both linkers contains overhang sequence of four nucleotides,  

biotin labeled T-nucleotide (red), barcode sequence (green) and binding site for Mme I- restriction enzyme 

(blue).  
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4.2.2. Proximity ligation and circularization of the DNA-fragments 

 

Quantification of proximity ligation was done by analyzing the ratio of linearized and 

fragmented PCR products after BamH1- digestion. The end product after the restriction 

enzyme digestion and linearization is DNA- fragment of predicted size if the linkers are able 

to bind together to form a circle. Two smaller fragments of predicted size are observed if 

linkers are not ligated together.  

 

 

 

Figure 11. Starting material for validation tests. PCR products of 207 bp, 504 bp and 993 bp that contained 

BamH1 restriction site were amplified by PCR in prior to linker validation.  PCR products of various sizes were 

used to measure optimal fragment size for further ChIA-PET experiments. 
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Figure 12. Validation protocol for proximity ligation. Ligation steps were tested in solution. PCR amplified 

DNA-fragments that contained a restriction site for BamH1 restriction enzyme (marked with red) were used as a 

starting material. Half linkers were ligated to the ends of blunt ends of the PCR-fragments followed by proximity 

ligation and BamH1 digestion. If proximity ligation has been successful linear molecule that has a size of 

original DNA-fragment can be detected by electrophoresis. Two smaller fragments are detected if proximity 

ligation is not successful.  

 

100 ng of 5’phosphorylated, blunt ended PCR products was used as a starting material. 

Primers were phosphorylated by polynucleotide kinase prior to amplification to obtain 5’ 

phosphorylated PCR-products. 200 µM of the primer, 10 mM of dATP and 10 U of T4 

polynucleotide kinase (New England Biolabs) were combined and phosphorylation was 

carried out in 1x polynucleotide kinase buffer at 37 ºC for 30 minutes in a volume of 20 µl. 

Enzyme was inactivated by incubating the reaction at 65 ºC for 20 minutes. 
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PCR reaction was carried out with Jump-start Mix by using genomic DNA from HepG2 cells. 

(Supplementary 4). DNA-fragments were purified with QIAquick PCR Purification Kit 

(Qiagen) and DNA-fragments were eluted to 50 µl of nuclease free dH2O. The ends of the 

PCR-products were polished by blunt ending the fragments with T4 DNA polymerase 

(Promega). 5 U of enzyme was added to blunt end 1 µg of PCR product and reaction was 

carried out incubating in 1x T4 DNA-polymerase buffer (100 µM of NTPs) in a total volume 

of 60 µl for 5 minutes and  the reaction was terminated by incubating the reaction mixture at 

75 ºC for 10 minutes. DNA was extracted with QIAquick PCR Purification Kit. 

 

Half linkers A and B were ligated at the ends of DNA-fragments in separate reactions. 100 ng 

of 5’-phosphorylated and blunt ended DNA and 100 ng of annealed linker were added to 

reaction mixture that contained 30 U of T4 DNA ligase (Fermentas) and the reaction was 

carried out in 1 x T4 DNA ligase buffer that contained Polyethylene glycol (Invitrogen) in a 

total volume of 100 µl. Ligation was performed at 22 ºC for 16 hours on a rotating wheel. The 

mixture was purified with QIAquick PCR Purification Kit and DNA was eluted to 50 µl of 

nuclease free dH2O.  

 

The 5’ ends of the linker ligated DNA fragments were phosphorylated prior to the second 

ligation. 500 ng of eluted DNA from the previous step was combined with 10 U of T4 DNA 

polynucleotide kinase (New England Biolabs) and reaction was carried out in 1 x T4 DNA 

ligase buffer (no PEG, New England Biolabs) in a total volume of 50 µl. Ligation buffer was 

used to simplify following ligation process.  

 

In the second ligation step, half linkers at each end of the PCR fragments are ligated to form a 

circular DNA-fragment. Linker A and B ligated DNA fragments were combined and ligation 

reaction was carried out by adding 30 U of T4 DNA ligase in 1x T4 ligase buffer (No PEG, 

New England Biolabs) in a volume of 200 µl. Ligation was carried out by incubating the 

mixture at 16 ºC for 16 hours. 
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DNA was purified by phenol-chlorophorm-isoamyl extraction. 25:24:1 phenol-chlorophorm-

isoamyl pH 7.8 was added in a 1:1 ratio and mixed well by vortexing. Phases were separated 

by centrifuging 5 minutes at 13 000 rpm. The upper aqueous phase was collected and 3 M 

Sodium acetate (pH 5.2) was added in a 1:10 ratio. 10 mg of Glycogen was added to visualize 

the pellet and 100 % EtOH was added 2 times of the sample volume followed by incubation 

at -70 ºC for 1 hour and centrifugation for 30 min at 13 000 rpm at + 4 ºC in order to 

precipitate DNA. The pellet was washed two times with 750 µl of 70 % ethanol. The pellet 

was air-dried and resuspended to 20 µl of dH2O.  

 

BamH1 digestion was performed in order to detect the amount of proximity ligated fragments. 

Restriction was performed by adding 2.3 µl of 10 x reaction buffer and 10 U of enzyme (New 

England Biolabs) to eluted DNA and incubating at 37 ºC for 1 hour. Results were analyzed by 

running the sample on 2 % - agarose gel.  

 

4.2.3. ChIA-PET analysis in solution 

 

The validation protocol is based on the ChIA-PET protocol, but is done with DNA-fragments 

in solution. Primers that gave approximately 200 bp, 500 bp and 1 kb products were chosen. 

Primers were phosphorylated prior to amplification in order to obtain 5’ phosphorylated PCR-

products. Primer phosphorylation, PCR-reaction and blunt ending of the PCR-products was 

done like previously described. Ligation of the linkers, 5’- phosphorylation prior to second 

ligation and proximity ligation were performed also according to linker validation protocol. 

DNA was extracted by phenol-chlorophorm-isoamyl and DNA was eluted to 20 µl of dH2O. 

 

After the circularization PETs were released by MmeI digestion. DNA was combined with 2 

U of MmeI enzyme (New England Biolabs) and the reaction was carried out by incubating 

samples at 37 ºC for 2 hours in 1x NEB4-buffer that contained 50 µM of S-

adenosylmethionine (SAM) in a total volume of 50 µl. Released PETs were collected with 

Streptavidin bound Dynabeads. Beads were washed twice with 1 x B&W-buffer and 
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resuspended in MmeI digestion solution. Biotinylated PETs were collected by incubating for 

30 minutes at RT on the rotation wheel.  

 

Adapters for SOLiD next generation sequencing (Supplementary 3) were ligated to the PET-

fragments to allow PET amplification by PCR. 1 µl of 50 µM adapters A and B and 1µl of T4 

DNA ligase were added to the 1x T4 DNA ligase buffer in a total volume of 50 µl. Ligation 

solution was combined with Streptavidine bound Dynabeads and ligation was done at RT for 

16 hours on a rotation wheel.  

 

Adapter ligation creates single stranded nicks that were removed by nick translation. For 500 

bp and 1000 bp samples nick translation was performed with E.coli DNA polymerase and 

nick translation by PCR was tested on 200 bp fragment. In the case of 500 bp and 1000 bp 

fragments, beads were washed with 1 x W&B buffer and resuspended in the nick translation 

reaction mixture. 40 units of enzyme was added to 1x DNA-polymerase buffer and reaction 

was carried out in a total volume of 50 µl by incubating for 2 hours at RT on a rotation wheel. 

Nick translation was performed by PCR (Supplementary 4). 

 

PETs were amplified to see if we have obtained product of predicted size. Beads were washed 

with 1x B & W buffer and resuspended to 50 µl of dH2O. 2 µl of PET bound beads were 

combined with 25 µl of Jumpstart PCR mix and 1 µl of 50 µM SOLiD primers P1 and P2 

were added. Water was added up to 50 µl and 20 cycles of PCR was performed. 10 µl of PCR 

product was run on 2 %- agarose gel (Figure 5). 

 

4.3. ChIA-PET experiments in HepG2-cells 
	  

Immunoprecipitation was performed by using an RNA-pol II antibody according to standard 

ChIP-protocol as described previously. Approximately 160 million cells were fixed and 

collected in order to gain enough material for ChIA-PET library construction. Ideal amount of 

ChIP-DNA would be 50-100 ng. DNA was fragmented by sonicating 2 x 7 minutes in 1 ml of 

RIPA. After the sonication an additional 1 ml of RIPA was added and chromatin was 



31	  
	  

	  
	  

aliquoted like previously described. Three parallel immunoprecipitations were performed 

using RNA-pol II antibody and one with IgG that was used as a negative control. The quality 

of the ChIP material had to be verified before library construction. 10 % of the beads by the 

volume were taken to quantification and rest of the material was stored in TE-buffer at 4 ºC.  

 

4.3.1.  Quantification of ChIP-material  
	  

ChIP DNA was quantified and validated before starting the ChIA-PET library construction. 

10 % of the ChIP DNA-bound Sepharose beads were collected by the volume and collected 

by microcentrifuging for 3 minutes at 13 000 rpm at 4◦C. DNA was eluted from the beads 

according to standard ChIP protocol. Crosslinking of protein-chromatin complexes were 

reversed by adding 6 µl of 20 mg/ml proteinase K and incubating overnight at 45 ºC.  

 

DNA was isolated by phenol/chlorophorm/isoamyl extraction like previously described. The 

chromatin pellet was resuspended in 100 µl of dH2O in the case of input DNA and in 50 µl in 

the case of immunoprecipitation and IgG samples. DNA was quantified with Nanodrop and 

also by quantitative PCR (qPCR) with SYBER-Green. Standard dilutions of 1:2, 1:10, 1:50 

and 1:250 were prepared from input sample and 1:10 dilution of immunoprecipitation and 

IgG sample was prepared. 9 µl of FastStart Universal SYBR Green mix, 0.5 µl of 10 µM 

primers and 10 µl of diluted sample were added to the reaction and run was performed by 

following settings: 95ºC 5 minutes and 40 cycles of 95 ºC 15 seconds and 60 ºC 1 minute.  

 

4.3.2. ChIA-PET library construction 

 

The ChIP material that was left after the quantification was resuspended and divided equally 

into two tubes and beads were collected by centrifuging for 3 min for 13 000 rpm at 4◦C. The 

supernatant was removed and the beads in each tube were resuspended in the reaction mix 

that contained 100 µl 10 × T4 DNA polymerase buffer, 10 µl 10 mM dNTP mix 880 µl 

nuclease-free water and 10.4 µl 9.7 U/µl T4 DNA polymerase. Reactions were incubated at 

37◦C with rotation on for 20 min. 
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Biotinylated half-linkers A and B were ligated to ChIP-DNA. The beads were collected by 

centrifuging for 2 min at 13 000 rpm at 4◦C. Beads were washed three times by adding 1 ml 

cold wash buffer, mixing by inverting the tube and collecting the beads by centrifugation. 

Separate reaction mixes for linker A and linker B were prepared by adding 786 µl nuclease-

free H2O, 10 µl 200 ng/µl biotinylated half-linker (A or B) and 200 µl 5× T4 DNA ligase 

buffer with PEG and 4 µl 30 U/µl T4 DNA ligase. One bead pellet was resuspended in the 

reaction mix that contained half-linker A and the other in the reaction mix containing half-

linker B. Ligation was performed by incubating the samples for 16 hours at 22 ºC with 

rotation.  

 

Excess linkers were removed by washing with ice-cold wash buffer as previously described.  

DNA fragments with linker A and B ligated were combined and phosphate groups were added 

to 5’- ends prior to the second ligation. Beads were resuspended in the reaction mix that 

contained 100 µl 10 × T4 DNA ligase buffer, 880 µl nuclease-free water, 20 µl 10 U/µl T4 

DNA polynucleotide kinase and incubated at 37 ºC with rotation for 30 min. 

 

Beads were collected by centrifugation for 5 min at 13 000 at 4◦C and the chromatin 

complexes were eluted from the beads by adding 200 µl of elution buffer to the beads and 

incubating for 30 minutes at 37 ºC with rotation. The supernatant was collected by 

centrifuging 5 min at 13 000 rpm at 4 ºC, and it was transferred to a fresh tube and the beads 

were washed with 900 µl of Buffer EB and centrifugation as before. The supernatant was 

collected in the same tube to combine the elutes and transferred to Spin-X columns and 

centrifuged for 1 min at 16,000 × g, 4◦C. 90 µl of 20 % Triton X-100 was added to filtered 

samples and incubated for 1 hr at 37 ºC with rotation. 

 

The second ligation was performed to ligate the fragments that are in a close proximity at 

extremely dilute conditions. 50 ml of ligation mixture was prepared for 50-100 ng of ChIP 

DNA.  DNA was mixed with ligation mixture that contained 5 ml of 10× T4 DNA ligase 

buffer (no PEG), 43 ml deionized water and 167 µl 30 U/µl T4 DNA ligase and incubated at 
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22 ºC for 24 hr without rotating. Protein-chromatin crosslinks were reversed by adding 6 µl of 

20 mg/ml of Proteinase K and incubating at 37 ºC over night.  

 

Each 50 ml ligation mix was divided into three 17 ml portions and transferred each into a 50 

ml MaXtract High Density tube (Qiagen). MaXtrack tubes were used to increase the recovery 

of the DNA. An equal volume of 25:24:1 phenol/chloroform/isoamyl alcohol was added to 

each tube, mixed by inverting and centrifuged 5 min at 1800 g, in a room temperature. The 

upper aqueous phase was collected and 1.8 ml 3 M Sodium acetate (pH 5.2), 10 µl 15 mg/ml 

of Glycogen and 19 ml of Isopropanol was added. Samples were incubated at –80 ºC, for 1 

hour and frozen solution was thawed for 10 min before centrifuging for 45 min at 18 000 rpm 

at 4 ºC. The supernatant was discarded and the DNA pellets were washed twice with 30 ml of 

70 % ethanol followed by air drying in a laminar hood. DNA-precipitate was dissolved to 34 

µl of elution buffer. 

 

PET sequences were released by Mme I restriction enzyme digestion. 2 U of MmeI was used 

to digest the DNA in 1 x NEB4-buffer in a total volume of 50 µl. 500µM of S-

adenosylmethionine was used to enhance the endonucleolytic activity of MmeI. Digestion 

was performed at 37 ºC for 2 hours. In order to collect biotin labeled PETs, 50 µl of 

resuspended Streptavidin bound Dynabeads were washed twice with 150 µl of 1 × B&W 

buffer by using the magnetic particle collector. Beads were combined with Mme I digestion 

mix and PETs were collected by incubating for 30 minutes at 22 ºC on a rotation wheel. 

 

SOLiD sequencing adapters (Supplementary 3) were ligated to PET-sequences in order to 

amplify and sequence the ChIA-PET library. Ligation was performed in 1x ligase buffer in a 

total volume of 50 µl. 1 µl of 50 µM adapters and 30 U of T4-DNA ligase were added to the 

reaction and incubated over night at 22 ºC on a rotation wheel. Ligation mix was removed and 

beads were washed twice with 150 µl of 1 × B&W- buffer using the magnetic particle 

collector and resuspended in 50 µl of EB-buffer.  
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PCR settings were tested prior to library amplification. A volume of 2 µl, 3 µl or 4 µl of bead 

suspension was combined with 1 µl 50 µM SOLiD library primers, 25 µl 2× HotStar Taq 

Master Mix in order to find the right conditions for amplification. Nuclease-free water to 50 

µl was added to the reaction. PCR was carried out by the following thermal cycling 

parameters: Initial step: 15 min 95 ºC (denaturation) 10 to 35 cycles: 30 sec 95 ºC 

(denaturation) 1 min 72 ºC (annealing) 45 sec 72 ºC (extension) and final step: 5 min 72 ºC 

(final extension). Loading buffer was added to PCR products and they were analyzed by 

electrophoresis in  2% agarose gel. 
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Supplementary 

 

1. Primers for ChIP 

	  

Primer Forward Reverse 

FOXA1 TGGAGTTGTGGAGTCGGATA CTCATCTCCATCGCCATCTT 

NRF2 CCCCCAAAGTTACCAGTCCT GCCCACCCCTCTTAGTTTTC 

Negative primer 1 TAAGAGCACGTGGTGAATGG AACAGCTTTCTGGCCCACTA 

Negative primer 2 TGCTGCAGAGAAGCAGTTGT GTGCCTGGAACCATCCACT 

 

2. Primers for validations: 

200 bp 

Forward (Urod -5) GCTGATTTCTGTTTCCCCAGT 
Reverse (Urod -2 ) AACAAAGGCCCAAAAGAAAA 

 

500 bp: 

Forward (Urod -5) GCTGATTTCTGTTTCCCCAGT 

Reverse (Urod+5) TCCTGAGTTGGAAGACTCAAA 

 

1000 bp: 

Forward (Urod -9) GCCAACAGTCATTTTTCTGG 

Reverse (Urod +11) AATGAAGGCCCACTAAGGAT 

 

3. SOLiD primers and sequencing adapters 
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P1-adapter 

5’-      CCA CTA CGC CTC CGC TTT CCT CTC TAT GGG CAG CAG TCG GTG AT 

 TT GGT GAT GCG GAG GCG AAA GGA GAG ATA CCC GTC GTC AGC CAC TA 

 

Barcoded P2 adapter 11 

 

5’- CGC CTT GGC CGT ACA GCA GCG TGT CGC ACA GAG AAT GAG GAA CCC GGG GCA GTT 

      GCG GAA CCG GCA TGT CGT CGC ACA GCG TGT CTC TTA CTC CTT GGG CCC CGT CAA 

 

SOLiD library primer 1: 5’- CCA CTA CGC CTCCGC TTT CCT CTC TAT GGG CAG TCG GTG AT 

SOLiD library primer 2: 5’- CTG CCC CGG GTT CCT CAT TCT 

 

 

3. PCR-reaction 

 

 1 x reaction   6 x reaction 

PCR-mix  12,5µl   75µl 

R-primer  0,5 µl   3µl 

F-primer  0,5 µl   3µl 

dH2O  6,5µl   39µl 

 

Mix 20 µl of PCR mix and 5 µl of 1ng/µl of DNA and perform PCR-reaction with following settings: 

94ºC 2 min 

35 cycles: 

Denaturation  94ºC 30 sek 

Annealing 61 ºC  45 sek 

Extention 72 ºC 45 sek 

Final extention 72 ºC 5 min 

Hold 4 ºC ∞ 
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5. qPCR settings 

95ºC 10 min 

40 cycles:   95ºC 15 sec 

60ºC 1 min 

   

6. Nick translation and amplification of the ChIA-PET library  

 
Stage Step Temperature Time 
Holding Nick translate 72ºC 20 min 
Holding Denature 95 ºC 5 min 
Cycling (20 cycles) Denature 95 ºC 15 sec 
 Anneal 62 ºC 15 sec 
 Extend 70 ºC 1 min 
Holding  Extend 70 ºC 5 min 
Holding - 4 ºC ∞ 
 
 
7.Reagents and solutions 
 
Cell lysis buffer  
 
0.01 M Tris-HCl (pH8) 
0.01 M NaCl 
0.2% Nonidet P-40 
 
IP-Elution buffer  
 
0.1 M NaHCO3 
1% SDS 
 
IP wash buffer 2 
 
0.01M Tris HCl (pH8) 
0.25 M LiCl 
0.001 M EDTA 
1% Nonidet P-40 
 
Radio-Immunoprecipitation Assay (RIPA) buffer  
1x PBS 
1% Nonidet P-40 
0.5% Na deoxycholate 
0.1% SDS 
0.004 % Sodium azide 
 
1 x B&W buffer 
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5 mM Tris·Cl, pH 7.5  
0.5mM EDTA, pH 8.0  
1M sodium chloride  
 
2 x B&W buffer 
 
10 mM Tris·Cl, pH 7.5  
1 mM EDTA, pH 8.0  
2 M sodium chloride  
 
TE-buffer (pH8) 
 
0.01 M Tris 
0.001 M EDTA 

 
Elution buffer 
 
49.5 ml TE buffer, pH 8.0  
500 µl 1% sodium dodecyl sulfate (SDS) 
 
1 x TNE buffer: 
 
10mM Tris·Cl, pH 7.5  
0.1 mM EDTA, pH 8.0  
50mM sodium chloride  
 
Wash buffer 
 
10mM Tris·Cl, pH 7.5  
1mM EDTA, pH 8.0  
500 mM sodium chloride  
 


