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ABSTRACT 
 

INVESTIGATION OF LONG NON-CODING RNA AND CHROMATIN 

INTERACTIONS IN HeLa CELLS 
 

The DNA in the cells is surrounding histone proteins to form nucleosomes. The 

structure is packed further into chromatin. The chromatin structure is dynamic and flexible. 

It is regulated by many factors including long non-coding RNAs (lncRNAs). LncRNAs are 

a class of non-coding RNAs, transcripts that do not encode protein. They are longer than 200 

nucleotides and might contain a polyA tail and a 5’ cap. Thus, they are localized in the 

nucleus. lncRNAs interact with chromatin in two ways, indirect and direct. Direct interaction 

occurs via two mechanisms: R-loop and triplex formation. These interactions affect the 

folding of chromatin inducing gene expression under various cellular conditions. LncRNAs 

interacting with chromatin regulating genes are found in HEK cells. Thus, it is hypothesized 

that lncRNA – chromatin interactions may differ in cancerous cells as well. In this study, the 

iMARGI method is optimized to be used in adenocarcinoma HeLa cells. The chromatin 

digestion and incubation conditions are adjusted to give optimal results for HeLa cells. 

iMARGI is a recently developed method employed to investigate such interactions in a 

genome-wide manner. iMARGI allows the isolation of all lncRNAs interacting with the 

whole genome. The interacting RNA – DNA molecules are pulled down with streptavidin 

conjugated beads after linker ligation. The chimeric molecules are amplified with PCR 

forming lncRNA – chromatin libraries of HeLa cells. In the future, new libraries can be 

formed after inducing apoptosis in HeLa cells. Identification of lncRNAs involved in 

chromatin remodeling in apoptotic conditions can facilitate new therapeutic methods for 

fighting tumor initiation and development.  

 

Keywords: LncRNA, Chromatin, iMARGI, Cervical cancer  
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ÖZET 

 
HeLa HÜCRELERİNDE UZUN KODLANMAYAN RNA VE KROMATİN 

ETKİLEŞİMLERİNİN ARAŞTIRILMASI 
 

DNA hücre içerisinde histon proteinlerinin etrafına sarılı halde bulunur ve bu yapılar 

katlanarak nükleozomları oluşturur. Ardından tekrar katlanma gerçekleşerek kromatin yapısı 

oluşturulur. Bu yapının regülasyonu genlerin okunması için çok önemlidir. Hücrenin 

durumuna göre katlanmalarda değişiklikler gerçekleşir. Kromatin regülasyonunda uzun 

kodlamayan RNA’lar (ukmRNA) görev alır. ukmRNA’lar protein kodlama potansiyeli 

olmayan 200 nükleotitten daha uzun transkriptlerdir. Bu moleküller polyA kuyrukları ve 5’ 

başlarını içerir. Böylece, çekirdekte yer alırlar. ukRNA’lar kromatinle dolaylı ya da direkt 

yoldan etkileşir. Bu direkt etkileşimler sırasında R-loop ya da triplex yapıları oluşur. Önceki 

çalışmalarda HEK hücrelerinde ukmRNA’ların kromatin katlanmasında görev alan DNA’lar 

ile etkileştiği görülmüştür. Kanser hücrelerinde de bu etkileşimler görülebilir. Bu bağlamda 

iMARGI metodu kullanarak adenokarsinom HeLa hücrelerinde bütün kromatinle etkileşen 

tüm ukmRNA’ların belirlenmesi hedeflenmiştir. Bu metot kapsamında birbiriyle etkileşim 

halinde olan DNA ve RNA’lar biyotin içeren bir linker molekülü tarafından birleştirildi. Yeni 

oluşturulan kompleks streptavidin – biotin etkileşimi ile elde edilmiştir. Sonuç örneği PCR 

ile çoğaltılarak HeLa hücrelerinde kromatinle etkileşen RNA’ların kütüphanesi 

oluşturulabilecektir. Gelecekte apoptoz indüklenmiş hücrelerden kütüphaneler oluşturabilir. 

Bu kütüphanelerden bulunan ukmRNA’lar tedavi amaçlı kullanılma potansiyeline sahiptir.   

 

Anahtar Kelimeler: UkmRNA, Kromatin, iMARGI, Servikal kanser 

 

 

 

 

 

 



 v 

TABLE OF CONTENTS 
 

LIST OF FIGURES ............................................................................................................. viii 

 

LIST OF TABLES ................................................................................................................ ix 

 

CHAPTER 1. INTRODUCTION ........................................................................................... 1 

1.1 Chromatin ................................................................................................... 1 

1.1.1 Structure & Architecture ..................................................................... 3 

1.1.2 Regulation ............................................................................................ 4 

1.1.3 Chromatin Regulation and Cancer ...................................................... 4 

1.2 Cervical Cancer .......................................................................................... 5 

1.3 lncRNAs ..................................................................................................... 6 

1.3.1 Definition ............................................................................................. 6 

1.3.2 Localization in the Nucleus ................................................................. 6 

1.3.3 Chromatin Regulation .......................................................................... 7 

1.4 iMARGI ...................................................................................................... 8 

1.4.1 Genome-wide Approaches .................................................................. 8 

1.4.2 iMARGI ............................................................................................... 9 

1.4.3 Advantages & Disadvantages ............................................................ 11 

1.5 The Aim .................................................................................................... 13 

 

CHAPTER 2. MATERIALS & METHODS ........................................................................ 14 

2.1 Data Analysis ............................................................................................ 14 

2.2 Cell Culture .............................................................................................. 14 

2.3 Crosslinking .............................................................................................. 15 

2.4 Cell Lysis .................................................................................................. 15 



 vi 

2.5 DNA Fragmentation ................................................................................. 16 

2.6 RNA Fragmentation ................................................................................. 17 

2.7 Preparation of RNA and DNA end for ligation ........................................ 17 

2.8 Linker Preparation .................................................................................... 19 

2.9 Proximity Ligation .................................................................................... 21 

2.10 Reverse Crosslinking and DNA/RNA Extraction .................................... 22 

2.11 Removal of biotin from unligated linkers ................................................ 23 

2.12 Biotin pull-down of RNA-DNA chimeric sequences, reverse 

transcription and ssDNA circularization .................................................. 24 

2.13 Cut_oligo annealing, BamHI digestion, and library amplification .......... 27 

2.14 Library Size Selection .............................................................................. 28 

2.15 Control Experiments ................................................................................. 29 

2.15.1 DAPI Staining .................................................................................. 29 

2.15.2 Alu1 Digestion ................................................................................. 30 

2.15.3 Annealing of Linkers ....................................................................... 31 

2.15.4 Nucleic Acid Ratio ........................................................................... 31 

 

CHAPTER 3. RESULTS ..................................................................................................... 33 

3.1 Data Analysis ............................................................................................ 33 

3.2 Nuclear Integrity ....................................................................................... 33 

3.2.1 DAPI Staining .................................................................................... 33 

3.2.2 Nucleic Acid Ratio ............................................................................ 35 

3.3 Linker Annealing ...................................................................................... 36 

3.4 Nucleic Acid Extraction ........................................................................... 37 

3.5 Alu1 Digestion .......................................................................................... 38 

3.6 PCR Cycle Optimization .......................................................................... 40 



 vii 

 

CHAPTER 4. DISCUSSION ............................................................................................... 41 

 

CHAPTER 5. CONCLUSION ............................................................................................. 44 

 

REFERENCES ..................................................................................................................... 45 

 

APPENDIX A ...................................................................................................................... 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 viii 

LIST OF FIGURES 

 

 
 

Figure                 Page 

Figure 1.1.The different levels of DNA packing into chromosome territories……………….2 

Figure 1.2. The workflow of iMARGI after isolation of linkers…………………………….10 

Figure 3.1. The DAPI stained nuclei images..……………………………………………...34 

Figure 3.2. The linker samples on alkaline gel and agarose gel………………...…………...36 

Figure 3.3. The linker samples on agarose gel prior and after annealing ……………...……37 

Figure 3.4. The chromatin digestion results after Alu1 incubation………………………….38 

Figure 3.5. The chromatin digestion results after different conditions of permeabilization...39 

Figure 3.6. Different PCR cycle trials for each iMARGI replicate with a 50 bp ladder……..40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

1 LIST OF TABLES 
 

 
Table                  Page 

Table 1.1. The summary of different genome-wide methods……………………………...12 

Table 2.1. The reagents used for DNA fragmentation with Alu1 restriction enzyme……..16 

Table 2.2. The volume of reagents given for RNA 3' end dephosphorylation……………..17 

Table 2.3. The reagents volume used in dA - tailing reaction……………………………..18 

Table 2.4. The reagents used for top linker adenylation…………………………………...19 

Table 2.5. The reagents used for linker – RNA ligation………………..………………….20 

Table 2.6. The list of primers used in the iMARGI protocol………………………………21 

Table 2.7. The reagents used for proximity ligation…………………………...…………..21 

Table 2.8. The following reagents are used for the first step of removing unligated                 

linkers…………………………………………………………………………..23 

Table 2.9. The reagents used for the second step of removing unligated linkers………….24 

Table 2.10. The reagents required for reverse transcription are listed in the table………...25 

Table 2.11. The reagents required for DNA 5' end phosphorylation. ……………………...25 

Table 2.12. The reagents required for circularization reaction…………………………….26 

Table 2.13. The reagents used for circularization………………………………………….27 

Table 2.14. The reagents used for library formation PCR…………………………………28 

Table 2.15. The PCR program for library amplification…………………………………...28 

Table 2.16. Optimization conditions for chromatin digestion….……………………...…..30 

Table 3.1. The supernatant and nuclear DNA ratio levels in percentage after each step of 

samples iMARGI-1 and iMARGI-2…………………………………………...35 

Table 3.2. The supernatant and nuclear DNA & RNA ratio of iMARGI-2 after each step..35 

 



 

 1 

                             CHAPTER 1 
 

 

INTRODUCTION 
 

     

1.1 Chromatin  
 

 

DNA is packed around histone proteins forming the chromatin structure. Due to 

electrostatic forces negatively charged DNA is easily bound to positively charged histones 

forming nucleosomes. They contain two copies of each histone protein: H2A, H2B, H3 and 

H4 (Mariño-Ramírez et al. 2005). 

DNA in between nucleosomes is called linker DNA and is protected by another 

histone protein, H1 (Tremethick 2007). Neighbor nucleosome interaction leads up to 

chromatin fiber formation as seen in Figure 1.1-1. Chromatin fibers came together to form a 

higher level of chromatin organization, chromosomes (Olins and Olins 2003). Chromosomes 

are formed during cellular division for the equal and complete segregation of genetic 

materials (Hirano 2015).  
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Figure 1.1   The different levels of DNA packing into chromosome territories. DNA is packed 

into smaller regions via nucleosome binding and their interactions. Further 
folding occurs with CTCF and Cohesin rings, creating chromatin loops. These 
domains may come together to form topologically associated domains (TADs). 
The compartments are also subcategorized as active or not, A/B (Source: Furlan-
Magaril et al. 2009) 
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1.1.1  Structure & Architecture 
 

 

 Chromatin can be found in two different states in eukaryotes. A highly packed, 

condensed form where transcription is inactive, heterochromatin; and a less condensed form 

with active transcription sites, euchromatin (Lee et al. 2020). If exist in more permanent state 

heterochromatin is called constitutive heterochromatin (CH). It is seen in gene-poor regions, 

transposons, pericentromeric and telomeric sequences (Rea et al. 2000). Methylation on 

histone H3 is the marker of CH, implemented by histone methyltransferase (Peters et al. 

2001). Facultative chromatin (FC) regions can switch into euchromatin form in some 

circumstances. Developmental genes are cited in these regions. Polycomb repressive 

complexes (PRC) are found in FC and mediate methylation (R. Cao et al. 2002). Nonetheless, 

sparse RNA synthesis occurs in heterochromatin regions which in return regulate 

heterochromatin maintenance (Chu et al. 2015).   

Loosely packed, transcriptionally active sites are called euchromatin. Nucleosomes 

are located further away allowing wider regions for transcriptional machinery (Radman-

Livaja and Rando 2010a). Nucleosomes are positioned according to the DNA sequence 

beneath them (Radman-Livaja and Rando 2010b). Euchromatin regions conclude actively 

transcribed genes and regulatory elements including promoters and enhancers (Morrison and 

Thakur 2021).   

 In the genome, function and structure are mechanically associated to allow genes 

located far away to interact (Sikorska and Sexton 2020). These domains are called 

topologically associated domains (TAD) (Figure 2-1). TADs are conserved among related 

species and stable throughout many cell divisions (Nora et al. 2012). They are acquired by 

ring-shaped protein complexes, cohesin (Hansen et al. 2018). The ring shape brings two 

chromatins together by surrounding them as seen in Figure 2-1. This event leads to long-

range interaction between genes or enhancers and promoters. Nevertheless, there are also 

molecules for insulation of materials between neighbor TADs. CTCF, a zinc finger DNA 

binding protein, is an insulator element (Kim, Yu, and Kaang 2015). It prevents unwanted 

promoter enhancer interactions and specifies euchromatin/heterochromatin regions 
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(Ghirlando and Felsenfeld 2016). CTCFs are especially enriched at TAD boundaries. These 

boundaries are rich for CTCF binding sites (Dixon et al. 2012).  

 

 

1.1.2  Regulation  
 

 

 The change in the folding of chromatin is believed to have a high impact on 

transcription choice. Thus, it makes the regulation of architecture crucial in gene regulation. 

Histones are key molecules involved in chromatin architecture and folding. Alterations on 

histones regulate chromatin overall. These post-transcriptional modifications can affect the 

interaction between adjacent nucleosomes (Bannister and Kouzarides 2011). Acetylation on 

lysine amino acids of histones neutralizes the positive charge on Lysine, minimizing the 

electrostatic attraction between DNA and histones (Parthun 2007). Phosphorylation on the 

other hand occurs on threonines, serines, and tyrosines. When these amino acids are 

phosphorylated via histone kinases, they become negatively charged in turn affecting the 

association with DNA (Oki, Aihara, and Ito 2007).  

Lysine and arginine amino acids can go through methylation. In contrast to prior 

modifications, instead of changing the charge of amino acids, they introduce new functions 

to histones (Bedford and Clarke 2009).  

 

 

1.1.3 Chromatin Regulation and Cancer 
 

 

Chromatin architecture is controlled by a variety of molecules as its regulation has a 

key role in cellular activity. Disruption in chromatin regulation can lead to organizational 

failure in the chromatin which can have detrimental effects, including diseases (Tessarz and 

Kouzarides 2014). Interruption in structural maintenance and genome stability is one of the 

main causes of cancer (Hanahan and Weinberg 2011). Mutated chromatin modifiers alter 
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gene expression in favor of cancerous cells (Martín-Subero 2011). Histone modifications 

have a huge potential to become prognostic and diagnostic markers of cancer.  

In cancer cells, mutations on the enzymatically active unit of the PRC complex are 

observed. These mutations disrupt methylation and alter chromatin compaction (Kraft et al. 

2022). Alterations in chromatin compaction allow induction of oncogenes leading to cancer 

development. Genes encoding for cohesin proteins are another target of mutations in 

cancerous cells which leads to tumor initiation and development (Waldman 2020). Abnormal 

expression of lncRNAs and miRNAs are detected in cancer cells, making them prominent 

biomarkers for different cancer types (Arun, Diermeier, and Spector 2018).  

 

 

1.2 Cervical Cancer  
 

 

 Cervical cancer is one of the most diagnosed cancers in women after breast cancer. 

Also, it is the leading cause of cancer death in 36 countries (Sung et al. 2021). It is described 

as cancerous tissue in the cervix, a region between the vagina and womb. The cause is almost 

all the time human papillomavirus, HPV. Thus, risk factors increase with HPV infection. 

Histological subtypes of cervical cancer are predominantly squamous cell carcinoma and 

adenocarcinoma (Cohen et al. 2019).  

 In cervical cancer, epigenetics has a crucial role in tumor progression. It makes 

epigenetic modification a great candidate for screening programs (Deldar et al. 2021). In the 

presence of HPV infection chromatin modification enzymes are upregulated (J. Fang, Zhang, 

and Jin 2014). Mutated chromatin modifiers alter gene expression in favor of cancerous cells 

(Martín-Subero 2011). Histone H3K27 causes downregulation of DNMT3A leading to 

overexpression of HAVCR2 and LGALS9, inducing immune tolerance to overexpression of 

cervical tumor cells (Paul, Pillai, and Kumar 2021). Likewise, non-histone proteins can play 

a role in tumor progression. PCR2 complex, downregulates the expression of E-cadherin in 

association with histone deacetylase 1 (C. Wang et al. 2013). Hypermethylation on the 

promoter region of Septin-9 acts as a biomarker for cervical cancer (Jiao et al. 2019).  
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 Although the exact mechanism is not yet known, there are lncRNAs involved in 

oncogenesis. NEAT1 lncRNA is observed in P53 activation in cervical cancer which is 

enriched in the nucleus. MALAT1 is known to induce metastasis by regulating epithelial-

mesenchymal transition (Sun et al. 2016).  

  

 

1.3 lncRNAs 
 
1.3.1 Definition  
 

 

Most genes are encoded into transcripts which are not translated into functional units. 

These transcripts were accepted as “junk” for a long time. However, their function in gene 

regulation was discovered over time. They were named after their structural or functional 

features. Non-coding transcripts longer than 200 nucleotides are called long non-coding 

RNAs (S. Fang et al. 2018). This group includes lncRNAs transcribed by RNA polymerase 

II (RNA pol II), lncRNAs transcribed from intergenic regions or sense, and antisense 

transcripts overlapping genes (Yao et al., 2019).  

 

 

1.3.2 Localization in the Nucleus 
 

 

 lncRNAs mostly contain a 5’ end cap and 3’ end poly(A) tails (Statello et al., 2021). 

However, in contrast to mRNAs, they tend to localize in the nucleus. New findings started to 

reveal the logic behind this distinct difference. lncRNAs have less exons which are longer in 

length (Uszczynska-Ratajczak et al. 2018). The nuclear localization, fate, of lncRNAs is 

determined by many factors involved in different levels of regulation. lncRNAs, transcribed 

by phosphorylated RNA pol II, have low co-transcriptional splicing activity and their 

termination occurs independently of polyadenylation signals (Nojima and Proudfoot, n.d.). 
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Thus, these lncRNAs tend to accumulate on chromatin leading to their degradation by RNA 

exosomes (Nojima and Proudfoot, n.d.). 

lncRNAs avoiding degradation are hypothesized to be functional and they can also 

survive nuclear surveillance (Statello et al., 2021). Some lncRNAs might not need to go 

through nuclear surveillance as their localization on chromatin occurs via U1 small nuclear 

ribonucleoprotein (U1 snRNP) (Yin et al. 2020). Likewise, chromatin interaction via R-loops 

drives nuclear localization. This interaction causes the depletion of SPT6 (Vos et al. 2018). 

Its absence induces the transcription of lncRNAs as activation by methylation shifts from 

coding genes to non-coding ones (Nojima et al. 2018).  

 lncRNAs are weakly spliced in comparison to mRNAs because they have weaker 

internal splicing factors with a longer distance between the 3’ splice site and branch point 

(Melé et al. 2017). Splicing factors are differentially expressed in lncRNAs contributing to 

the difference in splicing (Guo et al. 2020).  

 Another structural feature of lncRNAs causing nuclear retention is sequence motifs 

which are interacting with nuclear factors (Azam et al. 2019). Also, nuclear proteins can 

interact with repeat-derived sequences on lncRNAs such as Alu repeats or functional 

intergenic repeating RNA element (FIRRE) (Hacisuleyman et al. 2016).  

  

 

1.3.3 Chromatin Regulation  
 

 

 Negatively charged lncRNAs can neutralize positively charged histone proteins and 

cause the unfolding of the chromatin structure (Dueva et al. 2019). Upon interaction, 

activation or repression of gene expression can be observed. Firstly, lncRNAs interact with 

proteins either preventing or inducing their binding to DNA. For example, lncRNA ANRIL 

interacts with PRC1 and PRC2 and directs them to neighbor genes or distal genes via Alu 

repeats (Holdt et al. 2013). Chromatin modifiers can also be mediated by lncRNAs to 

promote gene expression (K. C. Wang et al. 2011). lncRNA HOTTIP recruits modifiers to 

promoters of HOXA genes via chromatin looping (Fanucchi et al., 2019).  
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 lncRNAs can directly interact with DNA to regulate chromatin. These interactions 

can be listed as R-loop or Triple helix, depending on the form of interaction. A triplex helix 

is formed between double-stranded DNA and RNA molecules (Li, Syed, and Sugiyama 

2016). RNA forms a Hoogsteen hydrogen bond with purines on DNA strands in both 

directions, anti-parallel, and parallel (Kuo et al. 2019). Sphingosine kinase 1 (SPHK1), a 

proto-oncogene, is regulated by its enhancer region forming a triplex with antisense lncRNA 

KHPS1 (Blank-Giwojna, Postepska-Igielska, and Grummt 2019).  

R-loops are formed when there is base-pairing with a DNA strand and it displaces ssDNA 

(Niehrs and Luke 2020b). R-loops are another way of lncRNAs contributing to gene 

regulation. Also, they can initiate DNA repair mechanisms by the R loop processing factor 

CtIP (Ngo, Grimstead, and Baird 2021). R loops regulate chromatin, acting as an epigenetic 

marker. They bind to specific DNA sequences and they are recognized by R-loop-associated 

proteins (Niehrs and Luke 2020a). The recognition mechanism by proteins is unknown. 

lncRNA TARID forms an R loop with the promoter of TCF21 in mouse embryonic stem cells. 

GADD45A recognizes the structure and recruits DNA demethylating factor TET1, resulting 

in the activation of TCF21 (Arab et al. 2019) 

 

 

1.4 iMARGI 
 
1.4.1 Genome-wide Approaches 
 

 

 The starting point of approaches investigating lncRNA – chromatin interactions is 

protein-centric. Initially, lncRNAs interacting with chromatin modifiers were identified 

(Mishra and Kanduri 2019). However, in this perspective lncRNA chromatin association was 

not guaranteed. Then, one to all approaches came along where a specific RNA is featured. 

The association of this RNA in the genome is investigated. In these methods, biotinylated 

oligos are hybridized to targets (Simon et al. 2011a). An upgraded approach includes 

antisense RNA hybridization for greater specificity (Engreitz et al. 2013).  
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 Non-RNA-centric methods target all chromatin-associated RNAs in the cell 

identifying global targets  (Simon et al. 2011b). In these methods, cells are fixed by 

crosslinking in different conditions depending on the protocol. The interacting molecules are 

obtained by proximity ligation of linkers (Bonetti et al. 2020).   

 

 

1.4.2 iMARGI 
 

 
 iMARGI (in situ mapping of RNA–genome interactome) is an all versus all method where 

the main goal is to identify all RNAs associated with the chromatin. The DNA-RNA 

interacting molecules are attained by pulling down oligomers ligated to DNA on one site and 

RNA on the other. In this protocol, mammalian cells can be used. The number of cells can 

vary but 10 million is recommended for the initial amount. Cells are treated with 16% 

formaldehyde, diluted to 1%, for crosslinking which aims to fix RNA associated with 

chromatin. Nuclei are isolated from cells and permeabilized in the second stage. Cells are 

homogenized with a mild non-ionic detergent to avoid breaking the nucleus membrane. RNA 

and chromatin fragmentation is achieved by RNase 1 and Alu 1 inside the nucleus.  

 Nuclei are isolated from cells and permeabilized in the second stage. Cells are 

homogenized with a mild non-ionic detergent to avoid breaking the nucleus membrane. RNA 

and chromatin fragmentation is achieved by RNase 1 and Alu 1 inside the nucleus.  

The most critical step of iMARGI is proper ligation of oligomers, linkers to DNA and RNA 

inside an intact nucleus. There are two linkers named top and bottom which are 

complementary. These linkers are custom-made to include a BamHI restriction site. 

Likewise, they are complementary to NEBNext Universal and Index primers for 

library generation steps (Wu et al. 2019). The top linker is also biotinylated allowing isolation 

via streptavidin-biotin association.  

Before the annealing of linkers, the top linker is adenylated. RNA molecules’ 3’ phosphate 

groups are converted to 3’ hydroxyl groups to be ligated to adenylated top strand. DNA is 

prepared for ligation by the addition of A base creating an exposed 3’ end.  
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Figure 1.2. The workflow of iMARGI after isolation of linkers via streptavidin beads. a) 
Isolated chimeric sample with linkers in the middle. b) After circularization of 
the molecule. c) Custom-made oligomer is annealed on the BamHI site. The 
sample is re-linearized with the BamHI restriction enzyme. d) Linearized sample 
with linkers on each end and chimeric DNA - RNA sample in the middle.  
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  DNA is ligated to the other side by sticky end ligation. Unligated linkers are removed 

by exonuclease after precipitation of nucleic acids. Desired DNA-linker-RNA molecules are 

harvested via streptavidin beads. The opposite strand of RNA is completed by reverse 

transcription. Newly-made strand containing cDNA is collected and circularized. 

Circularization is a crucial step to define the orientation of DNA and RNA. Another custom-

made oligomer is annealed to the linker site, forming a BamHI digestion site with linkers 

(Figure 1.2a). The circular sample is then linearized by the BamHI restriction enzyme (Figure 

1.2c). The linear sample has half of the linker on each side which allows the binding of 

primers for PCR amplification (Figure 1.2d). Lastly, paired-end sequencing is used for 

library formation using NEBNext Universal and Index primers.  

 

 

1.4.3 Advantages & Disadvantages 
 

 

iMARGI is an advanced procedure of MARGI, where “i” stands for in situ ligation 

in nuclei (Yan et al. 2019). This feature allows the iMARGI method to be applied to fewer 

mammalian cells. There are a couple of other methods that have a similar principle as 

iMARGI. ChAR-seq and GRID-seq are the most applied ones. The latter one is one step 

ahead which is applicable in mammalian cells. GRID seq (in situ capture of global RNA 

interactions with DNA by deep sequencing), uses a bivalent linker with adaptor ligation for 

the generation of RNA-chromatin library formation. The method also includes a 

bioinformatics pipeline (Zhou et al. 2019a). 

One of the advantages of iMARGI is to be able to use the entire sequence in contrast 

to similar approaches, linkers are lost at the end of the experiment (Zhou et al. 2019b). For 

instance, in GRID-seq linkers should be read through to assign orientation which shortens 

the read length to 18 – 23 bp (Wu et al. 2019). iMARGI read length can increase up to 100 

bp.  

In Table 1.1., the three most known genome-wide applications are listed with their 

features. In the case of the number of cells, ChAR-seq is disadvantageous as it requires up to 

100 million cells. Also, it is only suitable for fruit fly cells (Jukam et al. 2019). Ligation 
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reaction occurs in the nucleus for all methods which increases ligation efficiency. In that 

manner removing unligated samples are also important. Using an enzyme, Exo I is a much 

more convenient method as gel-based selection can cause material loss.   

In contrast to other methods, the paired-end sequencing type is used in iMARGI 

allowing twice the number of reads. Linkers are not found in the result and the whole read 

pair can be used for mapping. This gives iMARGI another advantage in the read length 

category. 

 

Table 1.1. The summary of different genome-wide methods. 

 
 
 
 
 
 

 iMARGI GRID-seq ChAR-seq 

Cell Number 2-5 million 2 million  100 million  

Organism Human  Human, mouse & 

fruit fly 

Fruit fly  

Sequencing Type Paired-end Single-end Single-end 

Usable sequencing length for 

mapping DNA/RNA 

Up to 100 bp 18-23 bp  ~65 bp 

Ligation In nucleus In nucleus In nucleus 

Removal of unligated 

samples 

Exonuclease and 

biotin selection  

Gel-based size 

selection  

No relevant 

experimental 

steps 

Ligation of adaptors Not applicable  Y-shaped 

adaptors  

NEBNext 

Hairpin 

adaptors 

Second-strand synthesis Not applicable Yes Yes 

Complementarity to 

adaptors 

Yes No No 
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In iMARGI top linker is designed to have random bases to minimize bias in ligation 

(Wu et al. 2019).  After ligation, the nucleic acid is isolated and the remaining reactions occur 

in the solution including cDNA synthesis, eliminating the possibility of inhibition in the 

nucleus (Yan et al. 2019). When compared with GRID-seq and ChAR-seq, iMARGI does 

not require complicated linker preparation steps only annealing is required. Also, unligated 

linkers are removed via an enzyme in contrast to gel-based removal in other methods (Wu et 

al. 2019). In sense of the final product, iMARGI does not demand second-strand DNA 

synthesis and adaptors (Wu et al. 2019).  

iMARGI is a huge step forward for RNA – chromatin studies, however, it also has a 

few limitations. In this method at least 5 million cells should be used. The protocol takes two 

weeks to complete including many independent experiments. Additionally, the final library 

does not exactly show the active sites. iMARGI does not provide an overall statistical 

method, it is recommended to use statistics depending on the biological question and sample 

type.  

The sequencing stage should be run to produce 300 million or more read pairs. It can 

be less, depending on the mode of RNA – chromatin interaction. The quality of reads can be 

checked with FastQC afterward (Andrews 2010). For the processing of data, a pipeline has 

been established in an iMARGI docker (Wu et al. 2019). The data is analyzed and finetuned 

according to the objective of the study. Data can be visualized with HiGlass as a heatmap or 

GIVE showing interactions on the chromosomal layout (X. Cao et al. 2018; Kerpedjiev et al. 

2018).  

 

 

1.5 The Aim 
 

 

This thesis aims to form RNA – chromatin interaction libraries in HeLa cells with the 

iMARGI method. In this sense, the initial purpose is to optimize the protocol to be used in 

HeLa cells.  
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2                                        CHAPTER 2 
 

 

MATERIALS & METHODS 
 

 

2.1 Data Analysis 
 

 

iMARGI method was designed on HEK cells and the data was published with the 

protocol article. The results comprised a file containing RNA – DNA interactions. The raw 

data was analyzed through the iMARGI pipeline in the iMARGI docker. The data matched 

the reference genome and the result had mapped RNA – DNA read pairs. The pairs were 

opened in R and data was scanned in terms of certain lncRNAs. Another file was created 

where DR5-AS interacting DNAs were listed. The list included 76 DNA molecules from 18 

different chromosomes.    

 

 

2.2 Cell Culture 
 

 

HeLa ACC-57 cells were acquired from the German Collection of Microorganisms and 

Cell Cultures (DSMZ) GmbH. They were cultured with RPMI 1640 with L – Glutamine 

(Gibco) and 10% Fetal bovine serum (FBS) (Gibco). HeLa cells were cultured at 37°C with 

5% CO2 in a humidified incubator. Cell seeding density was 2 x 106 cells on each 15 cm dish. 

The next day, they were treated with DMSO at a final concentration of 0.1% (v/v) for 16 

hours. The cells are harvested with 0.25% trypsin – EDTA (Gibco) and 1X PBS (Gibco). The 

suspended cells are centrifuged at 1000 rpm at room temperature for 5 min. The cell pellet 

was resuspended in 1x PBS. The cells were counted after staining with trypan – blue staining, 

10 µL sample, and 90 µL of trypan– blue. Three replicates were combined to reach 10 x 106 

cells.  
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2.3 Crosslinking 
 

 

10 x 106 detached HeLa cells were centrifuged at 1500 rpm for 5 min at 4°C. The 

resulting cell pellet was resuspended with 1 mL 1X PBS and transferred into a 50-mL tube. 

14 mL 1X PBS was added. 1 mL Formaldehyde (16% (wt/vol), Thermo Fischer Scientific) 

was added and cells were fixed at room temperature for 10 min with rotation. Fixation 

reaction was quenched with freshly prepared 4 mL 1M Glycine by incubating at room 

temperature for 10 min with rotation and then on ice for 10 min. Subsequently, the cells were 

spun down at 2,000 g for 5 min at 4°C, and the supernatant was discarded by pipetting. The 

cells were rinsed with 15 mL ice-cold 1x PBS without resuspending the cell pellet. 

Afterward, the cells were centrifuged at 2,000 g for 5 min at 4°C, and the supernatant was 

discarded. The tubes were left open for 2 minutes for aspirating purposes. The cell pellets 

were stored at -80°C. 

 

 

2.4 Cell Lysis  
 

 

The cells were thawed on ice angling the tube at 45°. The tube was inverted as the cells 

were thawed and the pellet was always facing the opposite direction of the ice. Afterward, 

the cells were resuspended in 2 mL of ice-cold lysis buffer and incubated on ice for 15 min. 

The cells were transferred into a 15-mL Dounce homogenizer (Merck). They were 

homogenized using pestle A. The pestle was moved slowly up and down 10 times, following 

incubation on ice for 1 min, and afterward, 10 more strokes were performed. The cells were 

incubated on ice further for 10 min. Two microcentrifuge tubes were weighed. The 

homogenized cell mixture was transferred into one of the tubes and cells were centrifuged at 

2500 g for 5 min at 4°C. After nuclei isolation, control samples of 10 µL nuclei pellet was 

collected. The nucleus isolation was checked according to the DAPI staining protocol from 

4.14.1. Afterward, the pellet was resuspended with 500 µL 1x CutSmart Buffer (NEB), and 
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250 µL of the mixture was transferred to the second tube, forming two technical replicates. 

The tubes were centrifuged again at 2500g at 4°C for 2 min, obtaining the nuclei pellet. 

 

 

2.5 DNA Fragmentation  
 

 

The supernatant was discarded from both tubes and the remaining pellets were 

weighed. From this step on, every step was applied for both tubes. The amount of 0.5% SDS 

for permeabilization was calculated according to the weight of the pellets. It was calculated 

by subtracting the tube weight from the total amount. Subsequently, the pellet was 

resuspended with SDS with a volume of three times the weight of the pellet for both tubes. 

The tubes were incubated at 62°C for 15 min in a thermomixer with 800 rpm shaking. The 

reaction was quenched with 1x CutSmart buffer and 10% Triton X-100 (Applichem). Final 

concentrations of SDS and Triton X-100 were adjusted as 0.1% (v/v) and 1% (v/v), 

respectively. The condition for quenching reaction was incubation at 37°C for 15 min in the 

thermomixer with 800 rpm shaking. Afterward, the cell pellet was acquired for both tubes. 

The pellet was washed by resuspending the nuclei with 500 µL of 1X CutSmart buffer (NEB) 

and subsequently discarding the supernatant. This step was repeated once. 10 µL of nuclei 

pellet was taken as control in-between the washes to check nuclear integrity with DAPI. 

For DNA fragmentation by the Alu1 (NEB) enzyme the cell pellet was resuspended in 

the mixture shown in Table 2.1. The DNA fragmentation mix was incubated at 37°C on 

rotation, for 17h. 

 

 

Table 2.1. The reagents used for DNA fragmentation with Alu1 restriction enzyme. 

Reagent Volume (µL) Final Concentration 

H2O 198  

10x CutSmart Buffer 30 1x 

Alu1 (10 U/µL) 70 2.3 U/µL 

(cont. on the next page.) 
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RNasin Plus (40 U/µL) 2 0.3 U/µL 

Total 300  

 

 

2.6 RNA Fragmentation  
 

 

RNase 1 (NEB) was diluted tenfold in 1x PBS. 1 µL of diluted RNase 1 (NEB) was 

added to samples incubated overnight. Afterward, the mixture was incubated at 37 °C for 3 

min in the thermomixer (DLAB). Lastly, the reaction was terminated by incubation on ice 

for 5 min. The nuclei were pelleted by centrifuging at 2500g at 4°C for 2 min. The supernatant 

was collected as the control sample. The pellet was washed with 300 µL PNK Wash buffer 

and centrifuged at 2500g at 4°C for 2 min. The washing step was repeated. 5 µL of nuclei 

were taken for DAPI staining and 10 µL of nuclei was taken for Alu1 digestion control 

between the washing steps according to the protocol given in section 4.14.2.  

 

 

2.7 Preparation of RNA and DNA end for ligation  
 

 

The nuclei pellet was resuspended in the mixture with the following reagents listed 

in Table 2.2.  The sample was incubated for 30 min at 37 °C with 800 rpm shaking in the 

thermomixer (DLAB).  

 

 

Table 2.2. The volume of reagents given for RNA 3' end dephosphorylation 

Reagent Volume (µL) Final Concentration  

H2O 148   

5x PNK phosphatase buffer pH 6.5 (NEB) 40  1x 

(cont. on the next page.) 

Table 2.1. (cont.) 
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T4 PNK (10 U/µL) (NEB) 10  0.5 U/µL  

RNasin Plus (40 U/µL) (Promega) 2 0.4 U/µL 

Total Volume 200  

 

 

After incubation, the nuclei were precipitated, and the supernatant was taken as a 

control sample. The pellet was washed again with 300 µL of PNK wash buffer on ice, twice. 

The DNA end was prepared for ligation by dA – tailing. The reagents of the procedure are 

given in Table 2.3.   

 

 

Table 2.3. The reagents volume used in dA - tailing reaction. 

 
 

 

The tube was incubated at 37°C for 30 min with 800 rpm shaking in the thermomixer. 

Afterward, nuclei were precipitated, and the supernatant was collected as a control sample. 

The pellet was washed again twice with 300 µL PNK wash buffer. The pellet was kept on 

ice while linkers were prepared for ligation.  

 

 

 

 

Reagent Volume (µL) Final Concentration 

H2O 164  

10× NEBuffer 2 (NEB) 20 1x 

Klenow fragment (3ʹ–5ʹ exo-; 5 U/μL) (NEB) 12  0.3 U/µL  

10 mM dATP (NEB 2 0.1 mM 

10% (vol/vol) Triton X-100 2 0.1% (vol/vol) 

Total Volume 200  

Table 2.2. (cont.) 
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2.8 Linker Preparation  
 

 

The top linker was adenylated before the linker annealing. The adenylation was 

performed according to the conditions given in Table 2.4. 

The reagents were mixed in a 0.2 mL PCR tube. The reaction was incubated in a 

thermocycler (Blue–Raytech) at 65°C for 1 hour and then at 85°C for 5 min. Afterward, 2 

µL of the bottom linker was added to the PCR tube containing adenylated top linker. For 

annealing, the tube was placed into the thermocycler with the following program: 95°C for 

2 min; then 71 cycles of 20 s, starting from 95°C and decreasing the temperature by 1 °C at 

each cycle, down to 25°C, and hold at 25°C. 

 

 

Table 2.4. The reagents for top linker adenylation. 

 

  

 The annealed linker complex was purified with 200 µL Dynabeads MyOne Silane 

beads (Invitrogen). Silane beads were vortexed only for a second to obtain a homogenous 

mixture. 200 µL of beads are transferred into a fresh 1.5 mL microcentrifuge tube. The tube 

was placed on a magnetic stand where beads were attracted to the magnet leaving a clear 

supernatant inside the tube. This solution was discarded. The beads were resuspended in 300 

µL RLT buffer (Qiagen) and placed on the magnetic stand. The supernatant was discarded 

again. After removing the tube from the magnetic stand, 3.5-fold the sample volume of RLT 

Reagent Volume (µL) Final Concentration  

H2O 3.5  

10× 5’ DNA Adenylation Reaction Buffer (NEB) 3 1x 

1 mM ATP (NEB) 3  0.1 mM 

Top Linker  2.5 30 µM  

50 µM Mth RNA Ligase (NEB) 18 30 µM 

Total Volume 30  
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buffer and 34.2 µL annealed linker sample was added into the tube. Finally, 4.5x-fold the 

sample volume of isopropanol (Sigma) was added. The tubes were inverted 5 times to mix 

the solution. They were incubated for 10 minutes at room temperature on rotation. Afterward, 

the tubes were placed on the magnetic stand, and the supernatant was removed. The beads 

were washed with 70% Ethanol (Merck) twice, in between washes the ethanol was removed 

after placing the tube on the magnetic stand. After the second wash, tubes were placed lid 

open on the magnetic stand for air-dry purposes for 10 min. The beads should lose their shiny 

appearance when dried properly. The beads were incubated in 50 µL Ultra-pure H2O for 

elution, to allow the transfer of the linker sample to the solution. Afterward, the tubes were 

placed again on a magnetic stand, and the supernatant was collected. For the control of 

annealing efficiency, 1 µL of annealed linker replicates were transferred to a new tube. The 

efficiency was checked as stated in 4.14.3.  

 The linker – RNA ligation was achieved by mixing the following reagents (Table 

2.5.).  in a 2 mL microcentrifuge tube to facilitate mixing. The reagents and volumes were 

shown in Table 2.5.  

 

 

Table 2.5. The reagents used for linker - RNA ligation reaction. 

  

 

Reagent Volume (µL) Final Concentration  

H2O 40  

Linker  46  

10x T4 RNA Ligase Reaction Buffer (NEB) 20 1x 

50% (wt/vol) PEG 8000 (NEB) 80 20% (vol/vol) 

10% (vol/vol) Triton X – 100   2 0.1% (vol/vol) 

RNasin Plus (40 U/µL)  2 0.4 U/µL 

T4 RNA Ligase 2, truncated KQ (200 U/µL) (NEB) 10 10 U/µL 

Total 200  
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The RNA – linker ligation samples were incubated at 22°C for 6 h and then at 16 °C 

for 17 h with rotation in a cold incubator. The detailed sequence information of used primers 

is given in Table 2.6. The list consists of linkers and cut_oligo primer detailed sequence. 

*stands for biotinylation and Invd T is written for inverted thymine base.  

 

 

Table 2.6. The list of primers used in the iMARGI protocol.  

 

Primer Name Sequence 

Top Linker 5’/Phos/NNAGATCGGAAGAGCGTCGTGTAGGGAGGATCCGTTCAG

ACG TGTGCTCTTCC*GA/iBiodT/CT3’  

Bottom Linker 5’/Phos/GATCGGAAGAGCACACGTCTGAACGGATCCTCCCTACACG

A CGCTCT3’ 

Cut_oligo  5’TCGTGTAGGGAGGATCCGTTCAGACGTGTGCTCT/3InvdT/3’  

 

 

2.9 Proximity Ligation  
 

 

RNA – linker reaction was terminated by adding 20 µL of 0.5 M EDTA (Sigma) was 

put in both tubes and incubation at 16°C. The nuclei were pelleted, and supernatants of both 

tubes were collected as control samples. The pellets were washed with 500 µL PNK Wash 

Buffer 5 times. The supernatant was discarded. This step is crucial for removing free linkers.  

 

 

Table 2.7. The reagents used for proximity ligation. 

Reagent Volume (µL) Final Concentration  

H2O 1660  

10x DNA Ligase Reaction Buffer (NEB) 200 1x 

(cont. on the next page.) 
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Reagents shown in Table 2.7., except T4 DNA Ligase, were mixed in a 5 mL centrifuge 

tubes. Approximately 1 mL of the reaction mixture was used for resuspending the pellets and 

transferred back to 5 mL tube including the pellet. Finally, T4 DNA ligase was added to the 

tubes. The tubes were incubated in the incubator at 16°C for 17 h on rotation.  

 

 

2.10 Reverse Crosslinking and DNA/RNA Extraction 
 

 

The proximity ligation reactions were terminated by the addition of 200 µL of 0.5M 

EDTA and incubation for 15 min at 16°C. The tubes were centrifuged to obtain nuclei pellets 

and supernatants were collected. The pellets were washed with 1x PBS. The mixture was 

transferred to a 1.5 mL microcentrifuge tube after the second wash.  

The pellets were resuspended with 250 µL extraction buffer to extract nucleic and 

reverse the crosslinking. The tubes were incubated at 65°C for 3 hours with 800 rpm shaking. 

Afterwards, 250 µL phenol/chloroform/isoamyl alcohol (PCI) (25:24:1) (pH 8) (BioShop) 

was added into the tubes. The tubes were vortexed until the solution turns white. Phase-lock 

gel tubes (VWR) were centrifuged at 1500 xg for 1 minute at room temperature (RT) empty 

to collect chemicals on the walls of the tubes. The samples were added on top of the phase 

lock gel tubes and centrifuged at 12,000 xg for 5 minutes at RT. The aqueous phases on top 

of the tubes are collected. PCI of 250 µL was added to the collected samples and vortexed 

again until the mixtures turned white. Afterward, the samples were transferred into new, pre-

spun, phase lock-gel tubes (VWR) and centrifuged 12,000 xg for 5 minutes at RT. The 

supernatants were again collected, 1/10th volume of 3M sodium acetate (Applichem) (pH 5.2) 

BSA (20 mg/mL) (NEB) 100 1 mg/mL 

T4 DNA Ligase (2000 U/µL) (NEB) 4 4 U/µL 

10% (vol/vol) Triton X – 100   20 0.1% (vol/vol) 

RNasin Plus (40 U/µL) 16 0.5 U/µL 

Total  2000  

Table 2.7 (cont.) 
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and 3-fold volume of ice-cold 100% Ethanol were added into the tubes. The tubes were mixed 

well 3 times before incubating the tubes at -80°C for 30 minutes. After incubation, the tubes 

were centrifuged at 16,000 xg for 30 minutes at 4°C. The supernatants of both tubes were 

discarded, and the pellets are air-dried. The pellets were eluted in 50 µL UP H2O. The 

concentrations of the samples were measured. They can be stored at -20°C for up to 6 months.  

 

 

2.11 Removal of biotin from unligated linkers  
 

 

The samples were divided into 0.2 mL microcentrifuge tubes, each containing a 

maximum of 8 µg of the sample. Table 2.8. shows the conditions for the removal of biotin 

from unligated linkers.  

 

 

Table 2.8. The following reagents are used for the first step of removing unligated linkers.  

 

 

 The following reagents were added to each PCR tube with a suitable volume of 

nucleic acids to complete the total volume. The tubes were incubated at 37°C for 30 minutes 

in the thermocycler. After the incubation, reagents shown in Table 2.9. were added to the 

tubes making a final volume of 150 µL.  

Reagent Volume (µL) Final Concentration  

H2O To 144   

10x NEBuffer 2  15 1x 

BSA (20 mg/mL) (NEB) 1 0.1 mg/mL 

Exo1 (20 U/µL) (NEB) 5 0.7 U/µL 

RNasin Plus (40 U/µL) 2 0.6 U/µL 

Nucleic Acids  Variable  

Total  144  
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Table 2.9. The reagents used for the second step of removing unligated linkers. 

 

 

 The tubes were incubated again in a thermocycler at 12°C for 2h. In the end, all 

samples from the same replicate were combined in individual 1.5 mL microcentrifuge tubes. 

Adequate volume of EDTA was added in both tubes to have 0.5 M of EDTA as the final 

concentration. The tubes were stored at -20°C overnight.  

 

 

2.12 Biotin pull-down of RNA-DNA chimeric sequences, reverse 

transcription, and ssDNA circularization   
 

 

200 µL of Dynabeads MyOne streptavidin C1 (Invitrogen) beads were transferred to a 

15 mL centrifuge tube for each sample. The beads were vortexed briefly to obtain a 

homogenous mixture followed by a wash step with 300 µL 1x B&W buffer. The supernatant 

was discarded in between washes by placing the tube on the magnet for a minute. This step 

was repeated three times. The beads were resuspended in the 2x B&W buffer equal to the 

volume of each sample. The samples were added on top of the bead–buffer mixture. The 

tubes were incubated on rotation at room temperature for 30 minutes. Afterward, the tubes 

were placed on the magnet and washed seven times with 7 mL of high salt biotin wash buffer. 

Tubes were incubated with the buffer for 2 minutes for each wash until the solution became 

clear before discarding the supernatant. Subsequently, the beads were resuspended with 1 

mL of PNK wash buffer and the mixture was transferred to a new 2 mL microcentrifuge tube. 

The buffer was also removed after the tubes were placed onto a magnet. Washing with PNK 

Reagent Volume (µL) Final Concentration  

10 mM dATP (NEB) 1.5  0.1 mM  

10 mM dGTP (NEB) 1.5 0.1 mM  

T4 DNA Polymerase  (3 U/µL) (NEB) 3 0.06 U/µL 

Total  6  
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wash buffer is crucial to remove any trace of high-salt biotin wash buffer which can inhibit 

enzymatic reactions in the next steps. For the reverse transcription step, the mixture was 

prepared with the following reagents given in Table 2.10. for each sample.  

 

 

Table 2.10. The reagents required for reverse transcription are listed in the table.  

 

 

The beads were resuspended in the mixture and incubated at 50°C for 1 hour with 

shaking at 800 rpm in the thermomixer. After the incubation, the tubes were placed on the 

magnet and the supernatant was discarded. The beads were washed with 300 µL 1x B&W 

buffer twice and with 300 µL PNK wash buffer once.  

 

Table 2.11. The reagents required for DNA 5' end phosphorylation. 

 

Reagent Volume (µL) Final Concentration  

H2O  22  

5x First-strand buffer (ThermoFisher)  8 1x 

10 mM dNTP (ThermoFisher) 2 0.5 mM 

100 mM DTT (ThermoFisher) 2 5 mM 

RNasin Plus (40 U/µL) 2 2 U/µL 

SuperScript RT (200 U/µL) (ThermoFisher) 4 20 U/µL 

Total 40  

Reagents Volume (µL) Final Concentration  

H2O  74  

10x T4 PNK reaction buffer, pH 7.6 (NEB) 10 1x 

T4 PNK (10 U/ µL)  5 0.5 U/µL 

10% (vol/vol) Triton X-100 1 0.1% (vol/vol) 

10 mM ATP  10 1 mM 

Total 100  
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The following reagents stated in Table 2.11. were mixed and used for resuspension 

of the bead mixture of each sample. The samples were incubated at 37°C for 1 hour. After 

incubation, the beads are washed with 300 µL of 1x B&W buffer. Subsequently, the beads 

were resuspended in a 100 µL denaturing buffer to obtain the single-stranded cDNA-DNA 

chimeric sequence. The opposite strand, RNA – DNA, remained bound to the beads. The 

mixture was incubated at room temperature for 15 minutes, thus single-stranded cDNA – 

DNA molecules were released into the solution. Afterward, the tubes were placed on a 

magnet and the clear solution, supernatant, was collected. To fully hydrolyze the 

complementary RNA strand the solution was incubated at 98°C for 20 min. Then, it was 

neutralized with 10 µL of 1M HCl and 10 µL of 1M Tris-HCl, pH 7.5. The chimeric sequence 

was isolated from the solution with 100 µL of silane beads, following the same protocol 

mentioned earlier. The beads were eluted with 20 µL H2O.  

 

 

Table 2.12. The reagents required for circularization reaction. 

 

                

 

The reagents listed in Table 2.12. were mixed with the 15 µL ssDNA sample as elution is not 

achieved with full efficiency. The circularization reaction was incubated at 60°C for 4 h in a 

thermocycler and at 80°C for 10 minutes. The samples were held at 4°C in the thermocycler 

overnight.  

 

Reagent Volume (µL) Final Concentration  

ssDNA 15  

CircLigase 10x reaction buffer (Epicentre) 2 1x 

1mM ATP (Epicentre) 1 0.05 mM  

50 mM MnCl2 (Epicentre) 1 2.5 mM 

CircLigase ssDNA Ligase (100 U/µL) (Epicentre) 1 5 U/µL 

Total 20  
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2.13 Cut_oligo annealing, BamHI digestion, and library amplification  
 

 

The annealing mix was prepared with the reagents stated in Table 2.13. The mixtures 

were added to 20 µL of circularized ssDNA of both tubes and incubated in the thermocycler 

with the same annealing program used for the annealing of linkers.  At the end of the program, 

3 µL of BamHI-HF (NEB) was added and incubated for 1 hour at 37°C in the thermocycler 

to linearize the DNA. 

 

 

Table 2.13. The reagents used for circularization. 

 

 

Another bead isolation was performed with 50 µL of silane beads to isolate linearized 

DNA and the sample was eluted with 25 µL H2O. This sample concludes all DNA – RNA 

interactions as a linearized DNA complex. To form our library, the sample should be 

amplified via PCR. The optimal PCR cycle number was determined through the optimization 

step. In a 0.2 mL PCR tube, 5 µL of linearized DNA, 25 µL of 2x NEBNext High-Fidelity 

PCR Master Mix, 1 µL of Universal primer (10 µM), 1 µL Index Primer (10 µM), and 18 µL 

of H2O were mixed. The mixture was divided into 5 different tubes forming 10 µL aliquots. 

Five different PCR cycles were tested: 10, 13, 15, 18, and 22.   

 

 

 

 

Reagent Volume (µL) Final Concentration  

H2O 23  

10x CutSmart buffer 3 1x 

10 µM Cut_oligo 1 0.2 µM  

Total 37  
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Table 2.14. The reagents used for library formation PCR. 

 

 

 

The linearized DNA sample was amplified to form our library by mixing the reagents 

stated in Table 2.14.  and the PCR program in Table 2.15. The library samples were kept at 

4°C overnight.  

 

 

Table 2.15. The PCR program for library amplification. 

Cycle No  Denaturation Annealing Extension 

1 98°C, 30 s    

2 – 17  98°C, 10 s  65°C, 30 s 72°C, 30 s  

18    72°C, 5 min  

 

 

2.14 Library Size Selection  
 

 

The purification of the final product was performed by MN NucleoSpin Gel and PCR 

Clean‑up kit. For 100 µL of PCR product, 200 µL NTI (binding buffer) buffer was added to 

the sample. The mixture was loaded into a column. The tube was centrifuged for 30 seconds 

at 11,000 xg and the flow-through was discarded. Subsequently, 700 µL of NT3 (wash 

Reagent Volume (µL) Final Concentration  

H2O 40  

Linearized DNA 5  

2x NEBNext High-Fidelity PCR MM (NEB) 50 1x  

Universal Primer (10 µM) 2.5 0.25 µM 

Index Primer (10 µM)  2.5 0.25 µM 

Total 100  
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buffer) buffer was added to the column and centrifuged for 30 seconds at 11,000 xg. The 

flow-through was discarded. This step was repeated. The column was transferred into a new 

microcentrifuge tube and centrifuged for 3 minutes at 11,000 xg to remove the excess buffer. 

Afterward, the column was heated for 3 minutes at 70°C. 12 µl NE Buffer was added for 

elution and incubated for 1 min at room temperature. The sample was centrifuged at 11,000 

xg for a minute. This step was repeated with 12 µL NE Buffer and the flow-through was 

collected in the microcentrifuge tube. 

The sample was loaded on 1.8% agarose gel with a 1 kb ladder (NEB) and run for 50 

min at 100V. After the illumination of the gel under UV – light, the sample was cut out from 

the gel between the sizes 250 to 1000 bp. The selected library was extracted from the gel by 

NucleoSpin Gel and PCR clean-up (Macherey-Nagel). The gel pieces were transferred into 

a 5 mL centrifuge tube. To obtain the correct weight of the gel piece, the weight of the empty 

tube was subtracted from the total weight. NTI Buffer at a volume of twice the gel weight 

was added into the tube. The gel was incubated at 50°C and it was vortexed every 2 min until 

complete dissolution. The dissolved mixture was loaded into a column and for the remaining 

isolation steps, the PCR clean-up method was followed. The final 24 µL sample was stored 

at -20°C and sent for sequencing in suitable conditions.  

 

 

2.15 Control Experiments  
 
2.15.1  DAPI Staining 
 

 

It is crucial to isolate nuclei and maintain their integrity in the iMARGI method. After 

the initial stages nuclei sample was taken as a control. The control samples were obtained 

after nuclei isolation, nuclear membrane permeabilization with SDS and Alu1 digestion 

steps. 10 µL sample was mixed with 90 µL 100% Ethanol for fixation. The fixed samples 

were stained with DAPI (4′,6-diamidino-2-phenylindole), a blue fluorescent dye, which 

binds to DNA. For 9 µL of the sample, 1 µL of 1 µg/µL DAPI was used. The mixture was 
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transferred to a microscope slide. The observation was performed for 4x, 10x and 20x 

magnifications.  

  

 

2.15.2  Alu1 Digestion  
 

 

At first, the chromatin digestion protocol required optimization as the digestion of 

DNA was not efficient enough. Also, the thermomixer explained in the iMARGI protocol 

had different functions than the one found in our lab, such as intermittent mixing. Hence, two 

different devices were tested for chromatin digestion. One was our thermomixer and the other 

one was an orbital shaker which was placed in the incubator. The purpose of intermittent 

shaking is to avoid nuclei precipitation. The orbital shaker accomplished the aim by rotating 

the tube upside down. The optimal digestion conditions were defined by changing 

SDS/Nucleus ratio and incubation time.  

 

 

Table 2.16. Optimization conditions for chromatin digestion. The ratio is referencing to the 
ratio between SDS and nuclei pellet weight. 

 

 

 

 

 

 

 

 

 

The conditions given in Table 2.16, were tested for chromatin digestion protocol. 

Alu1 amount could be adjusted as well; however, a cost-effective approach was chosen. 

Isolated nuclei samples from the same sample were treated in these conditions.    

Condition #  Time (min) Ratio  

1 10 3 

2 15 3 

3 18 3 

4 10 5 

5 15 5 
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The digestion level of chromatin is a key criterium in iMARGI. The digestion was 

checked on the agarose gel. After Alu1 digestion, 10 µL of the sample was taken and 

resuspended in 100 µL extraction buffer. The mixture was incubated at 65 °C for 2 hours to 

extract nucleic acids and reverse crosslinking. After incubation, nucleic acid was isolated 

with 50 µL silane beads and eluted in 50 µL UP H2O. The concentration of the sample was 

measured, and 500 ng DNA was subjected to gel electrophoresis on 1% agarose gel. The gel 

ran for 45 min at 120V with NEB 1kb ladder.   

 

 

2.15.3  Annealing of Linkers 
 

 

The custom top linker was observed as two bands on the agarose gel which suggested 

either contamination or annealing on itself. An alkaline gel was prepared to see if the second 

band was caused by a secondary structure. The alkaline gel prevents the hydrogen bonding 

between bases as they lose protons at high pH (Green and Sambrook 2021). Thus, DNA is 

observed in denatured from as ssDNA. 

The PCR conditions include an initial heating stage to avoid primer dimers. Thus, the 

presence of contamination was tested by boiling the sample at 98°C for 10 min. Also, the top 

linker was incubated with the initial stage of the annealing PCR cycle, at 95°C for 2 min. 

PCR setup was sufficient to remove dimers in case of self-annealing.   

The annealing of linkers was checked on 2% agarose gel due to its small size. For the 

sample preparation, 0.5 µL of each linker and annealed linker were mixed with 9.5 µL H2O.  

  

 

2.15.4  Nucleic Acid Ratio 
 

 

The experiments of the first week were performed in the nuclei. Thus, after each 

enzymatic reaction supernatant was collected to compare concentrations with DNA and RNA 

extracted from the nuclei at the end of the first week. Nucleic acid from the supernatant was 
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isolated via streptavidin beads after treatment with 10 µL of Proteinase K (NEB), to reverse 

crosslinking. The samples were incubated for 2h at 65°C. After elution with 15 µL UP H2O 

step, the sample was divided into two (DNA and RNA) without removing the beads. The 

DNA sample was subjected to 1 µL RNase A (Thermo Fisher Scientific) while the RNA 

sample was treated with 1µL Turbo DNase and 2.5 µL 10x TURBO Reaction Buffer 

(Invitrogen). The samples were incubated at 37°C for 30 min. Nucleic acid samples were 

isolated with the beads remaining in the tubes. The concentrations of samples were measured 

and multiplied by 2 as the samples were divided in the beginning. Afterward, the 

concentration was divided to the nuclear nucleic acid concentration.  
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3                                             CHAPTER 3 
 

 

RESULTS 
 

 

3.1 Data Analysis 
 

 
iMARGI method was developed on HEK cells and the data was published. The data 

was analyzed, and it showed lncRNAs including DR5 – AS found by our lab which was 

shown to have a role in cell proliferation (Gurer et al. 2021). 77 DNA interactions were 

found for our candidate. Four of the interacting DNA were coding for proteins functioning 

inside the nucleus. CTCF was also found in the data suggesting a role of DR5 – AS in 

chromatin folding. iMARGI was also used previously on endothelial cells and shown 

lncRNA – chromatin interactions under diabetic hyperglycemic and inflammatory 

conditions (Sriram et al. 2020).  

 

 

3.2 Nuclear Integrity  
 
3.2.1 DAPI Staining 
 

 

DAPI stained nuclei images from different stages are shown in Figure 3.1. Nuclei are 

stained by DAPI because of the presence of DNA (Ferro et al. 2017). Figure 3.1a shows the 

nuclei after the initial isolation stage. The nuclei can be observed as blue indication of DAPI 

binding to DNA. The proper circular shape without scattered particles indicates that the 

nucleus was not leaked. After Alu1 digestion and SDS permeabilization (Figure 3.1b, c, d, 

e) the same pattern was observed 
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Figure 3.1. The DAPI stained nuclei images with 20x magnification and 50 µM scale bar. a) 
After nuclei isolation, the sample was not divided yet. b) iMARGI-1 sample after 
SDS permeabilization. c) iMARGI-2 sample after SDS permeabilization. d) 
iMARGI-1 after Alu1 digestion. e) iMARGI-2 sample after Alu1 digestion. 

a 

b c 

d e 
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3.2.2  Nucleic Acid Ratio  
 

 

Table 3.1. The supernatant and nuclear DNA ratio levels in percentage after each step of 
samples iMARGI-1 and iMARGI-2. 

 

 
iMARGI - 1  iMARGI – 2 

Step 23  0.28% 0.15% 

Step 28 0.14% 0.09% 

Step 32 0.23% 0.32% 

Step 50 0.83% 1.31% 

Step 56 0.20% 0.36% 

 

  

In Table 3.1, the supernatant and nuclear DNA ratio for each step of both iMARGI 

replicates are given. The nuclear integrities of nuclei were checked by comparing DNA and 

RNA concentrations from supernatant and nucleus. The ratio values are given as percentages. 

All values except step 50 for iMARGI-2 are below 1%. Other values were much lower.  

 

 

Table 3.2. The supernatant and nuclear DNA & RNA ratio of iMARGI-2 after each step.  

 
iMARGI - 1 iMARGI - 2 

Step 23  11.62% 6.56% 

Step 28 0.21% 0.26% 

Step 32 0.42% 0.33% 

Step 50 0.05% 0.54% 

Step 56 0.53% 0.38% 
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 The ratio values between supernatant and nuclear RNA are given for both replicates 

in Table 3.2. Only the ratio of iMARGI – 1 for step 23 exceeded 10%. The 23rd step result 

for iMARGI was also high but did not exceed the 10% limit.  

 

 

3.3 Linker Annealing  
 
 

The first result of linkers showed the presence of multiple bands on the gel, indicating 

there might be a contamination or folding. Top and bottom linkers were loaded on 1% 

alkaline gel to check for contamination. Both linkers were observed on the gel as a single 

band. Their sizes were close the 50 bp. The top linker was checked with two different 

conditions on 2% agarose gel (Figure 3.2). The conditions were boiling and the initial 

denaturation stage.  

a b
b 

Figure 3.2. (a) The top, 1 and bottom, 2 linkers on %1 alkaline gel. (b) The top linker load on 
2% AGE after incubation in two different conditions: 1, boiling and 2, initial denaturation step. 
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The samples are observed under the 50 bp size level. Top and bottom linkers were 

loaded on 2% Agarose gel with annealed linker samples (Figure 3.3). Annealed linkers were 

from both replicates, A1 and A2. The top linker was observed as two bands. The denser band 

was located under the 50 bp scale. The bottom linker was also located in a closer range. 

Annealed linkers samples were observed at the same region, around 50 bp.  

 

 

3.4 Nucleic Acid Extraction  
 

 

After isolation of nucleic acids, the concentration values were measured. The results 

are given in Table 3.4. The amount of DNA in the sample for iMARG-1 was calculated as 

46 µg and for iMARG-2 it was 64.45 µg. DNA concentration values for each replicate 

samples were in the range given in the protocol, 10 – 15 µg. Also, the absorbance values 

were stated to comment on purity.  

50 bp

T B A1 A2M

Figure 3.3. Top (T), bottom (B), and annealed linkers (A1, A2) on 2% Agarose gel. 50 bp 
marker was used for scaling. 

 



 

 38 

Table 3.4. The nanodrop results of isolated nucleic acids. 

 

Sample  Concentration (ng/µL) 260/230 260/280 

iMARGI-1 DNA 958.43 2.33 1.93 

iMARGI-1 RNA 769.19 2.33 1.93 

iMARGI-2 DNA 1371.43 2.24 2 

iMARGI-2 RNA 1091.81 2.24 2.01 
 

 

3.5 Alu1 Digestion  
 

 

Initially, the device used for chromatin digestion was checked. In Figure 3.4., both 

samples were seen on 1% agarose gel. Lane 1, showed a bigger range of DNA fragments 

compared to Lane 2. Also, the band stuck in the upper part of the gel was brighter in Lane 2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. (Left) The digested DNA samples on 1% Agarose gel with 1 kb plus NEB marker. 
The sample incubated in the orbital shaker is shown with 1 and the thermomixer 
with 2. (Right) The DNA sample on 1% Agarose gel from both replicates was 
labeled as 1 for iMARGI-1 and 2 for iMARGI-2. 

a b
b 
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As seen in Figure 3.4. (right), digested chromatin was seen on the agarose gel. In both 

samples, the digestion was observed starting from 200 bp. The digestion range was covering 

a big area, including big pieces of fragments.  

In Figure 3.5., the samples incubated in different conditions as stated in Table 2.16, 

were shown on 1% agarose gel. Smear formation was seen for all samples. However, in the 

first two lanes, there were bright band formations on top of the gel. In the third lane, the 

sample was brighter on the middle part of the gel whereas for the fourth one it was located 

more on the upper part. The fifth sample had a similar result to the third one 

 

 
 

 

 

 

 

 

 

Figure 3.5. The digested DNA samples on agarose gel with different Alu1 digestion 
conditions, each lane represents another condition. 
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3.6 PCR Cycle Optimization  
 

 

The end sample was incubated in a thermocycler with different PCR programs. The 

results were loaded on the 1% agarose gel. Smear formation was observed in 15, 18, and 22 

cycle samples for both replicates, Figure 3.6. The fragments were located between 200 and 

750 bp. For the initial lower cycle numbers of PCR, smear formation was not observed in 

both samples. Instead, a band was seen at 100 bp level. This band vanished when the cycle 

number was increased.  

 

 

Figure 3.6. Different PCR cycle trials for each iMARGI replicate with a 50 bp ladder. 
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CHAPTER 4 
 
 

DISCUSSION 
 

 

The 3D structure of chromatin is regulated with lncRNAs in cancer cells. New studies 

are developed to investigate all lncRNAs interacting with the chromatin. iMARGI is selected 

for this purpose as it can be applied to mammalian cells. Also, it gives the longest read length 

compared to similar methods. The purpose of this thesis was to generate lncRNA – chromatin 

interaction libraries from HeLa cells. Thus, another aim was to optimize the iMARGI method 

to fit our lab and HeLa cells in different conditions. The results gathered from the published 

iMARGI data served as the basis for our hypothesis. It was proposed that there are lncRNAs 

interacting with the chromatin in HeLa cells regulating chromatin architecture.  

lncRNA – chromatin interactions were pulled down as ssDNA fragments of different 

sizes. After the first week, the required amount of nucleic acid was obtained. The final library 

results containing ssDNA were observed for HeLa cells.    

In iMARGI, it was crucial to apply the initial steps of ligation inside the nucleus. The 

first step is to isolate the nucleus and permeabilize it without compromising nuclear integrity. 

As seen in Figure 3.1a, the isolation of nuclei was successful for both replicates. All observed 

circular structures were stained with DAPI and emitted blue under the fluorescence 

microscope. After the nuclear membrane is permeabilized with SDS, the structures are 

successfully stained again, and nuclei structures are observed in both samples (Figure 

3.1b&c). The same pattern is preserved in the samples gathered after chromatin digestion 

(Figure 3.1d&e).  

Two conditions were compared in terms of DNA isolation and agarose gel 

electrophoresis results determined the method. Most of the fragments should be located 

between 200 bp and 1500 bp. The sample incubated in the orbital shaker (Figure 3.4a) 

showed a variety of fragments concentrated between 600 bp and 2500 bp, whereas the 

Thermomixer sample was comprised of fragments bigger than 3 kb and a bright band with a 

size larger than 10 kb. Thus, the orbital shaker was chosen for Alu1 digestion.  
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In the first two samples of different SDS conditions, the ratio was held at 3 whereas the 

duration was increased for the second sample. The digestion was not sufficient for both 

samples as there was a large bright band located at the upper part from 10 kb. The third 

sample had the ratio of 3 with 18 min of incubation. It had a clear smear formation, and the 

brighter part was located between 150 bp and 2.5 kb. For the fourth sample, the ratio was 

increased to 5 with 10 min of incubation, in which most of the fragments were located on the 

upper side of the gel, starting from 1 kb. The fifth sample had a ratio of 5 with 15 min 

incubation. Its digestion was nearly as efficient as the third sample but, the third sample's 

fragment size range was bigger. The result on agarose gel indicated that 18 min of incubation 

with a ratio of 3 gives the best digestion. 

The Alu1 digestion results of replicates were similar to each other during the application 

of the iMARGI protocol. The size distribution started from 200 bp. Most fragments were 

between 200 bp and 2.5 kb. The digestion was efficient for the protocol.  

The ratio of supernatant and nuclear nucleic acid shows if there is nuclear leakage or 

not. The threshold ratio is 0.01 (1%) for every step of DNA and RNA except the initial value 

of the RNA ratio. This value can be as high as 0.1 (10%). 

 The ratio values of replicates were shown in Tables 3.1 & 3.2. The ratio for DNA of 

iMARGI-1 did not exceed the threshold value in any of the steps. However, in step 50 the 

ratio of iMARGI – 2 was 0.3% higher than 1%. The value was not drastic, so the experiment 

was continued. In RNA ratio levels iMARGI – 1 there was an unexpected value for step 23 

with 11.62%. Nevertheless, the process was not terminated. iMARGI – 2 had all acceptable 

ratio values for RNA.  

The linker annealing was checked on 2% agarose gel. A shift in size compared to the top 

or bottom linker indicated that annealing was successful. At the initial trials of the methods, 

the top linker was observed as multiple bands on the gel. There was a suspect that the issue 

could be caused by either contamination or the formation of secondary structures of the top 

linker. First, the linkers were run on an alkaline gel to check the presence of contamination. 

In Figure 3.2a, both top and bottom linkers are observed as a single band. This result indicates 

the second band observed was a secondary structure caused by the folding of the linker on 

itself. Subsequently, the PCR conditions were checked with a regular denaturing boiling 

protocol to see if the initial stage was sufficient to denature the second band. The top linker 
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was run on the gel after the initial stage of PCR and boiling. The top linker was observed as 

a single band at the right size, indicating during the annealing protocol the top linker is found 

as a single band.    

 The results of replicates were amplified with PCR using different cycle numbers. 

Most of the library should be located between 150 bp and 1000 bp. The libraries of both 

replicates were located between 150 bp and 500 bp after 18 cycles of PCR.   
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                                      CHAPTER 5 
 

 

CONCLUSION 
 

 

In this study, the RNA – DNA interaction molecules were ligated to a linker sequence. 

The formed RNA – linker – DNA molecule was pulled down with streptavidin-biotin 

interaction. The pulled-down molecule was converted to cDNA – linker – DNA and 

circularized afterward. The circularized molecule was re-linearized and amplified with PCR, 

forming lncRNA – chromatin interaction libraries. The optimal PCR cycle number was 

determined, and the library was observed on the gel for non-treated HeLa cells. The optimal 

conditions for the iMARGI procedure were determined including Alu1 digestion, linker 

annealing, and library amplification. The library sequencing results will provide a basis for 

lncRNA – chromatin interaction in HeLa cells. Ideally, these findings can be repeated for 

different cancer cells with or without treatment.  

Future research will focus on HeLa cells in apoptotic conditions. For this purpose, HeLa 

cells will be treated with different pro-apoptotic drugs, TNF-alpha mAb, and Cisplatin. This 

would provide a good starting point for investigating chromatin architecture regulation by 

lncRNA in apoptotic conditions. lncRNAs selected from these libraries will be selected as 

candidates for future applications.  
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                                    APPENDIX A 
 

 

LIST OF REAGENTS 
 

 

 
1 M Glycine 
3.74 g Glycine is dissolved in 50 mL Ultra Pure distilled H2O.  
 
0.5 M Glycine 
25 mL of 1M glycine is mixed with 25 mL Ultra Pure distilled H2O. 
 
50x Protease Inhibitor Cocktail 
One protease inhibitor cocktail tablet (Roche) is dissolved in 1 mL of Ultra Pure distilled 
H2O and aliquoted into 20 centrifuge tubes.  
 
0.1 M DTT  
5 mL of 1M DTT (Sigma Aldrich) was diluted with 4.5 mL Ultra Pure distilled H2O.  
 
10 mM dATP  
50 µL of 100 mM dATP (NEB) was diluted with 450 µL Ultra Pure distilled H2O. 
 
1 M NaOH  
4 g NaOH pellet (Merck) is mixed with 100 mL Ultra Pure distilled H2O. 
 
0.1 M NaOH 
5 mL of 1M NaOH was diluted with 45 mL Ultra Pure distilled H2O.  
 
1M HCl 
4.93 mL of 37% HCl (Merck) was mixed with Ultra Pure distilled H2O to have a 50 mL total 
solution.  
 
10% (vol/vol) Tween 20  
10 µL of 100% Tween 20 (Applichem) was mixed with 90 µL Ultra Pure distilled H2O.  
 
70% Ethanol 
35 mL of 100% Ethanol (Merck) was mixed with 15 mL Ultra Pure distilled H2O. 
 
20% Nonidet P 40 
20 µL of 100% Nonidet P 40 (Applichem) was mixed with 80 µL of Ultra Pure distilled H2O.  
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5 M NaCl 
292.2 g of NaCl (Applichem) was dissolved with Ultra Pure distilled H2O to have 1 L of a 
total solution.  
 
1 M NaCl 
50 mL of 5 M NaCl was dissolved with 50 mL Ultra Pure distilled H2O. 
 
1M Tris-HCl (pH 7.6)  
12.11g of Tris Base (Applichem) was mixed with 80 mL Ultra Pure distilled H2O. The pH 
was adjusted with 37% HCl solution. The volume was filled with Ultra Pure distilled H2O to 
have a 50 mL solution.  
 
1M Tris-HCl (pH 6.5)  
12.11g of Tris Base (Applichem) was mixed with 80 mL Ultra Pure distilled H2O. The pH 
was adjusted with 37% HCl solution. The volume was filled with Ultra Pure distilled H2O to 
have a 50 mL solution.  
 
1x Cell Lysis Buffer 
10 µL of 1M Tris-HCl (pH 7.5), 10 µL of 1 M NaCl, 10 µL of 20% Nonidet P 40, 20 µL of 
50X protease inhibitor cocktail and 950 µL Ultra Pure distilled H2O were mixed.  
 
1x CutSmart buffer 
100 µL 10x CutSmart buffer (NEB) was diluted with 950 µL Ultra Pure distilled H2O. 
 
20% (wt/vol) SDS 
20 gr SDS (Applichem) is dissolved in 100 mL of Ultra Pure distilled H2O. 
 
0.5% (wt/vol) SDS 
5 µL of 20% SDS was diluted with 100 µL 1x CutSmart buffer, and 95 µL Ultra Pure distilled 
H2O. 
 
10% (vol/vol) Triton X-100 
20 µL of 100% Triton X-100 (Applichem) is mixed with 100 µL 1x CutSmart buffer, and 80 
µL of Ultra Pure distilled H2O. 
 
5x PNK phosphatase buffer 
350 µL of 1M Tris-HCl, (pH 6.5), 0.5 mL of 1 M MgCl2, 100 µL of 0.1 M DTT, and 500 µL 
of Ultra Pure distilled H2O was mixed.  
 
PNK wash buffer  
1 mL of 1 M Tris-HCl (pH 7.5), 0.5 mL of 1 M MgCl2, 0.1 mL of 100% Tween 20, and 48.4 
mL Ultra Pure distilled H2O were mixed.  
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Extraction buffer 
25 µL of 1 M Tris-HCl (pH 7.5), 25 µL of 20% SDS, 1 µL of 0.5 M EDTA, 10 µL of 5 M 
NaCl, 25 µL of proteinase K, and 414 µL of Ultra Pure distilled H2O were mixed. 
 
2x B&W buffer 
300 µL 1 M Tris-HCl (pH 7.5), 60 µL 0.5 M EDTA, 12 mL of 5 M NaCl, 60 µL of 10% 
Tween 20, and 55.8 mL of Ultra Pure distilled H2O. 
 
1x B&W buffer 
10 mL of 2x B&W buffer was diluted with 10 mL of Ultra Pure distilled H2O. 
 
Denaturing buffer 
100 µL of 1 M NaOH, 1 µL of 100 mM EDTA, and 899 µL of Ultra Pure distilled H2O were 
mixed.  
 
High-salt biotin wash buffer 
3 mL of 1 M Tris-HCl (pH 7.5), 240 mL of 5 M NaCl, 600 µL of Tween 20, 600 µL of 0.5 
M EDTA, and 55.8 mL Ultra Pure distilled H2O were mixed.  
 

 
 

 

 

 

 

 


