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ABSTRACT 

RADICL-ChIP: a Method to Capture Global RNA-on-Genome Distribution 

Mediated by Chromatin associated Factors 

Somiya Saleh Saferuddin 

 

Chromatin associated RNAs play a key role in mediating epigenetic mechanism. To improve our 

comprehension of how chromatin-associated RNAs influence gene expression, it is crucial to 

identify the genomic locus that RNA interacts with on a genome-wide scale. Emerging 

technologies were developed to capture binding sites of lncRNAs globally. Such techniques rely 

on the concept of Proximity ligation via a biotinylated adapter to ligate DNA and RNA on each 

end, such as MARGI, GRID-seq, ChAR-seq and the most recent technology, devised in our lab 

RNA And DNA Complexes Ligated & Sequenced (RADICL-seq). RADICL-seq has several 

advantages over the other methods. However, while this method produced a fairly global 

picture of the chromatin associated “RNA-ome”, the specific association with specific regulatory 

factors is missing, in addition all emerging technologies lack the sensitivity to capture low-

expressed RNAs. Thus, we set out a strategy to address this issue by enriching global RNA-

chromatin interactions mediated by a specific factor which will be achieved by combining 

RADICL with Chromatin Immunoprecipitation (ChIP) method. Since our lab interest is 

investigating the role of lncRNAs in muscle differentiation, RADICL-ChIP has been performed 

using the C2C12 mouse skeletal muscle. In particular, the role of identification of RNA moieties 

interacting with PRC2 PcG proteins in stress response and their genome wide distribution in 

chromatin.  
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Chapter 1: Background  

Epigenetic Regulation  

The classic definition of Epigenetics refers to the phenotypic changes that are not 

explainable by changes in the DNA sequence (C. Waddington, 1949). More recently the 

concept of Epigenetic regulation comprises the role of genomic DNA associated factors 

that allow the diverse reading and maintenance of genetic programs at the base of cell 

differentiation, and in response to environmental cues. Many epigenetic mechanisms 

have been explored including DNA methylation, histone variants, histone 

posttranslational modifications (HPTMs) via chromatin modifying enzymes, nucleosome 

repositioning via ATP-dependent chromatin remodelers, high-order chromatin 

conformation. Lately, non- coding transcripts have been shown to mediate number of 

epigenetic processes through different mechanisms, however, on the chromatin level, 

the mechanisms by which ncRNAs mediate transcription regulation have not been 

extensively characterized. To study the regulatory pathways of non-coding RNAs 

(ncRNAs) it is consequential to identify their binding sites and genomic distribution on a 

global scale, as this information will aide in understanding the potential mechanisms 

and dynamics by which ncRNAs interact with chromatin and chromatin-associated 

factor inducing epigenetic repression/activation.  
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Chromatin Organization  

The genetic material of eukaryotes is organized into several levels within the nuclear 3D 

space. The most basic level of DNA packaging is wrapping double stranded DNA (dsDNA) 

around histone octamers to form nucleosome structure. Coiling the nucleosomes 

catalyze the formation of chromatin fibers that can self-interact and fold into higher-

order organizations such as chromatin loops, domains known as topologically associated 

domains (TADs), A/B compartments, and chromosome territories shown in figure 1 

(Beagan & Phillips-Cremins, 2020; Dixon et al., 2012; Holliday & Pugh, 1975; Lieberman- 

Aiden et al., 2009; Misteli, 2020; Moore et al., 2013).  

 

 

 

 

 

 

 

 

 

Figure 1. Non-random Organization of self-interacting genome start with dsDNA wrapped around histone 
proteins forming nucleosomes, coiling of nucleosomes result in forming chromatin fibers which self-
interact to form high-order structures such as chromatin loops, chromatin domains (knowns as 
topologically associated domains, TADs, A/B compartments and chromosome territories. (Misteli, 2020)  
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The diverse degrees of chromatin compaction and spatial distribution impact gene 

expression by controlling the accessibility of transcriptional machinery components to a 

specific genomic locus. Transcriptionally active genes are associated with a loose state 

of chromatin known as Euchromatin. In contrast, silenced genes are associated with 

heterochromatin which exhibits a compact form of chromatin usually located in the 

periphery of the nucleus. Heterochromatin can be divided into Constitutive and 

facultative heterochromatin, providing a spectrum of repressed states. Constitutive 

heterochromatin plays a role in chromosome structure characterized as a stably 

silenced form of chromatin. Moreover, constitutive heterochromatin mainly localizes at 

gene-poor regions and enriched with repetitive sequences such as pericentromeric and 

telomeric regions. Facultative heterochromatin is associated with differentiation and 

morphogenesis considering its formation in a cell-type-specific manner. A well-

established example of facultative heterochromatin in mammals during development is 

X-chromosome inactivation as one copy of the X-chromosome in female gender is 

transcriptionally inactive existing in facultative heterochromatin form to equalize the 

expression of X-chromosome genes between both genders (Lyon, M. F., 1961; Barr, 

1949; Wutz, 2011). Chromatin-associated factors are molecules with the capability of 

remodeling chromatin structure through different mechanisms such as adding or removing 

histone posttranslational modifications (HPTMs), replacement of histone variants, and 

nucleosome repositioning. Chromatin-associated factors include proteins such as histone 

modifying enzymes and ATP-dependent chromatin remodelers. Histone modifying enzymes are 

set of specialized enzymes that exist in multimeric complexes responsible for catalyzing HPTMs 
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on histone tail. Enzymes modifying histones can be divided based on their functions into writer, 

readers, and erasers (Carlberg C., Molnár F., 2014). Readers comprise specific motifs recognizing 

histone marks. For example, enzymes with methyl- lysine binding motif such as chromatin 

organization modifier (chromodomain) can distinguish and bind to methylated histone such as 

the dimethylation and trimethylation of H3K4, H3K9 and H3K27. While writers contain distinct 

domains with either histone methyltransferase (HMTs), histone acetyltransferase (HATs) or 

Kinase activity to place covalent HPTMs such as methylation, acetylation and phosphorylation, 

respectively. 

On the contrary of writers, erasers are responsible for removing already established histone 

marks as they exhibit either histone deacetylase, demethylase or phosphatase activity. Well-

characterized example of chromatin modifying enzymes are Polycomb and trithorax proteins 

which are known for their role during embryonic development as a cellular memory system. The 

balance between the activity of histone modifying enzymes writers versus erasers contribute to 

creating an environment suitable for certain genes to be expressed while other genes are 

repressed shown as a specific expression patterns.  

The Polycomb Cellular Memory System  

Stem cells can stay undifferentiated by self-renewal or determine to undergo the 

process of cell specialization, the decision to undergo which pathway is highly regulated 

by environmental cues. Once cell identity is established, it is maintained throughout the 

whole life of an organism. Cellular identity is retained over many rounds of cell division 

via chromatin modifier-based memory system. Polycomb group (PcG) proteins and 
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Trithorax group (TrxG) proteins are highly conserved key regulators responsible for 

sustaining differential expression patterns in cells preserving their differentiated state. 

The multimeric protein complexes of PcG and TrxG were first discovered in Drosophila 

melanogaster as their mutation resulted in the loss of establishing proper body plan 

during embryonic development (Lewis, 1978; Struhl, 1981). Moreover, PcG and TrxG act 

antagonistically as PcG maintains a repressed state and TrxG maintains an active state of 

target genes such as genes involved in development and cell cycle regulation. As 

chromatin modifiers, PcG and TrxG alter chromatin structure controlling the accessibility 

of transcription machinery to target loci. Silencing key developmental genes is the base 

of PcG based memory system ensuring genes are only expressed in the proper time and 

location while other genes are turned OFF. PcG exists in two functionally distinct 

complexes that work together in coordination, and this includes Polycomb repressive 

complex 1 (PRC1) and Polycomb repressive complex (PRC2). PRC2 contains histone 

methyltransferase (HMT) activity to mono/di/tri methylate histone 3 lysine 27 

(H3K27Me1/2/3), while PRC1 possesses RING- mediated E3 ubiquitin ligase activity with 

the ability to condense the nucleosomes by placing the histone mark (H2AK119ub) (Cao 

et al., 1999). PRC2 and PRC1 act corporately to establish and maintain repressed state of 

chromatin as shown in figure 2. Mammalian PRC2 catalytic activity relies on its three 

core subunits: embryonic ectoderm development (EED), suppressor of zeste 12 (Suz12), 

and enhancer of zeste homolog 1 or 2 (Ezh2) containing a SET domain. Canonical PRC1 

complex component contains chromodomain protein also known as chromobox (Cbx), 

which bind to H3K27me3 placed by PRC2 complex resulting the ubiquitylation of histone 
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H2A on lysine 119. H3k27me3 along with H2AK119ub are transcriptional repressors 

occupying target loci preventing RNA polymerase and transcriptional machinery to 

perform transcription. (Geng & Gao, 2020).  

Over the past century, a considerable number of lncRNAs have been identified for their 

roles in development, the expression levels of some developmentally essential lncRNAs 

have been correlated with the presence of PRC2 repressive histone mark H3k27me3. 

The correlation between H3K27me3 and lncRNAs has led researchers to investigate the 

binding of lncRNA as a potential PRC2 recruitment mechanism. RNA 

immunoprecipitation (RIP) experiments has reported a direct interaction between PRC2 

subunits and lncRNAs in vitro. However, the roles of lncRNAs in PRC2 regulation remain 

to be elucidated. From a developmental aspect PcG PRC2-mediated memory system has 

been extensively studied. Contrarily in adult differentiated tissues, the role and 

mechanisms of PcG PRC2 based memory system has not been widely explored. 

Nevertheless, emerging reports revealed the involvement of PRC2 and ncRNAs in 

adaptive cellular response of oxidative stress in postmitotic cells shedding light on the 

potential functions of PRC2 and ncRNAs regarding cell plasticity (Bodega et al., 2017; El 

Said., Della Valle et al., 2021; Liu et al., 2019; Long et al., 2020).  
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PRC2 PRC1 

Transcriptional Repression 

 

 

 

 

 

 

Figure 2.Adapter from (Geng & Gao, 2020) Polycomb repressive complexes PRC1/2. PRC2 complex core 
components together catalyze the repressive histone mark H3K27me3 through its subunit enhancer of 
zeste homologues 1/2 (EZH1/2) which contains SET domain with methyltransferase activity then 
chromobox-containing PRC1 is capable to recognize and bind to H3K27me3 while RING1 A/B catalyze 
H2AK119ub. Both histone marks placed by PRC1 and PRC2 will epigenetically repress target locus.  

 

The Role of Long non-coding RNAs  

Mammalian genome is mostly transcribed, yet only a small portion <2% of the genome 

accounts for protein-coding genes. The remaining part of the genome generates a 

considerable number of transcripts lacking protein-coding capacity known as non-coding 

RNAs (ncRNAs) (Djebali et al., 2012; Santer et al., 2005). Non-coding RNAs (ncRNAs) are 

categorized into housekeeping RNAs and regulatory RNAs. Housekeeping RNAs are 

constitutively produced, and their roles are well-characterized; these include ribosomal 

RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA) and small nucleolar RNA 

(snoRNA). While regulatory RNAs are classified based on their length into short ncRNAs 

and long ncRNAs (lncRNA). Short ncRNAs are transcripts with length does not exceed 

200 bp; this includes microRNAs (miRNAs), small interfering RNAs (siRNAs), Piwi-
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associated RNAs (piRNAs), which are known for their repressive function in controlling 

gene expression. LncRNAs are transcripts ranging from 200 bp to 100 Kb in length and 

have been receiving attention lately for their interesting structure which allow them to 

perform various functions in the context of epigenome. lncRNAs share many similarities 

with messenger RNAs (mRNAs) in transcription by RNA polymerase II; besides, some 

lncRNAs are capped, spliced and polyadenylated. However, lncRNAs usually lack or 

possess unstable open reading frames (ORFs)(Guttman et al., 2013). lncRNA structure 

contains domains that can fold into secondary and higher-order structures and interact 

with proteins, DNA, and other RNAs. Another essential feature of lncRNAs is their 

expression profile which is highly specific to tissue type (Dinger et al., 2008; Flynn & 

Chang, 2014).  

lncRNAs were shown to influence gene expression at the transcriptional level through 

many mechanisms, including controlling chromatin structure by interacting with 

chromatin-modifying enzymes and chromatin remodelers and influencing the 

organization of high-order chromatin structures like the formation of chromatin loop 

mediated by enhancer RNA (Aguilo et al., 2016). Before the human genome project 

draft was published in 2001, the first lncRNA (H19) was discovered in mice for its 

epigenetic regulatory role in controlling genomic imprinting (Brannan et al., 1990). 

The latest advancement of high-throughput genomic technologies have significantly 

accelerated the Identification of lncRNAs. lncRNA were found to regulate transcription 

through several mechanisms: lncRNA act as a molecular signal, decoy, guide, scaffold, 
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competitive endogenous RNA (ceRNA), and miRNA precursors, as shown in figure 3 

(Achour & Aguilo, 2018). Signaling lncRNAs are expressed in a specific time and location 

to exert a particular function resulting in gene activation or repression. For instance, 

lncRNAs KCNQ1OT1 and AIR act as repressive signal molecules, they are expressed 

during early development at a specific time to interact with chromatin modifiers and 

mediate transcriptional silencing (Mohammad et al., 2009; Pandey et al., 2008). 

Furthermore, mode of action for lncRNA include Decoy RNAs which bind to regulatory 

factors such as transcription factors (TF), RNA-binding proteins (RBPs), chromatin 

modifiers altering their activity by limiting their availability. Also, lncRNAs play the role 

of guide molecule which has been shown to interact with chromatin modifiers for locus- 

specific targeting. An example of such guide lncRNA include Anril, that recruit chromatin 

modifiers PcG PRC1 and PRC2 to their DNA targets. Scaffold lncRNAs form 

ribonucleoprotein complex (RNP), which can activate or repress gene transcription. For 

example, Hotair acts as a scaffold by interacting with RNA-binding domains of E3 

ubiquitin ligase and its substrates, facilitating their degradation in vitro (Yoon et al., 

2013). Regardless of previously mentioned modes of action of lncRNAs, however, there 

are many potential roles for lncRNA in an epigenetic context that have not been fully 

explored. The new directions for the epigenetic research field focuses on understanding 

the complexity of epigenetic regulation mediated by ncRNAs, especially lncRNAs.  
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Figure 3.lncRNAs modulate gene expression through number of mechanisms:(1) LncRNAs act as a signal 
molecule.(2) LncRNAs can inhibit the functions of transcription factors. (3) LncRNAs can act a guide 
molecule for chromatin-modifying enzymes. (4) LncRNA also act as a scaffold assembling chromatin-
modifying complexes. (5) LncRNA as competitive endogenous RNA (ceRNA). (6) LncRNA can act as 
precursors of miRNA (Achour & Aguilo, 2018)  
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PRC2-associated RNAs  

Many lncRNAs were shown to interact with PRC2 (Almeida et al., 2017; Fan et al., 2014; 

Kotake et al., 2011; Montero et al., 2018; Song et al., 2019; Yap et al., 2010; Yusufzai & 

Kadonaga, 2008). However, the nature of RNA-PRC2 binding specificity was debated 

between promiscuous and specific. It was shown that although PRC2 bind 

promiscuously to RNAs, its binding is somewhat specific depending on the number of 

factors regarding RNA such as length, structure, composition, PRC2 was shown to have 

high affinity to G- rich RNAs in particular G-quadruplex structure (Davidovich et al., 

2013, 2015). Several reports have suggested that lncRNA as a mechanism for PRC2 

recruitment to its genomic targets (Beckedorff et al., 2013; Pandey et al., 2008; Rinn et 

al., 2007; Tu et al., 2017). Other studies suggested that RNA-PRC2 interaction resulted in 

inhibiting PRC2 activity such as nascent RNA transcripts (Cifuentes-Rojas et al., 2014; 

Kaneko et al., 2014; Zhang et al., 2019). In 2020 Long et al reported that RNA is required 

for proper PRC2 recruitment on its binding sites suggesting the dual role of ncRNAs in 

PRC2 activity (Long et al., 2020). Nevertheless, the mechanisms by which ncRNAs affect 

PRC2 functions is still unclear which is motivation to develop technologies to map the 

complicated network of non-coding transcriptome in a genome-wide scale in order to 

obtain information about their potential mechanism regrading interactions with 

chromatin-modifiers such as PcG PRC2.  
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RNA mapping technologies 

The discovery of lncRNAs was largely driven by advancements in genomic technology 

setting the foundation for epigenetic methodologies . An increasing number of studies 

have uncovered the vital role of lncRNA in influencing gene expression and nuclear 

architecture. However, the mechanisms by which lncRNA is involved in gene regulation 

are still largely unclear. It is crucial to identify genomic regions that interact with lncRNA 

to improve our understanding of RNA-chromatin interactions. Several experimental 

methods have been developed to map chromatin-associated RNAs, classified into one-

to-all and all-to-all approaches. One-to-all approaches rely on short antisense 

oligonucleotide probs to hybridize and capture RNA of interest to identify chromatin 

fraction associated with target RNA. One-to-all methods include chromatin isolation by 

RNA purification (ChIRP-seq), capture hybridization analysis of RNA targets (CHART-seq) 

and RNA antisense purification (RAP) (Chu et al., 2011; Engreitz et al., 2011, 2013). One 

limitation of one- to-all strategies is that they cannot be applied for de novo RNA 

discovery because it requires knowledge of target RNA sequence to design antisense 

prob. All-to-all approaches address this limitation via proximity-ligation-based mapping, 

allowing to capture genome- wide RNA-chromatin interactions and potentially 

identifying de novo RNAs. The proximity-ligation strategy relies on using a bivalent 

bridge adapter to ligate to RNA on one end and ligate to proximal DNA on the other 

end, forming a chimeric fragment subjected to deep sequencing. All-to-all methods 

include mapping RNA-genome interactions (MARGI), global RNA interaction with DNA 
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sequencing (GRID-seq) and chromatin-associated RNA sequencing (ChAR-seq) (Dekker et 

al., 2018.; Li et al., 2017; Sridhar et al., 2017). These methods share the same core 

principle but differ in many aspects, such as the number of cells used as starting 

material, fixation conditions, chromatin digestion enzymes and generated read length. 

In 2020 Bonetti et al. published a new technique named RNA and DNA interacting 

complexes ligated and sequenced (RADICL- seq) claim to overcome limitations of 

previously published methods (Bonetti et al., 2020).  

RADICL-seq can be briefly summarized in figure 4. Although the main principle of 

RADICL-seq is similar to other proximity ligation methods, it overcomes limitations by 

improving many aspects. On one hand, all previously published methods digest 

chromatin with restriction enzymes such as HaeIII in MARGI, AluI in GRID-seq and DpnII 

in ChAR- seq, limiting the genomic coverage of captured RNA-chromatin interactions. 

On the other hand, RADICL-seq uses the Dnase I enzyme to eliminate the restriction bias 

by cutting chromatin at random sites, generating higher resolution than restriction-

enzyme-based digestion. One unique feature of RADICL-seq is reducing bias for nascent 

RNA by using RNase H treatment to capture different types of RNA-DNA interactions. 

RADICL bridge adapter contains two restriction sites of Ecop15I; this produces larger 

tags reaching up to 27 nucleotides than GRID-seq tags (20 nucleotides) and cuts 

uniformly sized fragments to improve the efficiency of mapping rate.However, RADICL-

ChIP encounters some limitations such as the number of usable reads containing RNA-

adapter-DNA is low. The field of RNA mapping lacks two important aspects in capturing 
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RNA-chromatin interactions, this includes the association with a specific chromatin-

binding factors along with the sensitivity for mapping low abundant RNAs.  

 

 

 

 

 

 

 

Figure 4.Inside intact nuclei chromatin partially digested with DNase I, chromatin end-repair, dA-tailing, 
RNase H treatment, RNA ligation to bridge adapter and DNA ligation (proximity ligation). Then cells are 
lysed followed by Revers cross-linking, RNA-DNA complexes purification, revers transcription, second 
strand synthesis, hairpin ligation, Ecop15I digestion, library preparation and biotin pulldown. Finally 
proceed to deep sequencing (Bonetti et al., 2020)  
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Objective  

The focus of this work is to innovatively address the gap in the global RNA mapping field 

by developing a tool dedicated to mapping global RNA mediated by a chromatin-binding 

regulatory factor. 

To address this, we developed RADICL-ChIP, a combination of in situ proximity ligation 

of RADICL-Seq and targeted capturing of Chromatin Immunoprecipitation (ChIP) method 

to enrich for global RNA-DNA interactions mediated by a specific regulatory factor. To 

test this technology, we applied RADICL-ChIP on mouse C2C12 myotubes utilizing PRC2-

Ezh1 dynamics as a model system under two conditions: Oxidative stress and control 

conditions. Our objective is to identify RNA binding sites only bound to Suz12 and 

generate long reads up to 500bp, which may contribute to improving the mapping rate.  
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Chapter 2: RADICL-ChIP 

Result 

PRC2 as a Model System for RADICL-ChIP Experiment 

Recent reports from our lab showed the involvement of Polycomb group proteins in cell 

plasticity and adaptive stress response in post-mitotic mouse skeletal muscle cells 

(Bodega et al., 2021; Liu et al., 2019). The underlying mechanism relied on the dynamic 

and reversible assembly of PRC2-Ezh1 complex in response to oxidative stress. This 

leads to global and site-specific increase of H3K27me3 mark and transient gene 

silencing, revealing a novel and plastic aspect of Polycomb protein cell memory system 

(Bodega et al., 2021; Liu et al., 2019). In the same context, Malat-1 ncRNAs was shown 

as a key component for Polycomb-mediated adaptive response to environmental stress. 

The absence of Malat-1 ncRNAs resulted in disruption of PRC2 normal activity in 

atrophic tissue, shown in figure 5 (El Said., Della Valle et al., 2021). As the in vivo 

complexity of PRC2- ncRNA connection remains largely unknown, we sought to exploit 

the dynamics of our skeletal muscle model as a model system to investigate global RNA-

chromatin indirect interactions captured via RADICL-ChIP technology.  
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Figure 5. Adapter from (El Said., Della Valle et al., 2021). Oxidative stress triggers PRC2-mediated 
chromatin remodeling as PRC2 components assemble and interact with ncRNA to epigenetically repress 
skeletal muscle genes exhibiting atrophic phenotype as a cell adaptive response.  

 

The Development of Genome-Wide RNA Binding Sites Targeted Capturing Technology  

During the development of the RADICL-ChIP project, three techniques have been 

considered for testing as targeted capturing of chromatin-associated proteins in 

combination with recently published genome-wide RNA mapping technology RADICL-

Seq. These methods include CUT&Tag, CUT&RUN and ChIP. Professor Henikoff’s lab has 

recently published in situ methods for capturing protein-DNA interactions, Cleavage 

Under Target and Release Using Nuclease (CUT&RUN) and Cleavage Under Target and 

Tagmentation (CUT&Tag) (Kaya-Okur et al., 2019, 2020; Meers et al., 2019; Skene et al., 

2018). Both methods relied on the concept of enzyme tethering as a systematic 

approach to obtain libraries claiming to offer many advantages, including high signal to 

ncRNA 

ncRNA 

Contro

l 

ncRNA 
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background ratio increasing sensitivity for low signals that require higher sequencing 

depth to capture. 

CUT&RUN/Tag standardizes the capture of Histone PTM such as H3K27me3 with low 

input material which can be used as validation for the overall experiment. Due to 

previously mentioned advantages, CUT&RUN and CUT&Tag were each tested as 

potential candidates in combination with proximity ligation in RADICL-Seq. Figure 6 

represents the summary of the CUT&Tag and CUT&RUN workflow.  

 

 

 

 

 

 

 

 

 

Figure 1.Adapter from (Kaya-Okur et al., 2020). Workflow of CUT&RUN (right) and CUT&Tag (left). 
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The Evaluation of CUT&Tag Method for Genome-Wide RNA Binding Sites Targeted 

Capturing 

The nucleus is permeabilized with digitonin granting access for the primary antibody to 

bind to a chromatin-associated factor of interest, such as regulatory proteins or histone 

posttranslational modifications. Adding a secondary antibody is optional. Then Tn5 or 

pAG-Tn5 transposase is added and activated in the presence of Mg++ at 37°C to 

enzymatically cut and ligate tags that can be used as adapters for sequencing. For 

evaluating Tn5 and pAG-Tn5 transposase activity, Assay for Transposase-Accessible 

Chromatin using sequencing (ATAC-Seq) was appropriate to use since transposase 

enzymes will only cut accessible regions of chromatin. ATAC-seq on unfixed C2C12 

myoblasts with two tagmentation buffers, one from Illumina and the other one is freshly 

prepared following Epicypher CUT&Tag kit protocol were used. Resulted fragments 

were assessed via Bioanalyzer shown in Figure 7 and Figure 8. Eventually, we attempted 

to adjust CUT&Tag to our scope using the combination of Illumina tagmentation buffer 

and 10 μl of 20X pAG-Tn5 enzyme since this combination generated a successful 

transposition reaction. 

The choice of using fusion protein pAG-Tn5 offers high affinity with a wide range of 

mouse and human IgG. CUT&Tag was performed on C2C12 myoblast and myotubes 

under a variety of formaldehyde fixation conditions, including Fixed (1% FA for 10 min), 

lightly fixed (0.1% FA for 5 min), and control (unfixed) using an antibody for H3K27me3 

as a positive control with starting cell number down to 50k cell/ml (Kaya-Okur et al., 
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2019, 2020). CUT&Tag final libraries were assessed using Bioanalyzer. Unfixed cells 

displayed peaks in Bioanalyzer profile, which were considered successful CUT&Tag 

reactions in correlation to expected H3K27me3 profile in CUTANA™ pAG-Tn5 for 

CUT&Tag - 50 rxns, Epicypher kit shown in figure 9. 

Although performing CUT&Tag on unfixed material was successful, RNA-chromatin 

mapping requires fixation to preserve nucleic acid protein interactions. The positive 

outcome only in the absence of fixation eliminated the option of employing CUT&Tag 

for mapping RNA-chromatin interactions mediated by chromatin-associated proteins.  
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Figure 2. Bioanalyzer profiles of ATAC-Seq assay performed on unfixed myoblast. Two enzymes (Tn5 & 

pAG-Tn5 transposases) around 2.5 μl per 50K cell/ml and two tagmentation buffers (illumina & 

epichypher) were used. As shown in the (upper profiles) illumina buffer generated peaks with both 

enzymes indicating successful transposition reaction confirming the activity of transposase enzymes, 

However, eipcypher buffer (lower profiles) resulted no peaks. 

 

 

 

 

 

 

 

 

Figure 8. Bioanalyzer profiles of ATAC-Seq assay performed on unfixed myotubes. Two enzymes (Tn5 & 

pAG-Tn5 transposases) were increased to 4 μl, 10 μl of 20X stock per 50K cell/ml respectively. Along with 

two tagmentation buffers (Illumina & Epichypher) were used. As shown in the (upper) increased enzymes 

with Illumina buffer generated higher peaks with both enzymes indicating successful and improved 

transposition reaction confirming the activity of transposase enzymes was optimized, However, Eipcypher 

buffer (lower) resulted small peak (lower left) and no peaks (lower right) 
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Figure 9.  a) CUT&Tag expected Bioanalyzer profile for H3K27me3. (CUTANA™ pAG-Tn5 for CUT&Tag - 50 

rxns, Epicypher). b) CUT&Tag Bioanalyzer profile for H3k27me3 in unfixed myoblasts. c) CUT&Tag 

Bioanalyzer profile for H3k27me3 in unfixed myotubes. 
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Evaluation of CUT&RUN Method for Genome-Wide RNA Binding Sites Targeted 

Capturing 

We then set out for CUT&RUN technology. The nucleus was permeabilized with 

Digitonin to allow the primary antibody to bind to a chromatin-associated factor of 

interest, such as regulatory protein or histone posttranslational modifications. After 

that, micrococcal pAG-MNase fusion protein was added and activated with the addition 

of Ca++ at 0°C, subsequently executing an enzymatic tethering and releasing digested 

fragments into the supernatant for DNA extraction and library preparation for 

sequencing application. Digitonin permeabilization was tested with 0.01%-0.05% 

digitonin on C2C12 myotubes that have been stained with trypan blue and visualized 

under the microscope. Sufficient Digitonin permeabilization was achieved by 0.01% and 

0.02% concentrations. CUT&RUN was done on C2C12 myoblasts and myotubes under 

different conditions of formaldehyde fixation, including Fixed (1% FA for 10 min), lightly 

fixed (0.1% FA for 5 min) and control (unfixed) using an antibody for H3K27me3 

following the improved protocol which performed digestion in high calcium/low salt 

conditions at 0°C. Improved protocol presumably allows minimizing the digestion of 

accessible DNA regions while avoiding the premature release of pAG-MNase associated 

fragments during digestion which improves the specificity of targeted capturing (Meers 

et al., 2019; Skene et al., 2018). To assess the yield of CUT&RUN, Qubit high sensitivity 

kit was used to measure the concentration of extracted DNA and Bioanalyzer to 
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evaluate the size of captured fragments which should appear as peaks. Like previously 

mentioned results from CUT&Tag, only unfixed cells showed positive results compared 

to fixed cells where DNA was undetectable (<0.50ng/ µl) and Bioanalyzer profile 

exhibited lack of peaks shown in figure 10. CUT&Tag was eliminated for not being 

applicable on fixed material, CUT&RUN was also eliminated for the same reason. 

Conventional ChIP was therefore considered a more suitable choice compared to 

CUT&Tag and CUT&RUN.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. a) CUT&RUN expected Bioanalyzer profile for H3K27me3 (Meers et al., 2019). b) CUT&RUN 

Bioanalyzer profile for H3K27me3 mildly fixed (0.1% FA) myotubes, undetected peaks. c)  CUT&RUN 

Bioanalyzer profile for H3K27me3 in unfixed myoblast, small peak 
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ChIP approach confirmed RADICL-ChIP pull-down as more suitable approach. 

Previous work from our lab unveiled PRC2-EZH1 dynamics upon oxidative stress in moue 

skeletal muscle cells (Bodega et al 2017). Subsequently, RIP was successfully used in the 

same system and identified Malat-1 ncRNA as direct component to drive the same 

process (El Said., Della Valle et al., 2021). Thus, samples were processed as in Bodega et 

al (2017), with minor modification (refer to method section).  To confirm whether the 

DNA part of RADICL-ChIP pull-down contained genomic regions bound to PRC2 Suz12, 

ChIP-qPCR was performed on H2O2 treated and non-treated (control) myotubes using 

primers of three skeletal muscle genes were shown to bind to PCR2 SUZ12 under 

oxidative stress. Published work of our lab identified a set of skeletal muscle 

differentiation genes as PRC2 targets under oxidative stress. Upon atrophic conditions, 

PRC2 localizes on the following genes promoter region such as myogenin (MYOG), 

myosin heavy chain 3 (Myh3), myosin heavy chain 8 (Myh8) and Muscle Creatine Kinase 

(MCK) to be repressed (Bodega et al., 2017). For ChIP-qPCR for Suz12 binding sites, 

primers for MYOG, Myh8 and MCK were used as forward and reverse primers 

sequences are shown in table 1. A significance test was done using ct-values generated 

from ChIP-qPCR then plotted in figure 11, consistent with (Bodega et al., 2017) 

enrichment under oxidative stress. Figure 11. shows clear enrichment of Suz12 binding 

targets upon oxidative stress versus control conditions, confirming specify of captured 

DNA-RNA interactions thus the potential value for RADICL-ChIP. 
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Table 1.Forward and reverse primers of skeletal muscle genes MYOG, MYH8 and MCK 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Forward 5’-3’ Revers 5’-3’ 

MYOG TGGCTATATTTATCTCTGGGTTCA GCTCCCGCAGCCCCT 

MYH8 TAGTGTGTTGGGAAGGGAATCT GCTCCTGTTGGAACAAATAAGG 

MCK TACTGTTCCATGTTCCCGGCGAA AGGAGCCTACAGGGTGTGACTA 
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Figure 11. ChIP-qPCR analysis for PRC2 Suz12 binding targets is represented as fold enrichment under two 

conditions H2O2 treated and non-treated (control) for MYOG, Myh8 and MCK. (black bars) indicate target 

enrichment in control samples while (gray bars) indicate enrichment in H2O2 treated samples. In 

correlation with (Bodega et al., 2017), enrichment of Suz12 binding sites under oxidative stress is elevated 

when compared to control conditions, with most significant enrichment in MYOG gene. Confirming that 

RADICL-ChIP pulldown contains DNA regions bound to PRC2 Suz12. 
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After confirming DNA part of the RADICL-ChIP pull-down contains PRC2 Suz12 target 

sites, the RNA side of the pull-down need to be assessed. To verify whether the RNA 

part of RADICL-ChIP pull-down contained RNA bound to PRC2 SUZ12, qPCR was 

performed on H2O2 treated and non-treated (control) myotubes using primers for 

Malat-1 lncRNA. Since malat-1 is large ~7 kb, several small primers covering different 

parts of Malat-1 were used to verify the enrichment of Malat-1 transcript in RADICL-

ChIP pull-down under stress. Ct-values of qPCR analysis of Malat-1 were used for the 

significance test, shown in figure 12. The result was in line with what obtained in our 

previous work (El Said., Della Valle et al., 2021), showing is enrichment of Malat-1 under 

atrophic conditions higher than in normal conditions as shown in figure 10. This result 

suggested the presence of Malat-1 transcript among RNAs captured via RADICL-ChIP 

technology, leading to utilize Malat-1RNA as a positive control for trans interactions. 
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Figure 12. ChIP-qPCR analysis for Malat-1 is represented as fold enrichment under two conditions H2O2 

treated (yellow) and non-treated (black) for different malat-1 primers. It is expected to see enrichment 

under oxidative stress compared to control conditions in correlation to results (El Said., Della Valle et 

al., 2021). Verifying the presence of Malat-1 in RADICL-ChIP pull-down which can be utilized as a 

positive control. 



38 
 

RADICL-ChIP Library preparation and verification of its content. 

cDNA libraries were then prepared from the FA-fixed RADICL-ChIP samples. Of note a 

new linker used for RADICL-ChIP was created in our lab for RADICL-ChIP experiments, 

differing from the original RADICL-Seq linker (Bonetti et al, 2020) in the presence of 

unique barcode (NNNNN region) that can be useful to distinguish duplicates generated 

by PCR, shown in the following sequence. 

5-CTGCTGTGNNNNNTAGGTCCGACGGTCCAAGTCAGCAGT-3 

                                          3-CTGCTGACTTGGACCGTCGGACC-5   

 

RADICL-ChIP workflow in shown in figure 13. Inside an intact nuclei chromatin is partially 

fragmented with DNase I, then chromatin end-repaired and dA-tail added. RNase H 

treatment is performed prior to prepare ligation to reduce nascent transcripts which 

considered a noise (Bonetti et al, 2020). After RNA ligation, proximal DNA ligation on 

both ends of RADICL-ChIP biotinylated linker is performed. To stabilize the ligated RNA 

prior to sonication to generate chimeric structure containing RNA-linker-DNA, cDNA 

synthesis and second-strand synthesis were completed in nuclei. After producing the 

chimeric strand, nuclei were lysed, and downstream steps will be according to standard 

ChIP protocol used in our lab. Eventually, cDNA is purified using phenol-chloroform and 

the chimeric fragments will be pulled-down using streptavidin beads as sequencing 

library will be also prepared on beads using Ampure XP beads (refer to method section 

for detailed protocol). RADICL-ChIP-Libraries were subjected to sequencing. Three 
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replicates of each condition (biological replicates) were generated under atrophic and 

control conditions. As a quality control check for sonication, an input samples were 

taken from control and stressed conditions for assessing fragment size via Bioanalyzer 

which was roughly expected to range between 100-500bp. Sonication was successfully 

achieved as fragment size was around 2-300bp shown in figure 14, In addition, the size 

of RADICL-ChIP libraries was assessed using Bioanalyzer expecting an average range of 

size between 300-700bp as rough estimate. RADICL-ChIP libraries ranged on average 

around 500bp as shown in figure 15. Three Suz12 RADICL-ChIP replicates were 

sequenced: two replicates treated with H2O2 and one in control conditions, on Illumina 

Mi-Seq sequencer.  

Sequencing data were processed as in RADICL-Seq publication (Bonetti et al., 2020). 

Sequencing statistics are recapitulated in Table 2. Referring to table 2, out of 16-20 

million cells/ml, approximately 1.9-5.7 million raw reads were obtained. Out of raw 

reads, 4.2-11.3% were linker-containing reads with RNA and DNA on each side. Reads 

have been divided into RNA-DNA paired reads as PCR duplicates and Ribosomal RNAs 

(rRNAs) were removed, only 30-67K of DNA-RNA paired reads were mapped to the 

mouse reference genome reducing the number of uniquely mapped and high-quality 

mapped down to 15-57K pairs. As expected, a significant fractions of RNA-DNA paired 

reads map and known transcripts were observed within 1kb distance which was 

considered a cis interaction. Cis interactions most likely occur on nascent transcripts as 

illustrated in (Bonetti et al., 2020).  
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Previously mentioned ChIP-qPCR results for Malat-1 enrichment on PRC2 upon oxidative 

stress were consistent with (El Said., Della Valle et al., 2021). However, RADICL-ChIP Mi-

seq data lacked Malat-1 enrichment with only 5 and 12 reads in two replicates under 

oxidative conditions. Mentioned results are considered insufficient to perform statistical 

analysis, suggesting the RNA ligation step needs to be improved to increase the yield of 

trans interactions. Regardless of the low number of trans interactions, 24-32% of DNA 

reads map were observed in PRC2 Suz12 ChIP peaks as they occupy 3% of the genome in 

non-treated conditions and 5% of the genome in atrophic condition, which suggests that 

an important fraction of interactions is mediated by suz12. Based on the overall results 

mentioned earlier, we can conclude that RADICL-ChIP is a promising, yet to be improved 

strategy heading toward the correct direction.  
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Figure 13. Summary of RADICL-ChIP protocol divided into three main sections. Section one, cell 
preparation includes hydrogen peroxide treatment, formaldehyde cross-linking and cell collection. Section 
two is performed inside an intact nuclei including DNase I digestion, end-repair, dA-tailing, RNase H 
treatment, RNA ligation, DNA ligation then reverse transcription and second-strand synthesis. Section 
three is following ChIP protocol including lysis, sonication, immunoprecipitation, revers cross-linking, DNA 
extraction, biotin pull-down and library preparation then sequencing. 
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Control Myotubes Stressed Myotubes 

RADICL-ChIP Library in control conditions RADICL-ChIP Library in atrophic conditions 

 

 

 

 

 

 

Figure 14. Sonication assessment using Input samples which is expected to range between 100-500bp. 

Control conditions (left) and oxidative stress conditions (right). 

 

 

 

 

 

 

figure 15. RADICL-ChIP libraries assessment as libraries size is roughly estimated to range between 300-

700bp. The average size is around 500bp. Control conditions (left) and oxidative stress conditions (right). 
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 Table 2. Mi-Seq data from RADICL-ChIP Libraries under two conditions: Oxidative stress and control 
conditions 

 

 

 

Numbers SUZ12_CTRL_rep1 SUZ12_H2O2_rep1 SUZ12_H2O2_rep2 

Raw reads 2965808 5692621 1968146 

Reads with DNA-linker-RNA 

structure 

220078 

7.4% of raw reads 

241926 

4.2% of raw reads 

222679 

11.3% of raw reads 

DNA-RNA pairs aligned on the 

genome 

37577 

 

78388 

 

25133 

 

Uniquely aligned reads 30535 

 

67246 

 

22879 

 
Single-mapping and high quality 24584 

 

57209 

 

15093 

 
DNA reads mapped on Suz12 

Peaks 

24.1%    32.2% 26.4% 

RNA reads mapped on known 

transcripts  

8253 

 

19407 

 

5127 

 

// in TRANS (>1Kb) 302 

(3.6% of RNA 

mapped on known 

transcripts)   

619 

(3.1% of RNA 

mapped on known 

transcripts) 

1267 

(24.7% of RNA 

mapped on known 

transcripts)   

// in CIS  (<1kb) 7937 

 

18770 

 

3854 

 
// in TRANS on Malat-1 2 

0.6% of trans  

 

12 

1.9% of trans 

5 

0.3% of trans 
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Optimization of RADICL-ChIP Protocol  

Steps in the protocol needed to be optimized, majorly RNA ligation efficiency which 

might be improved by executing RADICL-ChIP in milder fixation conditions assuming will 

provide RNA more exposure to RADICL linker Along with performing reverse 

transcription and second-strand synthesis after decross-linking to remove all proteins 

occupying chromatin which might improve the reverse transcription reaction Indeed, 

Mi-seq data for RADICL-ChIP libraries generated lack of trans interactions enrichment, 

especially for Malat-1 which contradicted ChIP-qPCR enrichment for Malat-1 under 

atrophic conditions (El Said., Della Valle et al., 2021). This result might be related to 

formaldehyde cross-linking conditions as 1% FA might stabilize huge fractions of non-

specific interactions which add a layer of noise covering from capturing proximal RNA-

proteins interactions. One strategy could improve RNA ligation is to perform RADICL-

ChIP under mild formaldehyde cross linking conditions (0.1% FA for 10 min) similar to 

RNA immunoprecipitation (F-RIP) conditions (Long et al, 2020). With mild cross-linking, 

mild sonication settings and revers cross-linking conditions had to be adjusted, aiming to 

preserve specific interactions while gaining more access to RNA ends to ligate to 

RADICL-ChIP linkers efficiently. Another strategy might enhance RNA yield in RADICL-

ChIP is to carry on cDNA synthesis and second-strand synthesis after reverse cross-

linking outside the nucleus as solubilizing chromatin-associated proteins occupying 

genomic DNA will presumably optimize the efficiency of cDNA  synthesis along with 

second-strand synthesis to eventually retrieve an accurate representation of captured 
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RNAs. Previously mentioned strategies were applied to RADICL-ChIP as an 

enhancement. We performed optimized RADICL-ChIP on C2C12 myotubes under control 

and stress conditions using three antibodies including antibodies for Suz12, H3K27me3 

and IgG. Since cross-linking conditions became lighter with the updated protocol, nuclei 

became more fragile which prioritize introducing protocol adjustments to preserve its 

integrity during in situ steps. Modifications added to the protocol include supplementing 

buffers and washes with 200-250mM of salt (NaCl) to regulate osmotic pressure of 

environment surrounding the nuclei preventing nuclear disruption during, figure 16 

shows DAPI stained C2C12 myotubes with intact nuclei after supplementing buffers with 

salt and low Sodium dodecyl sulphate (0.1%). Since reverse transcription reaction took 

place outside the nucleus, RNA needed to be protected until reaching cDNA synthesis 

step. To assess sonication gel-electrophoresis was used to measure the size of sonicated 

chromatin, expecting size to range between 100-500bp. Sonication was successful as 

shown in figure17. We performed ChIP-qPCR to verify optimized RADICL-ChIP pull-down 

is bound to Suz12 under stress and control conditions. Like previously mentioned we 

used primers for muscle differentiation genes (MYOG and Myh8) as Suz12 binding sites 

expecting enrichment upon oxidative stress to verify the genomic DNA side of the pull-

down. As shown in figure 18, a trend of enrichment under stress versus control 

conditions is observed confirming DNA part of pull-down is indeed bound to Suz12. To 

verify the RNA part of pull-down, like mentioned earlier we looked for Malat-1 

transcript enrichment under atrophic conditions in comparison to normal conditions. As 

shown in figure 19, we observed a trend of high enrichment of Malat-1 RNA under 
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atrophic conditions than normal conditions. However, IgG enrichment levels are higher 

than expected which suggests the poor quality of IP product. Regardless of this, 

enrichment of Malat-1 RNA is clear enough to verify the RNA part of optimized RADICL-

ChIP pull-down. 

 

 

Figure 16. (Blue spheres) DAPI stained C2C12 myotube nuclei under two conditions: control conditions 

(left) and atrophic conditions (right). Intact nuclei were visualized after performing the following steps in 

RADICL-ChIP protocol: cell lysis, DNase digestion, end-repair, dA-tailing and RNase H treatment.  

 

 

 

 

 

 

Figure 17. Agarose gel-electrophoresis (1% agarose). 1Kb DNA ladder (left lane), sonicated fragment from 

RADICL-ChIP under control conditions (middle lane), sonicated fragment from RADICL-ChIP under stress 
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Figure 18. ChIP-qPCR analysis for PRC2 Suz12 binding targets is represented as fold enrichment under two 

conditions H2O2 treated and non-treated (control) for MYOG and Myh8. Optimized RADICL-ChIP was 

performed on c2c12 myotubes using antibodies for Suz12, H3K27me3 and IgG. (green Bars) indicate 

Suze12 binding sites enrichment under control conditions while (orange bars) indicate enrichment under 

stress. A trend of increased enrichment of suz12 binding sites under stress confirming DNA part of 

RADICL-ChIP pull-down is bound to Suz12. 
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conditions (right lane). Sonicated fragments for both conditions ranged between 100-500bp indicating 

successful sonication. 
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Figure 19. ChIP-qPCR analysis for Malat-1 transcript is represented as fold enrichment under two 

conditions H2O2 treated (dark green) and non-treated (light green) for malat-1 RNA. As observed an 

enrichment of Malat-1 RNA under oxidative stress compared to control conditions in correlation to results 

(El Said., Della Valle et al., 2021). Verifying the presence of Malat-1 RNA in optimized RADICL-ChIP pull-

down. 
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Updated RADICL-ChIP protocol ln Brief, cells will be cross-linked with 0.1% 

formaldehyde for 10 min at room temperature. Then in situ steps will take place 

including DNase I digestion, chromatin preparation, RNase H treatment, RNA ligation 

and DNA proximity ligation. Then cell lysis and sonication following F-RIP parameters 

will be performed. After that, immunoprecipitation, reverse cross-linking and nucleic 

acid purification will be done followed by cDNA synthesis and second-strand synthesis. 

To select for chimeric fragments containing linker, biotin pull-down using streptavidin 

beads will be performed. Finally, library preparation will be done to proceed with deep 

sequencing. Currently, updated RADICL-ChIP is still ongoing experiment. Samples have 

been processed according to previously mentioned updated RADICL-ChIP protocol and 

DNA library will be soon available for sequencing to conclude this work. 
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Discussion  

The role of PcG-mediated cellular memory system in development has been established 

by its involvement in the determination and maintenance of cellular identity through 

transcriptional programs. However, the role and mechanisms of PcG in differentiated 

adult cells remained understudied. In 2017, our lab reported an interestingly new 

mechanism of PRC2-Ezh1 in regulating H3K27me3 repressive mark as an adaptive 

response to atrophic stress in post-mitotic mouse skeletal muscles. They found that 

PRC2-Ezh1 generated two isoforms PRC2-Ezh1α/β working in cooperation (Bodega et 

al., 2017). The isoform PRC2-Ezh1β controls the assembly of EED with SUZ12 and Ezh1α 

at target loci which trigger adaptive response to oxidative stress presented in increasing 

levels of PRC2-Ezh1 mediated H3k27me3 repression and the induction of 26S 

proteasome pathway to ubiquitinate and degraded PRC2-Ezh1β. Furthermore, upon the 

atrophic condition with H2O2, PRC2-Ezh1 were redistributed on the whole genome 

scale, gaining new binding sites such as muscle differentiation genes which was 

confirmed through ChIP-qPCR analysis of PRC2-Ezh1 core components (EED, SUZ12 and 

Ezh1). In 2019, another study from our lab focused on exploring the adaptive response 

in post-mitotic cells in the context of PRC2-Ezh1α/β ubiquitination (Liu et al., 2019). 

They identified two ubiquitin ligases that work together in regulating the activity of 

PRC2-Ezh1α/β under oxidative stress, shown as an increase of ubiquitination levels of 

PRC2 -Ezh1α/β mediated by E3 Ligases named NEDD4 and HUWE1, respectively. 

Additionally, they found that the ubiquitination and degradation of PRC2-Ezh1β via 
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HUWE1 ligase was triggered by a signal which is Serine 560 phosphorylation, during 

stress. Previous findings shed light on the role of PcG based epigenetic memory in post-

mitotic cells such as its involvement in cell plasticity and adaptive response to 

environmental stress. In 2020, Long et al. reported that ncRNA is indeed critical for the 

proper recruitment of PRC2 to its genomic targets in human pluripotent cells (Long et 

al., 2020) which was supported by work from our lab investigated the role of PRC2-Ezh1 

adaptive response in differentiated cells under oxidative stress. They found that MALAT-

1 lncRNA is essential for adaptive cell response mediated by PRC2-Ezh1 to atrophic 

stress (El Said., Della Valle et al., 2021). Since we have information about the dynamic of 

PcG PRC2-Ezh1 in differentiated cells under atrophic conditions and we know that RNA 

is essential for its activity, we decided to test RADICL-ChIP on one of the PRC2-Ezh1 core 

proteins SUZ12. Using PcG as a model system, the goal of RADICL-ChIP is to enrich all 

RNA-chromatin interactions mediated by Suz12 and compare two functional states of 

the PCR2 complex. We used two conditions: 100 μM H2O2 treated myotubes for 24 

hours enough to induce cellular stress response without disputing cellular viability and 

non-treated myotube to represent normal conditions. During the development of 

RADICL-ChIP, we tested emerging technologies for targeted capture of chromatin-

associated factors. Such methods include Cleavage Under Target and Release Using 

Nuclease (CUT&RUN) and Cleavage Under Target and Tagmentation (CUT&Tag), 

workflow of CUT&RUN/Tag is shown in figure 6. CUT&RUN and CUT&Tag which were 

optimized for a low number of cells and claimed to obtain a high signal to noise ratio in 

comparison to chromatin immunoprecipitation (ChIP), also provided Histone PTM as a 
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positive control (Kaya-Okur et al., 2019, 2020; Meers et al., 2019; Skene et al., 2018). For 

CUT&Tag, we started by evaluating Tn5 transposases and pAG-Tn5 fusion protein 

activity by performing ATAC-seq on unfixed C2C12 myoblasts with two tagmentation 

buffers, one from illumina and the other one is freshly prepared following Epicypher 

CUT&Tag kit protocol. Both transposase enzymes (Tn5 and pAG-Tn5 fusion protein) 

generated a positive result with tagmentation buffer from illumina compared to 

epichypher tagmentation buffer showed in Bioanalyzer profile as peaks in figure 7. Then 

we decided to optimize the transposition reaction by increasing the concentrations of 

the enzymes (Tn5= 2.5-4 μl, pAG-Tn5=2.5-10 μl of 20X stock), showing higher peaks on 

Bioanalyzer profiles with Illumina tagmentation buffer shown in figure 8. As previously 

mentioned, experiment, illumina tagmentation buffer generated better results with 

both enzymes than epichypher tagmentation buffer. Therefore, we used around 10 μl of 

20X pAG-Tn5 transposase enzyme with illumina tagmentation buffer for CUT&Tag 

experiments. Since we confirmed the activity of Tn5 and pAG-Tn5 enzyme, we executed 

CUT&Tag following the original and improved protocol on C2C12 myoblast and 

myotubes under conditions formaldehyde fixation and control (no fixation) using an 

antibody for H3K27me3 as a positive control with starting cell number down to 50K 

cell/ml. Resulted product was assessed using Bioanalyzer (Kaya-Okur et al., 2019, 2020). 

Unfixed material displayed peaks in Bioanalyzer profile as we consider a positive result 

shown in figure 9. While fixed material (1% FA for 10 min RT), including lightly fixed 

(0.1% FA for 5 min RT), showed a significantly low concentration of DNA that was 

undetectable using Qubit high sensitivity kit in additions to no peaks on Bioanalyzer 
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profile which we considered a negative result. For CUT&RUN, we performed CUT&RUN 

using the improved protocol, including fusion protein pAG-MNase, which presumably 

will sufficiently bind to mouse monoclonal antibody for H3K27me3 in high calcium/low 

salt at 0°C conditions. High calcium/low salt conditions minimize the digestion of 

accessible DNA regions while avoiding the premature release of pAG-MNase associated 

fragments during digestion which improves specify of targeted capturing. We tested 

different digitonin concentrations for efficient cell permeabilization by treating C2C12 

myotubes with digitonin (0.01%-0.05%) then used trypan blue to check permeability 

under the light microscope. Using 0.01% and 0.02% digitonin concentrations resulted in 

sufficient cell permeabilization; however, we decided to use 0.2% digitonin. We 

performed CUT&RUN following the original and improved protocol on C2C12 myotubes 

and myoblasts using mouse monoclonal antibody for H3K27me3 under several 

conditions of formaldehyde cross-linking including fixed (1% for 10 min), lightly fixed 

(0.1% for 5 min) and non-crossed linked (unfixed) (Meers et al., 2019; Skene et al., 

2018). To assess the yield of CUT&RUN, we used qubit high sensitivity kit to measure the 

concentration of extracted DNA and Bioanalyzer to check the size of captured fragments 

which should appear as peaks. Overall, like previously mentioned results from CUT&Tag, 

unfixed cells showed positive results compared to fixed cells where DNA was 

undetectable (<0.50ng/ µl) and Bioanalyzer profile exhibited no peaks shown in figure 

10. Since CUT&TAG/RUN was unapplicable on fixed cells, we eliminated the option of 

merging them with RADICL-Seq because of their incompatibility with the project 

purpose. Mapping RNAs against the whole genome requires fixation in order to 
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preserve protein and DNA/RNA interactions with chromatin. Chromatin 

Immunoprecipitation offered a possible solution since it was optimized for fixed 

material.  

For RADICL-ChIP, we performed the following in situ: partial digestion of chromatin with 

DNase I, chromatin end-preparation, RNase H treatment, bridge adapter RNA ligation on 

one end, DNA ligation on the other end of the linker and reverse transcriptase (cDNA 

synthesis) to minimize the non-specific binding. Next, we lysed cells overnight and 

executed standard ChIP protocol used in our lab including sonication and Antibody 

immunoprecipitation followed by washes and DNA purification. Then we pulled-down 

fragments containing RADICL linker relying on the affinity of biotin to streptavidin beads, 

RADICL-ChIP steps summarized in figure 13. We relied on Phenol-chloroform method to 

extract DNA, ensuring to obtain as much DNA as possible. To shear the chromatin, we 

sheared chromatin using Branson® sonicator with the following parameters: 5 cycles of 

2 min at 20% amplitude, 50% duty cycle. As a quality control check, the size of sonicated 

fragments was assessed using Bioanalyzer, expecting fragment size to be roughly within 

100-500 bp range as shown in figure 14. To assess RADICL-ChIP libraries size, we used 

Bioanalyzer, expecting the size of fragments to range between 300-700 bp which was 

confirmed as shown in figure 15. In theory, RADICL-ChIP for this experiment should only 

capture genomic regions occupied by PRC2 Suz12. To verify the captured DNA part of 

RADICL-ChIP libraries was occupied by Suz12, we performed ChIP-qPCR using Primers 

for Skeletal muscle differentiation genes identified by our lab as Suz12 binding sites 
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under atrophic conditions, these include myogenin (MYOG) myosin heavy chain 3 

(Myh3), myosin heavy chain 8 (Myh8) and Muscle Creatine Kinase (MCK) (Bodega et al., 

2017). The forward and reverse primers for MYOG, Myh3 and MCK are shown in table 1. 

Next, we performed a significance test using Ct-values generated from ChIP-qPCR, as 

shown in figure 11. Our result correlates with (Bodega et al., 2017) showing higher 

enrichment of skeletal muscle differentiation genes occupied by PRC2-Ezh1 Suz12 under 

oxidative stress with the most significant enrichment in the MYOG gene, confirming that 

RADICL-ChIP pulldown libraries contain DNA regions bound to PRC2 Suz12. To verify 

whether the RNA part of RADICL-ChIP pulldown contained RNA bound to PRC2 SUZ12, 

ChIP-qPCR was performed on H2O2 treated and non-treated (control) myotubes using 

primers for Malat-1 lncRNA. Since the size of malat-1 is large ~7 Kb, a selection of 

primers covering different parts of malat-1 have been used to verify the presence of 

Malat-1 transcript in RADICL-ChIP pulldown library. As we expected, we observed 

enrichment of Malat-1 under oxidative stress in comparison to control conditions. Our 

result in figure 12, correlates with (el Said et al., 2021), confirming that the RNA part of 

RADICL-ChIP libraries is an RNA bound to suz12. After confirming that RADICL-ChIP 

pulldown libraries contain suz12 binding sites as the DNA part and Malat-1 enrichment 

as the RNA part of the chimeric library, we generated three RADICL-ChIP replicates 

under control and atrophic conditions. Besides a negative control sample (de-cross 

sample), we performed RADICL-ChIP linker DNA ligation step after reverse crosslinking 

to ensure the ligation of RADICL-ChIP linker to random DNA regions. We proceeded to 

sequence the three RADICL-ChIP replicates, two under oxidative stress conditions and 
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one in control conditions, using illumine Mi-Seq sequencer as a quick and low-cost 

approach available in our lab to assess the captured global RNA binding sites. We 

processed sequencing data according to (Bonetti et al., 2020). The only difference is that 

we used a modified linker created in our lab for RADICL-ChIP experiments shown below: 

5-CTGCTGTGNNNNNTAGGTCCGACGGTCCAAGTCAGCAGT-3 

                                          3-CTGCTGACTTGGACCGTCGGACC-5  

 

RADICL-ChIP linker contains biotinylated (T) for later RNA-linker-DNA affinity pull-down. 

In addition, linker contains a variable barcode (NNNNN) region unique to each read, the 

barcode region can be used to differentiate between PCR duplicates and unique reads. 

Table 2. Shows number of raw reads generated by each RADICL-ChIP replicate, starting 

material of RADICL-ChIP ~16-20 M cells/ml have generated around 1.9-5.7 M reads. 

Approximately 4.2-11.3% of raw reads contained the chimeric structure RNA-linker-DNA 

which can be split in RNA-DNA paired reads. After removing PCR duplicates and 

Ribosomal RNAs (rRNAs), we only were able to map 30-67K of DNA-RNA paired reads to 

the mouse reference genome, decreasing the number of uniquely mapped and high-

quality mapped down to 15-57K pairs. As we expected, a significant fractions of RNA-

DNA paired reads map and known transcripts were cis interaction as these interactions 

most likely occur on nascent transcripts as illustrated in (Bonetti et al., 2020). Previously 

mentioned ChIP-qPCR results for Malat-1 enrichment on PRC2 upon oxidative stress 

were consistent with (El Said., Della Valle et al., 2021). However, RADICL-ChIP Mi-seq 
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data lacked Malat-1 enrichment with only 5 and 12 reads in two replicates under 

oxidative conditions which is insufficient to perform statistical analysis. Suggesting the 

need to improve RNA ligation step in order to obtain sufficient yield. Despite the low 

number of trans interactions, we observed around 24-32% of DNA reads map in PRC2 

Suz12 ChIP peaks occupy 5% and 3% of genome in stress and control conditions 

respectively (Bonetti et al., 2020). Demonstrating that an important fraction of detected 

interactions is indeed mediated by suz12. RADICL-ChIP protocol is still on its early stage 

as optimization is necessary for better yield. Since the yield of trans interactions was low 

and malat-1 was not enriched under atrophic stress like we anticipated from Malat-1 

ChIP-qPCR results, we decided to enhance RNA ligation by introducing two 

modifications to the protocol. First, we used mild fixation, sonication and decross-linking 

conditions, mimicking F-RIP conditions in (Long et al, 2020).  Mild cross-linking (01% FA 

for 10 min) should be sufficient in preserving distal interactions in additions to providing 

a better exposure of RNA ends to be ligated to RADICL-ChIP linker. While mild sonication 

with Branson® digital sonicator following these parameter (total of 90 sec, 10% 

amplitude for 0.7 sec ON & 1.3 sec OFF at 30-sec intervals) would reduce the risk of 

separating RNA fragment from linker during sonication step. Second, is performing of 

reverse transcription and second-strand synthesis outside the nucleus specifically post 

revers cross-linking step, as this will allow to solubilize chromatin-associated proteins 

occupying genomic DNA. presumably chromatin-binding proteins block the way of 

reverse transcriptase enzyme to perform cDNA synthesis which may result in 

synthesizing shorter RNA. We also introduced small adjustments into the protocol such 
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as including low concentrations of salts (200-250mM NaCl) into all in situ steps in order 

to preserve the nuclear integrity. Supplementing buffers and washes used in in situ 

steps was important to regulate osmotic pressure of environment surrounding the 

nuclei preventing nuclei from degradation. Figure 16 shows intact nuclei under control 

and atrophic conditions after adding 200-250mM NaCl salt to washes and buffers. Also, 

we had to lower SDS content down to 0.1%, as high SDS content might denature and 

disrupt downstream enzymatic reactions necessary in RADICL-ChIP protocol. Moreover, 

since cDNA synthesis was performed outside the nucleus, we added RNA inhibitor to all 

buffers from the first step of the protocol protecting RNA from degradation. A Brief of 

updated RADICL-ChIP steps is mentioned earlier in the result section. We performed 

updated RADICL-ChIP on C2C12 myotubes under control and atrophic stress conditions 

using antibodies for Suz12, H3K27me3 and IgG. After sonication step, we assessed 

fragments size using agarose gel-electrophoresis shown in figure 17. The size of 

sonicated fragment was within the expected range of 100-500 bp. ChIP-qPCR 

enrichment for both Suz12 binding sites and Malat-1 transcript under stress is a 

verification of optimized RADICL-ChIP pull-down is bound to Suz12 on the DNA and RNA 

parts respectively as shown in figure 18,19. Currently optimized RADICL-ChIP is still 

ongoing experiment, detailed protocol for optimized RADICL-ChIP will be generated 

once sequencing data are produced and analyzed. Based on mentioned results we are 

optimistic that upcoming results will address the issue of RNA ligation generating higher 

yield of trans interactions. 
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Method  

Cell Culture  

Model system used in this experiment is mouse skeletal muscle cell line (C2C12) 

proliferating Myoblast were cultured in Growth Media: Dulbecco’s Modified Eagle’s 

medium (DMEM) (4.5g/L D-glucose)/Glutamax) with 10% fetal bovine serum (FBS) and 

1% penicillin/streptomycin. 

Differentiation  

When C2C12 cells reached around 95% confluency, Media were changed to 

differentiation Media: DMEM supplemented with 2% horse serum and a 

penicillin/streptomycin supplement. To induce differentiation into myotubes. 

Oxidative Stress H2O2 Treatment  

To induce oxidative stress mimicking atrophy, at day three of myotubes differentiation 

were treated with 100 μM H2O2 for 24 hours. All experiment were conducted on C2C12 

myotubes at day 4 of differentiation 

Cross-linking (Fixation)  

Cross-linking was performed by adding 1% Formaldehyde (FA) as final concentration to 

cells for 10 minutes at room temperature (RT), then 125mM of Glycine was added for 5 

minutes to quench the FA. Then cells were scrapped off plate and collected into a new 

tube with the addition of 2 ml of cold PBS then centrifuged at 4°C for 5 min at 500 rcf. 
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After centrifuge cells were washed two times with cold PBS and Finally cell pellet was 

flash frozen in liquid nitrogen and stored at -80°C until used. 

Part I: Chromatin digestion  

Cross-linked myotube cell pellet containing around 16-20 million cells/mL was 

resuspended with 1 ml ice cold lysis buffer, kept on ice for 15 min, centrifuged at 2600 

xg for 3 min at room temperature (RT) then supernatant was discarded. This step was 

repeated once (two times total). After lysis, 100 μl of 0.5x DNase I digestion buffer 

containing 0.5 mM MnCl2 and 0.2% sodium dodecyl sulfate (SDS) was added then 

reaction was incubated at 37°C for 30 min. another 100 μl of 0.5x DNase I digestion 

buffer containing 0.5 mM MnCl2 and 2% Triton X-100 was added then reaction was 

incubated at 37°C for 10 min. To Partially digest chromatin, 2U of DNase I enzyme was 

added and incubated at RT for 4 min. 40 μl of 6x Stop buffer containing 125mM EDTA 

and 2.5% SDS was added to the mixture to stop digestion then sample was centrifuged 

for 1 min at RT, 2600 xg and supernatant was removed. Cell pellet was washed with 200 

μl nuclease-free H2O and supernatant was removed. 

Part II: End-repair, dA-tailing, RNase H treatment 

Cells were resuspended in 200 μl of end-repair mix containing 1 x T4 DNA ligase reaction 

buffer, 0.25 mM dNTPs mix, 0.075 U/ μl T4 DNA polymerase and 0.15 U/ μl Klenow 

fragment. Reaction was incubated at RT for 1 hour (hr). To stop reaction, 0.25% SDS was 

added then sample was centrifuged for 1 min, 2600 xg at RT and supernatant was 
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removed. Pellet was resuspended in 200 μl of dA-tailing mix containing 1 x NEBuffer, 0.5 

mM dATP, 1% Triton 100-X and 0.375 U/ μl klenow (exo-). Reaction was incubated at 

37°C for another hour. 0.122U of RNase H was added and the reaction was incubated at 

37°C for 30 min. 0.25% SDS was added to stop reaction, then sample was centrifuged for 

1 min, 2600 xg at RT and supernatant was removed. Cells were washed with 200 μl 

nuclease-free H2O, and supernatant was removed. 

Part III: RADICL-ChIP Linker RNA Ligation  

Pellet was resuspended in 80 μl of bridge adapter RNA ligation mix containing 1 x T4 

RNA ligase reaction buffer, 20 μM pre-adenylated biotinylated bridge adapter, 13.3 U/ 

μl T4 RNA ligase 2 truncated KQ and 1 U/ μl RNase inhibitor (superase/RNaseOut). 

Reaction was incubated at 20°C overnight to ligate RNA to bridge adapter. 

Part IV: DNA Proximity Ligation  

After overnight incubation of RNA ligation, reaction was stopped by adding 0.25% SDS, 

then sample was centrifuged for 1 min, 2600 xg at RT and supernatant was removed. 

Cells were washed with 200 μl nuclease-free H2O, and supernatant was removed. Cell 

pellet was resuspended in 500 μl of proximity ligation mix containing 1 x T4 DNA ligase 

reaction buffer and 4 U/ μl T4 DNA ligase, reaction was incubated at RT for 4 hr. 

Part V: Revers Transcription and Second-Strand Synthesis  

For first strand synthesis, cells were pelleted for 1 min, 2600 xg at RT and supernatant 

was removed, pellet were resuspended in 200 μl nuclease-free H2O then centrifuged, 
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supernatant was removed. Cells were resuspended in 80 μl first strand mix containing 1 

x first Strand Buffer, 0.5 mM dNTPs mix, 1 U/ μl RNase inhibitor (RNAseOut, Superase) 

and 20 U/ μl Superscript III reverse transcriptase. Reaction was incubated at 50°C for 1 

hr shaking 800rpm. For second strand synthesis, cells were pelleted for 1min, 2600 xg at 

RT and supernatant was removed then pellet were resuspended in 200 μl nuclease-free 

H2O and, supernatant was removed. Cells were resuspended in 200 μl cDNA buffer 

(10mM tris-Hcl phb7.6, 1M KCl, 50mM (NH4)2SO4 ) then the following reagent were 

added 5 mM DTT, 10 mM Mgcl2, 1 U/ μl RNase inhibitor (RNAseOut, Superase), 1 mM 

dNTPs, 100 U/ μl E.coli DNA Polymerase and 5 U/ μl RNase H. Reaction was incubated at 

16°C for 2 hr, then Cells were pelleted for 1min, 2600 xg at RT and supernatant was 

removed. 

Part VI: Chromatin Shearing and Immunoprecipitation (IP) 

Pellet was resuspended in 1ml cold Lb3 buffer (10 mM Tris-Hcl  ph 8, 100 mM NaCl, 1 

mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine and 1 x 

Proteinase inhibitor cocktail)  and incubated at 4°C overnight on a rotating wheel. After 

overnight incubation samples were sheared using Branson® sonicator with the following 

parameters: 5 cycles of 2 min at 20% amplitude, 50% duty cycle. After sonication, 200 μl 

of 10% triton X-100 was added to sonicated samples then centrifuged for 10 min, 20.000 

xg at 4°C , and supernatant was transferred to new tube. Chromatin concentration was 

measured with nanodrop. Set up for IP with 100 μg of chromatin in 600 μl LB3 buffer 

with 1-5 μg of antibody (SUZ12 monoclonal antibody) mixture was incubated at 4°C 
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overnight on a rotating wheel. An input sample without antibody (only containing 

chromatin in LB3) was taken ~ 60 μl and was reverse cross-linked overnight at 65°C after 

adding 0.2 μg proteinase K and 0.2 μg RNase A. 

Part VII: Immunocomplex Recovery, Washes, Elution and Reverse Cross-linking 

Dynabeads™ Protein G magnetic beads were used to for IP recovery.50 μl of magnetic 

beads were added to a new Eppendorf tube and 1 ml of freshly prepared BSA was added 

to the beads. Tubes were placed on a magnetic rack and supernatant was removed. 

Beads were resuspended in 1 ml BSA and tubes were placed on a magnetic rack and 

supernatant was removed. This washing step was repeated once (two time total). Then 

beads were resuspended in 50 μl of BSA and IP was added, and the mixture was 

incubated at 4°C on a rotating wheel for 2 hr. Next washes steps should be performed in 

cold room (4°C) . After two-hour incubation, Tubes were placed on magnetic rack and 

supernatant was removed. Off magnetic rack beads were resuspended in 1 ml of cold 

low salt wash buffer (0.1% SDS, 2 mM EDTA, 1% Triton X-100, 20 mM Tris-Hcl,ph8, 150 

mM NaCl) and were incubated on a rotating wheel at 4°C for 5 min. then tubes were 

place on magnetic rack and supernatant was removed. Off magnetic rack beads were 

resuspended in 1 ml of cold high salt wash buffer (0.1% SDS, 2 mM EDTA, 1% Triton X-

100, 20 mM Tris-Hcl,ph8, 500 mM NaCl) and were incubated on a rotating wheel at 4°C 

for 5 min. then tubes were place on magnetic rack and supernatant was removed. (low 

and high salt washes were repeated once) total of two times. 1 ml of 1 X TE buffer 

containing 50 mM NaCl was added to tubes off magnetic rack. Then tubes were placed 
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on magnetic rac and supernatant was removed. To further remove all TE buffer sample 

was centrifuged at 4°C, 9600 xg for 3 min then placed on magnetic rack and supernatant 

was removed. To elute IP from beads, a volume of 210 μl of elution buffer (50 mM Tris-

Hcl-ph8, 10 mM EDTA and 1% SDS) was added to beads and incubated at 65°C for 15 

min with shaking every 2 min. Beads were centrifuged at RT, 16.000 xg for 1 min. tubes 

were placed on magnetic rack and supernatant containing the eluted IP was transferred 

into new tubes. To revers cross-link, 0.2 μg proteinase K and 0.2 μg RNase A was added 

and incubated overnight at 65°C.  

Part VIII: DNA Purification (Phenol-chloroform)  

1 volume of chloroform isoamyl alcohol was added to the immunoprecipitated 

materials, vortexed for 2 min and spin at RT for 10 min 13000 rpm. And then the 

aquaous layer was removed then the following was added: 2.5 voulme of ice cold 100% 

ethanol, 1/10 volume of sodium acetate 3M and 1 μl of glycoblue. The mixture was 

incubated at -80 freezer for 1-2 hrs. Then samples were centrifuge for 5 minutes at 4°C, 

suprenatants was discarded and sample was washed twice with cold 70% ethanol. After 

the last wash pellet was let to dry and was resuspend in 20 μl of nuclease-free water 

and check the concentration with qubit. 

Part IX: Biotin Pull-Down & Library Preparation on Beads  

The expected yield of post-ChIP DNA can be anywhere from 15 ng to 20 ng 

depending on the cell number. 10 μl of Streptavidin C-1 beads (Thermo 

Fisher) were washed with Tween Wash Buffer (5 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1 M 
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NaCl, 0.05% Tween-20) then resuspended in 10 μL of 2× biotin binding buffer (10 mM 

Tris-HCl pH 7.5, 1 mM EDTA, 2 M NaCl). Beads were added to the samples ( samples 

volume is 10 μl) and incubated at RT for 15 min with shaking. After capture, beads were 

washed by placing on a magnet, and supernatant was discarded. Samples were washed 

twice by adding 200 μl of Tween Wash Buffer and incubated at 55 °C for 2 min with 

shaking. Samples were then washed in200 μl of 1× No Tween  Buffer ( 10mM Tris-HCL , 

0.5mM EDTA , 1M NaCl). After washes, beads were resuspended in 25 μl of water and 

placed on magenetic stand and supernatant removed and then the beads were 

resuspended in 10 μl of library preparation mix from Microplex library preparation kit 

(from Diagenode) and following the manufaturer protol for the library preparation until 

the amplification step (PCR step) , and then the beads were placed on magnetics stand 

and thee supernatan which contain the libraries product were transferred into a new 

PCR tubes , and cleaned using 45 μl of ampure XP beads and 80% ethanol and eluted in 

20 μl of water. The eluted libraries are then checked with qubit and Bioanalyzer. 

Part X: Mi-Seq Data Analysis 

Fastq files were processed as in Bonetti et al. (2020), with the only exception of the 

TagDust step that required a different command because of the different linker 

structure. 

• Forward structure: 
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tagdust my_file.fastq   -1 R:N -2 S:CTGCTGTG -3 F:NNNNN -4 

S:TAGGTCCGACGGTCCAAGTCAGCAG -5 R:N -t 32 -o out1  

• Reverse Structure: 

tagdust out1_un_READ1.fq -1 R:N -2 S:CTGCTGACTTGGACCGTCGGACCTA -3 F:NNNNN -4 

S:CACAGCAG -5 R:N -t 32 -o out2  

DNA and RNA reads were then aligned on mm10 mouse reference genome and then 

annotated as in (Bonetti et al., 2020)using the pipelines available on github 

(https://github.com/fagostini/RADICL_analysis). Suz12 ChIP peaks were called with 

MACS2 using Suz12 data from (Bodega et al., 2017) and were intersected using Bedtools 

with RADICL-ChIP DNA-reads. 

 

 

 

 

 

 

 

https://github.com/fagostini/RADICL_analysis
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Future Work 

ncRNA is an essential player in chromatin-mediated epigenetic regulation. In order to 

understand the potential roles and mechanisms of ncRNAs, it is crucial to identify their 

binding sites on the scale of the whole genome. Emerging technologies have been 

developed to map genome-wide RNA via proximity ligation, however, low abundant 

RNAs require deep sequencing which subsequently increases the cost. In Addition, the 

field of RNA mapping lacks a mapping approach dedicated to capture RNAs associated 

with chromatin regulatory factors. We are ambitious to develop a tool to understand 

the complexity of nuclear regulatory molecules in term of distribution, interactions and 

mechanisms related to many aspects of nuclear functions. RADICL-ChIP is an innovative 

solution aiming to retrieve information about ncRNAs and their binding sites in the 

three-dimensional nuclear space. Moreover, shedding light on the regulatory pathways 

of ncRNAs in a global context. Since ncRNA is essential for PRC2 functions weather to 

mediate its components assembly or inhibit its activity, it was suggested that ncRNA has 

a dual role regarding its interaction with PRC2. We applied RADICL-ChIP using the 

dynamics of PcG PRC2-Ezh1 upon oxidative stress to comprehensively map RNAs against 

the whole genome and RNA-chromatin interactions captured were mediated by Suz12. 

We believe RADICL-ChIP will provide informative high-quality maps of global RNA 

interacting with PRC2, aiding to understand the complexity ncRNA-PRC2 binding in 

various contexts. Moreover, RADICL-ChIP can be applied to capture RNA-DNA 

interactions mediated by other chromatin-binding proteins such as CTCF, SUV39H1 and 

many other chromatin-associated factors linked to 3D genome organization. Although, 
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RADICL-ChIP is still under optimization, we are optimistic about the value that RADICL-

ChIP approach brings in advancing the state of the art of RNA mapping field. 
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