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ABSTRACT 

Identification of MALAT1 as a PRC2-Ezh1 Associated lncRNA 
Essential for Epigenetic Control of Skeletal Muscle Adaptation and 

Plasticity 
 

Nadine Hosny El Said 
 
 

Polycomb Proteins (PcG) are chromatin proteins that control the maintenance 

of “transcriptional memory” and cell identity by fixing the repressed state of 

developmentally regulated genes. This function has been linked to interaction with 

RNA moieties, in particular long non-coding RNAs (lncRNAs). However, specificity 

of PcG-RNA interactions has been controversial (Beltran et al., 2016; Chen 

Davidovich, Leon Zheng, Karen J. Goodrich, & Thomas R. Cech, 2013). In this 

study we took advantage of recent work published from our lab reporting about a 

novel and reversible mechanism regulating genome wide Ezh1-PRC2 activation in 

mouse skeletal muscle cells in response to atrophic stress (Bodega et al., 2017). 

Using this physiological, in vivo tool we could identify a functional dynamic 

crosstalk between Malat1 (Metastasis Associated Lung Adenocarcinoma 

Transcript 1) and PRC2-Ezh1 complex. By combining immuno-fluorescence, 

biochemistry, epigenomics, ChIRP, DNA and RNA immunoprecipitation we 

identified a novel pathway in which Malat1 plays a role in compartmentalization, 

assembly and activity of PRC2 in chromatin, allowing epigenetic plastic response 

to atrophic stress and recovery. We conclude that Malat1 is an essential partner 

for PRC2-Ezh1 adaptive function in skeletal muscle cells. 
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1. CHAPTER1: INTRODUCTION 

1.1. The Epigenome  

  A central question in the biology of multicellular organisms is how, given the 

same genome, it happens that each cell lineage expresses only part of it to 

acquire specific function and adapt also to naturally changing environmental 

conditions. This phenomenon sets the basis of epigenetics, the discipline 

investigating how changes in gene expression are regulated by diversification 

of the biochemical and spatial organization of the genetic material inside the 

nucleus and how this translates into phenotype variations in the absence of 

changes in DNA sequence. 

Moreover, the epigenome confers also plastic properties to the cell that 

allows modulation of gene expression in response to the naturally changing 

environmental conditions, including diet, exercise and stress response 

 



19 
 

 

Figure 1 Organization of Genetic Information into Chromatin. 

 

Epigenome structure comprises the diverse chemical modifications 

including DNA methylation, histone proteins, association with non-coding RNA 

(ncRNA) and the differential spatial organization of chromosomal domains and 

nuclear compartments (Figure 1). Each alone or a combination of them may be 

diagnostic of the functional state, active or repressed, of the underlying genomic 

region (Bonasio, Tu, & Reinberg, 2010; Roundtree, Evans, Pan, & He, 2017; Van 

Bortle & Corces, 2012). 

In mammals, DNA methylation occurs in particular on stretches of cytosines 

(CpG dinucleotides) or “CpG islands”, localized normally in proximity of promoter 

regions. Differential states of DNA methylation may facilitate or repel transcription 

factors and chromatin regulator from binding and thus favoring recruitment or 

exclusion of functions that promote gene silencing or activation (Deaton & Bird, 

2011). DNA inside the nucleus is not free but wrapped with a regular spacing of 
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146bp around a conserved set of proteins, the histones (H2A, H2B, H3 and H4), 

forming the nucleosome (Jenuwein & Allis, 2001; Luger, Mader, Richmond, 

Sargent, & Richmond, 1997) (Figure 1). The Packaging of DNA around the histone 

core proteins forms the chromatin structure. The chromatin may be condensed 

“closed” where this state is associated with transcriptional repression. On the other 

hand, the chromatin can be “open” Which allows transcriptional proteins to access 

the DNA and is associated with transcriptional activation and subsequent RNA 

synthesis. 

These Regulatory processes are largely controlled by post-translational 

modifications (PTMs) of the core histone proteins. Where the amino acids at the 

N-terminal tails of the histones are a target to the PTMs. Histone proteins are 

targets of many chemical modifications including, but not limited to, methylation, 

acetylation, phosphorylation and ubiquitinylation(Jenuwein & Allis, 2001) (Andrew 

J. Bannister & Kouzarides, 2011)(Figure 1). Thus, transcriptional responses are 

largely governed by histone PTMs and hence the protein machinery that adds, 

removes, or recognizes these PTMs on histones. The later are known namely as 

the writers, erasers, and readers and are fundamental players in understanding 

physiological responses in many cell types (Gillette & Hill, 2015).  

Enzymes that add PTMs to histones are considered “Writers” and are 

divided on the basis of the type of PTM they deposit on chromatin. Enzymes such 

as histone methyltransferases (HMT), histone acetyltransferases (HAT) are the 

“writers” that are known to deposit methyl an acetyl-groups respectively. Moreover, 

enzymes such as histone demethylases (HDMT) and histone deacetylases 

(HDAC) are the “erasers” that play a role in removing those marks (Gillette & Hill, 
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2015). HATs are enzymes that acetylate lysine amino acids of histone proteins. 

They do this by transferring the acetyl group for acetyl-CoA to the lysine forming ε-

N-acetyllysine. The acetyl mark is usually linked to activation of transcription. The 

acetyl mark can be erased by a number of erasers termed histone deacetylases 

(HDACs). Around 18 HDACs are known to date and are categorized into 4 main 

groups (Gillette & Hill, 2015). 

Histone modifications are recognized by proteins called “Readers”. Those 

proteins have to recognize one or a combination of PTMs on histones and 

accordingly modulate transcription. Under specific conditions, either an activating 

or a repressive role on genes is imposed by the histone modifications and their 

combinations (Table 1). 

It wasn’t until 1996 when general control of amino-acid synthesis 5 (GCN5) 

histone acetyltransferase (HAT) was identified in Tetrahymena thermophilia 

(Brownell et al., 1996) followed by identification of others HATs such as 

transcription factor IID (TFIID), TATA-binding protein associated factor subunit 250 

(TAFII250) and CREB binding protein p300/CBP-associated factor (pCAF) 

(Andrew J Bannister & Kouzarides, 1996; Mizzen et al., 1996; Parthun, Widom, & 

Gottschling, 1996).  

Histone Methyltransferases (HMTs) are a different type of writers for 

depositing the methyl group on histones. HMTs can be divided into two major 

groups: (1) protein lysine methyltransferases (PKMTs), These can be further 

divided into SET domains containing enzymes like Ezh1/2 and SUV39h1, and non-

SET domains containing enzymes like Disruptor of telomeric silencing 1-like 

(DOT1L); and (2) protein arginine methyltransferase (PRMTs). 
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As part of the SET family of methyltransferases, SUV39h1 (mammalian 

homologs of the Drosophila suppressor of variegation 3–9) was the first identified 

HMT. Subsequently, several SET and non-SET domain containing proteins were 

identified as HMTs. Like histone acetylation, methylation may be encountered as 

mono, di or tri methyl groups on histones, however unlike acetylation depending 

on the context and extent of methylation. Histone methylation can be either linked 

to transcriptional repression or activation (Gillette & Hill, 2015).  

Typical repressive state marks include for instance trimethylation of Lysine 

27 and Lysine 9 of Histone H3 (H3K27me3 and H3K9me3) on the other hand 

whereas actively transcribed genes are characterized by acetylation of Lysine 27 

and trimethylation of Lysine 4 and 36 of histone H3 (H3K27ac, H3K4me3 and 

H3K36me3). Lysine-specific demethylase LSD1 discovered in 2004 as a Histone 

H3 lysine 4 de-methylase was the first amongst several demethylases that were 

identified later playing roles in transcriptional regulation. Including the Jumonji 

family of proteins JHMD1, JMJD3, and JMJD2D (Gillette & Hill, 2015). 

 Finally, incorporation of histone variants under special conditions adds 

another layer of complexity (Volle & Dalal, 2014). 
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Table 1 The Histone code unraveled (Adapted from (Grant, 2013; Konsta et al., 2014) 

 
  

Modification Target
Histone residue 

modified Effect Reversible

Acetylation lysine 

H3(K4,9,14,18,23,27,36,
56)
H4 (k5,8,12,16,19),
H2A(K5,9)
H2B(K5,6,7,12,16,17,20,
120) removes positive charges and reduces histone DNA interaction yes

Methylation

lysine H3(K9,K27 and H4(K20)

removes positive charges and reduces DNA-histone interaction yesarginine

H3 (R2,17,26) and
H4(R3)
H3(R8)

Phosphorylation

serine
H3 (S10,28) and H4 
(S1,47)

adds negative charges that can alter chromatin structure and accessibility yes
tyrosine H3(T3,11,45)
threonine H2A(S1)

Ubiquitinylation lysine 
H2A(K119) and 
H2B(K120)

suppress gene epression, possible targeting of histone to proteosome for 
degradation yes

Sumoylated lysine lysine H4(?)
suppress gene epression, possible targeting of histone to proteosome for 
degradation yes

ADP ribosylation
glutamate 
arginine

mono-, polyribosylation restricts access, possible role in chromatin 
stabilization (DNA repair) yes

Deimination, 
Citrrulination

arginine
methylated arginine removes positive charges and reduces DNA-histone interacttion no

Protein conjugation lysine
covalent attachment of molecules to proteins and protein-protein 
crosslinking no
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1.2. Role of chromatin modifiers in development and cell 

differentiation 

Cell fate is determined by a combination of mechanisms one of which Is 

epigenetic regulation of gene expression. One of the most prominent epigenetic 

regulatory systems are the evolutionarily conserved Polycomb group (PcG) and 

Trithorax group (TrxG) proteins. They are known to orchestrate gene expression 

during early development by contributing to the fixation of transcription factor driven 

differentiation processes. The first PcG gene the Polycomb (Pc) was discovered in 

the fruit-fly Drosophila melanogaster over 70 years ago by Pamela Lewis (E. Lewis 

& Mislove, 1947). Polycomb mutations affect the segment specific expression of 

the Homeotic (Hox) genes resulting in the transformation of embryonic anterior 

segments of the fly into more posterior ones (E. B. Lewis, 1978). Since the PcG 

mutations were resulting in ectopic expression of Hox Genes , they were classified 

as repressors (Chiara Lanzuolo & Orlando, 2012). Further genetic screens resulted 

in the identification of mutations that resulted in similar phenotypes and hence the 

definition of the Polycomb group (PcG) proteins (Ingham, 1983, 1985a, 1985b; 

Struhl & Akam, 1985) . A few years later the Trithorax Gene (TrxG) was also 

identified as a Hox gene regulator with an antagonistic phenotype to PcG. Where 

by antagonizing PcG proteins, a TrxG mutation causes transformation of 

embryonic segments into more anterior ones (Ingham, 1983, 1985b; Struhl & 

Akam, 1985), maintaining the active state of the gene preventing Hox gene mis-

expression. Subsequently, the Trithorax group (TrxG) of proteins was defined after 

the discovery of other additional genes whose mutations counteracts the 

phenotype of PcG mutation (Kennison & Tamkun, 1988). 
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The hypothesis that PcG and TrxG proeteins act together as a cellular 

memory system was proposed after the observation that they are required for 

maintenance of Hox gene expression despite the disappearance of their initial 

transcriptional regulators from the embryo (Ingham, 1985a; Paro, 1990). Extensive 

research afterwards has linked PcG and TrxG members to many other biological 

processes such as proliferation, senescence, somatic cell differentiation and  

tumor onset and progression, revealing the PcG and TrxG as more than Hox gene 

expression epigenetic gatekeepers (Djabali et al., 1992; Jacobs, Kieboom, Marino, 

DePinho, & van Lohuizen, 1999; van Lohuizen, Frasch, Wientjens, & Berns, 1991). 

A variety of PcG and TrxG complexes modify chromatin at their target genes 

through chromatin remodeling or histone modifications as they assemble in a 

developmental stage and cell specific manner and their complexity increases with 

evolution (Marasca, Bodega, & Orlando, 2018). 

 Drosophila PcG and TrxG are recognized by Polycomb response elements 

(PREs) and Trithorax response elements (TREs) respectively. In mammals 

hypomethylated CpG islands drive the recruitment of PcG and TrxG complexes as 

they represent the PRE-like sequences. In all cases  both PcG and trxG bind 

promoters and  exert their ultimate function by either blocking or supporting RNA 

Pol II function (Breiling, Turner, Bianchi, & Orlando, 2001; Dellino et al., 2004; 

Orlando, 2003). 
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1.3. Polycomb Proteins are key epigenetic regulators of 

gene expression  

Polycomb group of proteins comprise two major Polycomb Repressive 

Complexes (PRC): PRC1 and PRC2.  

1.3.1. Polycomb Repressive Complex 1 (PRC1) 

Polycomb Repressive Complex 1 are chromatin modifiers that have 

histone H2A E3 ligase activity to monoubiquitylate histone H2A. There are 2 main 

forms of PRC1: the canonical PRC1, that compresses chromatin and the non-

canonical PRC1 that confers the DNA binding activity (Vidal & Starowicz, 2017). 

The canonical PRC1 of Drosophila has many mammalian homologs resulting in up 

to 6 different non canonical PRC1 complexes. Ubiquitin-ligase enzymatic subunit 

(RING) has 2 isoforms (RING1-2), Ph has 3 homologues Polyhomeotic-like protein 

(PHC1-3), the chromodomain Polycomb (Pc) has 5 known homologues 

(CBX2,4,6,7,8), the 2 PSc homologues (BMI1 and MEL18) also named PCGF4-2, 

4 homologues of Polycomb group RING finger proteins (PCGFs 1,3,5,6) and lastly 

3 homologs of Scm SCMH1/L1/L2 (Chiara Lanzuolo & Orlando, 2012; Marasca et 

al., 2018; Schuettengruber, Bourbon, Di Croce, & Cavalli, 2017; Schwartz & 

Pirrotta, 2013).  

The presence of PRC1 at both active and repressed sets can be attributed to 

the fact that the diverse forms of PRC1 bind to chromatin in different combinations 

(Gil & O'Loghlen, 2014; Marasca et al., 2018). This explains the complexity of the 

phenotypes encountered by PRC1 gain or loss of function studies. PRC1 

corresponding target genes vary largely between pluripotent ESCs and 

differentiated cells, suggesting the that different complexes serve different 
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functional properties to adapt in response to environmental changes (Klauke et al., 

2013; Morey et al., 2015). 

1.3.2. Polycomb Repressive Complex 2 (PRC2): 

In Drosophila PRC2 is composed of 4 core subunits: Enhancer of zeste 

(E(z)),which specifically trimetheylates histone H3 lysine 27 H3K27 responsible for 

the histone methyltransferase activity (HMT);Extra sex combs (Esc) that binds  the 

H3K27me3 through its aromatic cage (R. Margueron et al., 2008), Suppressor of 

zeste 12 (Su(z)12), and the nucleosome remodeling factor Nurf (Schuettengruber 

et al., 2017).  

In mammals, E(z) is present in two isoforms: Ezh1 and Ezh2. Ezh1 and 

Ezh2 are developmentally regulated and alternate in the PRC2 complexes during 

differentiation. Drosophila and mammalian cells contain the 4 main components of 

the PRC2 complex in stoichiometric levels (Marasca et al., 2018). Additionally, in 

mammals, engagement of additional subunits resulted in complex diversification of 

PRC2. The different complex subunits finely modulate PRC2 chromatin 

recruitment and/or the enzymatic activity. These facultative subunits are present in 

sub-stoichiometric proportions and differ from a cell type to another (Hauri et al., 

2016; Holoch & Margueron, 2017).  

Mammalian PRC2 is comprised of 3 main core subunits: the SUppressor of 

Zeste (Suz12), the Embryonic Ectoderm Development protein (Eed), and the 

Enhancer of Zeste Homolog (Ezh1/2)  (A. Kuzmichev, K. Nishioka, H. Erdjument-

Bromage, P. Tempst, & D. Reinberg, 2002) (Figure 2). In mammals there are two 

Ezh gene loci (Laible et al., 1997).  Ezh2 is predominant in undifferentiated/ mitotic 

cells wheras Ezh1 substitutes Ezh2 in post mitotic cells (Shen et al., 2008) (Figure 
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2). Additionally, Eed is present in four different and developmentally regulated 

isoforms that are produced from a single mRNA with  four distinct in frame 

translation start sites (TSSs) (Montgomery, Yee, Montgomery, & Magnuson, 

2007).  

 

Figure 2 The Polycomb Repressive Complex 2 (PRC2) in proliferative vs post-mitotic cells. (Adapted from Margueron 
& Reinberg, Nature 2011) 

Moreover, PRC2.1 and PRC2.2 are two alternative complexes of PRC2 

present in human cells (Holoch & Margueron, 2017) where in addition to the core 

PRC2 subunits, PRC2.1 is distinguished by the presence of one of the three 

Polycomb-like homologs (PCLs). On the other hand, PRC2.2 is defined by the 

presence of the mutually exclusive AEBP2 and JARID2 (Hauri et al., 2016). 

PRC2 tri-methylates the Lysine 27 of Histone H3 (H3K27me3), while PRC1 

follows and mono-ubiquitinilates lysine 119 of Histone H2A. This leads to 

compaction of chromatin and subsequent silencing of HOX and other target genes.  

The presence of other proteins and/or lncRNA is believed to help in PRC2 

recruitment in a cell type- and developmental stage specific- manner. That is 

PRC2-Ezh2 PRC2-Ezh1

PRC2-Ezh2 PRC2-Ezh1

Proliferative cells Post-mitotic cells
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mainly because the DNA binding domain is completely missing in the PRC2 core 

components EZH2, EED, SUZ12, RBBP4/7) (Margueron & Reinberg, 2011). 

Several studies indicate that lncRNAs -and RNA moieties in general- contribute to 

PRC2 function by both recruiting or inhibiting its repressive activities. However, the 

specificity of these multiple interactions has been a reason for debate (Cifuentes-

Rojas, Hernandez, Sarma, & Lee, 2014; Chen Davidovich et al., 2013; Kretz & 

Meister, 2014). 

1.3.2.1. Mammalian PRC2 subunits  

Ezh2 is the main catalytic subunit of the PRC2 complex. Ezh2 possesses a 

SET domain. The SET domain is responsible for transferring the methyl group form 

the S-Adenosyl methionine donor to the lysine residues of the histone tails. It is 

essential for the histone 3 lysine 27 methylation, but it has been shown to methylate 

also Lysine 26 and lysine 9 of Histone H1 and H3 respectively (Kuzmichev, 

Jenuwein, Tempst, & Reinberg, 2004; A. Kuzmichev et al., 2002; Andrei 

Kuzmichev, Kenichi Nishioka, Hediye Erdjument-Bromage, Paul Tempst, & Danny 

Reinberg, 2002) 

Ezh2 is associated with the proliferative state of cells, whereas Ezh1 is 

characteristic of post mitotic tissues (R. Margueron et al., 2008; Shen et al., 2008; 

Stojic et al., 2011; J. Xu et al., 2015) (Figure 2). Both Ezh2 and Ezh1 exist in 

different isoforms (Bodega et al., 2017; Grzenda et al., 2013). In particular our lab 

reported that there exists a mechanism that acts upon the PRC2-Ezh1 complex in 

the cytoplasm of mammalian skeletal muscle cells. Where upon mimicking muscle 

disuse atrophy through induction of oxidative stress, it has been described that 

there are two Ezh1 isoforms. The canonical isoform (Ezh1α) which exists in the 

nucleus and a shorter novel isoform having no SET domain (Ezh1β) that is 
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cytoplasmic (Figure 3). The later has strong affinity for Eed; gets ubiquitinylated 

and degraded upon induction of atrophic oxidative stress. This discovery showed 

the presence of Polycomb proteins extra-nuclear as well as proved the concept of 

cell memory and skeletal muscle cells adaptation to oxidative stress as an 

“environmental sensor”. Where Polycomb- Ezh1β reduces the repressive response 

by sequestering Eed in the cytoplasm. An important feature of this system is its 

reversibility upon recovery of the skeletal muscles, showing the role of PcG in cell 

memory plasticity. 

Ezh2 and Ezh1 are homologs encoded from different loci. They are identical 

in 65% of their amino acid sequences, and they form 2 different PRC2 complexes: 

the PRC2-Ezh1 and PRC2-Ezh2. In embryonic stem cells they colocalize at 

promoters of the same set of target genes. Compared to Ezh2, PRC2-Ezh1 has 

weak HMTase activity (R. Margueron et al., 2008), however it can still bind to and 

compact chromatin in vitro (Raphael Margueron et al., 2008; Simon & Kingston, 

2009; Son, Shen, Margueron, & Reinberg, 2013b). Notably, in blood stem cell 

specification there is a switch from the canonical to a non-canonical function of 

PRC2. EZH1 together with SUZ12 form a non-canonical PRC2 complex that lacks 

Eed. This non canonical Complex positively regulate gene expression by 

occupying active chromatin(J. Xu et al., 2015). Ezh1 was later found to associate 

with the active epigenetic Histone mark H3K4me3 colocalizing with RNA pol II; a 

mechanism that promotes mRNA production (Mousavi, Zare, Wang, & Sartorelli, 

2012).  
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Figure 3 Ezh1 isoforms (adapted from (Bodega et al., 2017)). A graphical representation Showing the different domains 
of the Ezh1 core subunit of PRC2 and the differences between the Ezh1 isoforms. 

Another main subunit of PRC2 is Eed. Eed is a main influencer of PRC2 

specificity and is a central player in PRC2 function (C. Xu et al., 2010). This pertains 

to its existence in 4 different isoforms allowing its differential binding to different 

histone marks (Kuzmichev et al., 2004; C. Xu et al., 2010). Eed binds to Ezh2 

through its WD40 motif and can also interact with H3K27me3 (Denisenko, 

Shnyreva, Suzuki, & Bomsztyk, 1998; Margueron et al., 2009). Moreover, the 

WD40 domain of Eed is a histone methyl lysine binding motif that specifically 

recognizes the Ala-Arg-Lys-Ser (ARKS) motif of H3K27, H3K9, H1K26 peptides. 

Studies have shown the enhancement of PRC2 repressive function by the binding 

to the H3K27me3 through Eed (C. Xu et al., 2010). Eed has been also proposed 

to play a role as an “epigenetic exchange factor” that binds H3K27me3, enhancing 

the PRC2 mediated H3K27me3, thus orchestrating the sequential binding of PRC2 

followed by PRC1 (Q. Cao et al., 2014). 

In 2017 a study aimed to identify residues essential for the RNA interaction 

to PRC2 core subunits using hydrogen deuterium exchange mass spectrometry 

(HDX-MS) was carried out in Homo sapiens and Chaetomium thermophilum. Ezh2 

and Eed were identified as proteins having RNA binding residues that are spread 

out along their surfaces. Interestingly, it was found out that cancer patients carry 
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missense mutations of these essential residues (for example the mutations R34L 

and K39E that were both identified in lung adenocarcinoma patients), 

hypothesizing that some RNA-Protein interactions might be non-canonical and 

don’t require a known RNA binding motif (Long, Bolanos, et al., 2017). 

There are several other proteins that contribute to the PRC2 function but in 

sub-stoichiometric levels. These include: RbAp46 and RbAp48 histone 

chaperones (also known as NURF55), AEBP2 and Jumonji  ARID domain 

containing protein 2  (JARID2), and Polycomb-Like proteins (PCLs) (Margueron & 

Reinberg, 2011). 

The histone chaperones RbAp46 and RbAp48 play an important role in 

recruitment of chromatin remodeling complexes onto the chromatin (Loyola & 

Almouzni, 2004). The Polycomb Like proteins are present in mammals as 3 

orthologs: PCL1 (PHF1), PCL2 (MTF2), and PCL3 (PHF19) all have the same 

domains: a Tudor domain, two plant homeo-domain (PHD) finger domains, a PCL 

extended domain and a carboxy-terminal domain tail (Margueron & Reinberg, 

2011). The PRC2 mediated conversion of H3K27me2 to H3K27me3 is stimulated 

by PCL1, making it an essential subunit in gene repression mediated by PcG 

(Nekrasov et al., 2007; Sarma, Margueron, Ivanov, Pirrotta, & Reinberg, 2008). 

PCL2 plays a role in the PRC2 recruitment in ESCs (Embryonic Stem Cells ) and 

Xi (X inactivation) (Casanova et al., 2011). Finally, PCL3 fosters the PRC2 binding 

at a certain set of PRC2 target genes of ESCs (Hunkapiller et al., 2012). 

JARID2 is a member of the Jumonji family of proteins. The Jumonji family of 

proteins is known for their histone demethylase activity. However, JARID2 lacks 

any enzymatic activity. The ARID domain is conserved in the C terminal of JARID2. 
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ARID is a putative DNA binding domain. The JmjC, JmjN, and zinc finger domains 

are also conserved at the C terminal region. JARID2 is of importance in PRC2 

recruitment to chromatin and is able to bind both DNA and RNA, thus regulating 

PRC2 activity (Kaneko, Bonasio, et al., 2014; G. Li et al., 2010; Pasini et al., 2010). 

Very recently, JARID2 was found to be methylated by PRC2, which in turn 

promoted the PRC2 activity and H3K27me3 deposition during ESCs differentiation 

(Sanulli et al., 2015). 

1.3.3. Mechanisms of gene repression: 

The function of the PcG is best described as a modifier of histone tails, though 

the mechanism of modification remains unclear (Simon & Kingston, 2013). 

Additionally, PcG proteins are mediators of chromatin compaction, which results in 

reduced accessibility of Transcription Factors (TF), and inhibition of RNA Pol II 

machinery.  

1.3.3.1. Histone modification 

PRC2 mainly targets H3K27. In ESCs of the mouse, H3K27 is found in 

different methylated forms: H3K27 mono, di and trimethylation. Whereas 

H3K27me3 represents about 7% and H3K27me1 represents 1%, H3K27me2 

represents the majority (50% to 70%) (Jung, Pasini, Helin, & Jensen, 2010; Peters 

et al., 2003). H3K27me1 is found in constitutive heterochromatin as well as in 

actively transcribed chromatin, however its role remains unclear (Ferrari et al., 

2014; Peters et al., 2003). Moreover, H3K27me2 serves as a protective 

mechanism from H3K27 acetylation, preventing cells from activating non-cell-type-

specific enhancers (Ferrari et al., 2014).  
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H3K27me3 was initially described in Drosophila melanogaster as a 

repressive mark that colocalizes with narrow regions of PRC2 binding. It was 

thought initially to provide a docking site recognized by Polycomb (PC) subunit, or 

its mammalian homologue CBX of PRC1 complex on chromatin (R. Cao et al., 

2002). However, studies showed that PRC1 can independently get recruited to 

chromatin (Gao et al., 2012). There are also several evidences of 

PRC2/H3K27me3 impeding RNA Pol II binding and transcriptional elongation. This 

occurs indirectly by sterical inhibition of proteins binding to chromatin (Margueron 

& Reinberg, 2011; Simon & Kingston, 2013). However, formal proof that the 

H3K27me3 mark is necessary and sufficient for PcG function was demonstrated 

by an elegant study performed by J. Mueller and co-workers who showed that H3 

mutants in Lysine 27 faithfully reproduced the classic Polycomb phenotype 

(Pengelly, Copur, Jackle, Herzig, & Muller, 2013). 

Both, PRC2 and PRC1 interact with other chromatin modifying enzymes, 

histone demethylases, deacetylases and DNA methyltransferases towards a 

coordinated repressive state of the chromatin landscape. 

1.3.3.2. Chromatin compaction  

PRC1 may contribute to gene silencing through compaction of the 

chromatin. PRC1 was first detected in vitro to compact nucleosome of a chromatin 

template. However, SWI/SNF reomodellers couldn’t affect this compact 

organization formed except if PRC2 was added beforehand (King, Francis, & 

Kingston, 2002). FISH (Fluorescence In Situ Hybridization) experiments of PRC1 

repressed HOX cluster could elucidate the role of PRC1 in chromatin compaction 

(Eskeland et al., 2010). PRC1 affects compaction by bridging nucleosomes 

together through Psc of the Drosophila melanogaster or through the mammalian 
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CBX2 (Lau et al., 2017). Moreover, PRC2 itself can lead to chromatin compaction 

through H3K27 methylation rendering the chromatin compact and inaccessible  (R. 

Margueron et al., 2008) (Figure 4A). 

1.3.3.3. Inhibition of the acetyltransferases  

One way of favoring methylation by PcG is through blocking acetylation 

deposited by dCBP acetyltransferase at regulatory regions and hence favoring 

repression (Tie et al., 2016) (Figure 4B). 

1.3.3.4. Inhibition of the transcription machinery  

In 2012 it was revealed that recombinant PRC1 can inhibit activated RNA 

polymerase II pre-initiation complex (PIC) assembly. Where PRC1 blocks PIC 

leaving intact the TATA binding protein (TBP) and the Transcription factor II D 

(TFIID). Moreover, PRC1 and TFIID were proposed to co-occupy genes poised for 

activation during development (Eskeland et al., 2010; Lehmann et al., 2012).  

Indeed, PcG interact and don’t exclude TFIID and RNA Pol II at repressed 

promoters RNA pol II, while loss of PcG licences transcription (Breiling et al., 2001; 

Dellino et al., 2004; Orlando, 2003). 

1.3.3.5. Other non-histone proteins’ modifications  

GATA4 is a heart development regulator, that recruits p300 activator 

resulting in transcriptional activation of target genes. Ezh2-PRC2 directly 

methylates GATA4 in cardiac myocytes of mice at lysine K299. Subsequently 

inhibiting P300 GATA4 interaction, resulting in reduced p300 recruitment onto 

chromatin (He, Kong, Ma, & Pu, 2011; He et al., 2012). Thus, another mechanism 

of gene repression for PRC2 may be by indirectly inhibiting non histone proteins’ 

activity (Figure 4D). 
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1.3.3.6. Polycomb bodies and long-range interactions  

Distant PcG target loci may be brought together through looping of 

chromatin. This chromatin looping  coordinates gene expression by forming 

aggregated nuclear foci called Polycomb bodies (PcG bodies) Loops involve 

Polycomb Response Elements (PREs) with core promoters (C. Lanzuolo, Roure, 

Dekker, Bantignies, & Orlando, 2007). In the active state PREs and genes loop out 

of the PcG bodies and relocate to different nuclear compartments (Delest, Sexton, 

& Cavalli, 2012; C. Lanzuolo et al., 2007). Furthermore, PRC1 mediates long range 

interactions through its subunit Ph. Ph subunit locks genes in a repressed state 

with H3K27me3 by oligomerizing its SAM domain; forming subnuclear 

compartments enriched in PcG proteins (Wani et al., 2016) (Figure 4C). 



37 
 

        

Figure 4 PcG Proteins Mechanisms of repression. A) PRC1 induction of chromatin repression through chromatin 
compaction by mammalian CBX2 or Drosophila’s Pc/CBX through its chromodomain and Ph/PHC (via polymerization 
through its SAM domain) interfering with SWI/SNF chromatin remodeling or PolII recruitment. B) H3K27me3 may 
result in blocking acetylation through inhibition of acetyltransferase activity of CBP, thus favoring methylation. C) 
Chromatin looping interactions locks genes in a repressed state. Additionally, Oligomerization of SAM domain of 
Ph/PHC mediates long range interactions and repression between distal Polycomb domains. D) H3K27me2 exerts 
protective functions towards acetylation and inhibits activation of cis regulatory elements (CRRs) such as enhancers and 
promoters. 
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1.4. PcG role in Cell Memory and Responses to 

environmental cues  

The environmental conditions are fluctuating on a daily basis. The function of 

the epigenome is to adapt its transcriptional programs to the changes in the 

surrounding environment. The resulting phenotypic variations allow for storing the 

cell memory throughout life. Cellular memory and adaptation are very important for 

both maintaining epigenetic stability as well as promoting epigenetic plasticity 

(Kolybaba & Classen, 2014). 

1.4.1. PcG in cell signaling and adaptation 

Ser/Thr kinases impact the PcG function in cell cycle progression, 

tumorigenesis and cellular differentiation. They either phosphorylate PcG proteins 

directly such as the Ezh2 phosphorylation by the Cyclin-dependent kinase 1 

(CDK1) and 2 (CDK2) that leads to its degradation, and hence resulting in the 

global reduction of H3K27me3 levels, or directly by histone modification. (Kaneko 

et al., 2010; Kolybaba & Classen, 2014; Wei et al., 2011). Moreover, Akt kinase 

dependent phosphorylation can either phosphorylate Ezh2 or Bmi1 PcG proteins 

resulting in decreased H3K27me3 and increased tumor formation (Cha et al., 2005; 

Nacerddine et al., 2012). On the other hand, they can increase Ring1B recruitment 

to chromatin via phosphorylation of Mel18 (Elderkin et al., 2007). Other ser/Thr 

kinases like MSK2 regulate PRC2 function by mediating phosphorylation of H3S28 

resulting in a switch from H3K27me3 to H3K27ac and hence antagonizing the 

PRC2-Ezh2 function. However, this is not the case with PRC2-Ezh1 (Stojic et al., 

2011). On the contrary, a phosphorylation of H2BS36 deposited by mTORC-

activated S6K1 in the nucleus increases the H3K27me3 modification by Ezh2 

recruitment to anti-adipogenic genes, blocking a pathway involved in obesity 
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control (Um et al., 2015). Relatively, the previous studies emphasize the tight 

control between cell signaling and PcG function in adaptation and cellular memory.  

1.4.2. PcG Reaction to environmental cues 

The structural modulation of the epigenome is essential for tissue repair and 

cell survival. In Drosophila melanogaster for example, an important study 

highlighted the PcG levels’ modulation in response to injury as an adaptive 

mechanism for tissue regeneration (Lee, Maurange, Ringrose, & Paro, 2005). 

Moreover, in mammalian cells PcG protein localization is affected by several 

stresses like: serum starvation, hypoxia, and reactive oxygen species (ROS). For 

instance, oxidative stress induces the genome wide activation of PRC2-Ezh1 in 

skeletal muscle cells, by increased intra-nuclear levels of Eed, and a general 

increased H3K27me3 resulting in the silencing of several myogenic gene networks 

(Bodega et al., 2017). Conversely, ROS triggers the detachment of PcG from 

chromatin when MAPK (mitogen activated protein kinase) phosphorylates Bmi1 

(Kolybaba & Classen, 2014).  

Temperature fluctuations are also another stress that affects the PcG 

function through affecting architectural organization of the nuclear proteins. Heat 

shock in Drosophila causes PcG recruitment, subsequently increases H3K27me3 

levels resulting in reorganizational changes of architectural proteins. This 

altogether allows for the facile interaction between the enhancer and the promoter 

with PcG proteins (L. Li et al., 2015). 

1.4.3. PcG-RNA interaction in stress response 

PcG as RNA Binding Proteins (RBPs) involve RNA in stress response. 

Although the role lncRNA plays in PRC2 function remains controversial, the 
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lncRNA-PRC2 interaction for epigenetic regulation has been recognized (Kretz & 

Meister, 2014).  

For example, the lncRNA “Chaer” inhibits Ezh2 binding and repression at 

hypertrophic genes of the cardiac muscles upon cardiac hypertrophy caused by 

stress or hormonal stimulation (Z. Wang et al., 2016). Additionally, other lncRNAs 

like the metastasis-associated lung adenocarcinoma transcript 1(MALAT-1) 

lncRNA play a role in linking PcG to stress response. MALAT-1 is a well 

characterized lncRNA involved in the formation of speckles - a subnuclear 

compartment involved in the processing of RNA- and is known to be stress 

inducible. Recently MALAT1 has been designated to directly interact with PRC2-

Ezh2 and influence its oncogenic activity (Kim, Kim, Yang, Kim, & Yoon, 2017; 

Wang et al., 2015; X. Wang et al., 2016), setting a new paradigm linking stress 

induced regulation of polycomb function, lncRNA and cell adaptation.	 

 Nascent mRNAs also are engaged at promoters by Ezh2 and Suz12 subunits, 

blocking Pol II from functioning (Dellino et al., 2004; Kaneko, Son, Bonasio, Shen, 

& Reinberg, 2014). Moreover, B2 SINE retrotransposons RNAs interacts with Ezh2 

upon heat shock stress, triggering its degradation and the consequent timely 

activation of heat responsive genes (Zovoilis, Cifuentes-Rojas, Chu, Hernandez, & 

Lee, 2016).  

 

1.5. PRC2 recruitment 

Many of the lncRNA have been shown to concur with the recruitment of the 

Polycomb group (PcG) proteins to specific gene loci to aid in silencing of these 

genes. Specific DNA sequences known as the Polycomb Response Elements 

(PREs), together with PHO-RC DNA binding activity interact with Polycomb and 
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help their recruitment to chromatin in Drosophila melanogaster. However, it’s been 

known that mammals lack DNA binding domains in their PRC2 core complex 

components. Also, the PRC2 targets do not show any consensus in their DNA 

sequences. Thus, several other mechanisms might be potentially involved in the 

recruitment of PRC2 and their binding to their targets. These might include but are 

not limited to exhibiting a histone binding activity, other DNA binding subunits 

involvement, and/or the involvement of ncRNA to help the recruitment of the 

complex to their chromatin targets. These mechanisms explain how a universally 

expressed protein complex is highly specific and diverse in targeting genes in 

different types and developmental stages of the cells.  

1.5.1. Noncoding RNAs  

ncRNAs have emerged in recent years as major contributors in PRC2 

recruitment and regulation. ncRNAs have shown to interact with several of the 

PRC2 core subunits. Absence of ncRNA in general caused depletion of H3K27me3 

repressive mark and reduction of PRC2 binding. This initiated the hypothesis of 

ncRNA being essential for targeting and tethering PRC2 at certain loci, however, 

the mechanism remained elusive. It’s still an assumption whether ncRNA play a 

role via direct interaction or indirectly by facilitating the binding of PRC2 to another 

DNA binding protein (Brockdorff, 2013). 

In the following few pages I will be going through a brief introduction on the 

non-coding genome; characteristics, types and functions of ncRNA and how they 

have been suggested to play a role in PRC2 assembly and recruitment. 
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1.5.1.1. Non-coding RNA: the largest part of animal cells’ 

transcriptome 

The completion of the human genome sequencing project challenged the 

central dogma “one gene-one protein”. Indeed, that first data revealed that only 5% 

of the sequence was coding for proteins, whereas the rest was non-coding. 

Subsequently, the RNA sequencing project revealed that most of the output of the 

human (and mouse) genome was non coding RNA (Carninci et al., 2005). Thus 

the difference in complexity of developmental processes, cellular diversity and 

body plan organization appears to rely on combinatorial rather unique functions, 

promoted by the evolution of the non-coding regulatory sequences (Mattick, 2004). 

This gave rise to questioning the role the non-coding genome plays (Derrien et al., 

2012; Willingham & Gingeras, 2006). 

Moreover, approximately half of the mammalian genome is composed of 

repetitive sequences and pseudogenes, which for a long time have been 

considered as “Junk”. However, in the last decade, large-scale transcriptome 

analysis gradually revealed that nearly the entire genome produces RNA of various 

sizes (Carninci et al., 2005). Several functional studies in most biological systems 

recognized noncoding RNA (ncRNA) as key regulatory players in regulation of 

gene expression, chromosome organization and cell identity (Kung, Colognori, & 

Lee, 2013), and their mis-expression associated to a number of disease phenotype 

(M. Guttman et al., 2011; Kung et al., 2013). 

In recent years, advances in the field of transcriptomics have disclosed that 

these RNA sequences comprise a huge number of non-coding RNA far exceeding 

the coding ones (Hon et al., 2017; Pertea et al., 2018). Additionally,  the percentage 

of genome transcribed into ncRNA is increased with the complexity of the 
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organism; indicative of an essential role ncRNAs play as regulators of genome 

function (Mattick, 2004). 

Generally, ncRNAs are divided into 2 groups according to their length:  

1. Small ncRNA (sncRNA; of a length between 20 and 200 nucleotides long); 

these include miRNA (micro RNAs) that inhibit mRNA translation through 

mRNA degradation; siRNAs, which are involved in RNA interference; and 

piRNAs (piwi associated RNA) that play a role in transposons’ silencing 

(Kung et al., 2013). 

2. Long ncRNA (lncRNA; of a length between 200 and 100 kilo nucleotides 

long) show an extensive array of functions including but not restricted to 

regulation of transcription, translation and compartmentalization of proteins. 

Emerging solid evidence now shows also how lncRNAs play a significant 

role in regulation of gene expression through epigenetics (Peschansky & 

Wahlestedt, 2014). 

1.5.1.2. lncRNAs: General characteristics 

LncRNA might come from multiple origins relative to neighboring protein-coding 

genes. They might be, sense initiating in the same direction of the protein-coding 

gene, or antisense where they initiate inside the gene. However, they would 

transcribe in the opposite direction and overlap with exons. They might be intronic 

where they start inside an intron in any direction but stop before reaching any 

exons. They might be bidirectional where lncRNA transcripts start off at a promoter 

diverging in both directions. Intergenic lncRNAs or large intervening noncoding 

RNAs (lincRNAs) have separate transcriptional units usually 5 Kb away from 

protein coding genes (J. L. Rinn & Chang, 2012) (Figure 5). 
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Figure 5 lncRNA anatomical types. Adapted from (J. L. Rinn & Chang, 2012). 

lncRNA function as regulators of genes is also correlated to their genomic 

location whether to distant genes (trans) or neighboring genes (cis) (Kung et al., 

2013; J. L. Rinn & Chang, 2012). 

Moreover, while lncRNAs can be found in the various compartments of the 

cell: cytoplasmic, nuclear, nucleolar, paraspeckles, they are mostly enriched in the 

nucleus and in particular in chromatin (Derrien et al., 2012). The cellular 

localization of lncRNA says a lot about the role they play. For instance, nuclear 
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lncRNAs probably function in histone modification or directly regulate transcription. 

If a lncRNA is cytoplasmic, then the possibility that it contains a short open reading 

frame that is translated should be considered (Long, Wang, Youmans, & Cech, 

2017). 

Compared to protein coding genes, lncRNAs are less conserved across 

species, despite showing more conservation than intergenic regions and showing 

comparable conservation to protein-coding genes at the promoter level (Guttman 

et al., 2009). They also show less conservation at their secondary structure level 

(Ulitsky & Bartel, 2013).  

lncRNA exhibit more tissue specificity than protein coding genes. A great 

portion of the lncRNAs have shown to be multi-exonic; with approximately 25% of 

which having several isoforms due to alternative splicing (Cabili et al., 2011; 

Derrien et al., 2012; Guttman et al., 2010). Interestingly, lncRNAs show a wide 

range of stability with half-lives ranging from less than two hours to more than 16 

(Clark et al., 2012). Moreover, lncRNA trafficking is affected by both tissue 

specificity (Cabili et al., 2011) and subcellular localization. Unexpectedly, the vastly 

studied paraspeckle Neat1 lncRNA showed one of the shortest half-lives indicating 

the dynamicity of the nuclear compartment (Clark et al., 2012).   

1.5.1.3. mRNA vs lincRNA 

The autonomous transcription of lncRNA that do not overlap coding genes and 

are longer than 200 nucleotides where named long intergenic non coding RNAs 

(LincRNAs). They constitute more than half the known transcripts of lncRNA in 

humans (Ransohoff, Wei, & Khavari, 2017). They were first discovered using tiling 

arrays studies, where genomic sequences showed transcription from non-coding 
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genomic regions that were prevalent (Maeda et al., 2006; Ransohoff et al., 2017; 

John L. Rinn et al., 2003). The chromatin states of mouse cells supported the 

presence of active transcription in some of these predicted loci (Guttman et al., 

2009).  Even though lincRNA have been prominently illustrated from lncRNA in 

many studies, many studies still refer to these sets of transcripts jointly as 

“lncRNA”. However the fast pace of the lncRNA field is contributing to an evolution 

in the understanding of the non-coding RNA world (Ransohoff et al., 2017).  

Particular RNA motifs such as the secondary structure cloverleaf or the double 

stem loops may be essential in the interaction of ncRNA with Chromatin 

remodelers (e.g. Xist) or the maturation of the ncRNA (such as MALAT1 and 

NEAT1) respectively as detected by Computational predictions and enzymatic 

probing of lincRNAs (Novikova, Hennelly, & Sanbonmatsu, 2012). 

lincRNAs make up approximately 50% of the lncRNAs (13105 out of 27919 

lncRNA in human) as published by the FANTOM5 consortium (Hon et al., 2017). 

Relatively lncRNA transcripts have less exons than mRNA and are shorter. They 

are also expressed ten times less. lincRNAs are more localized to nuclear 

compartments as they exhibit higher stability as studied by Fluorescence In Situ 

Hybridization (FISH) and ribosome profiling. They are mostly enriched on 

chromatin. Additionally, LincRNAs exhibit unique features of splicing as well as 

influence the splicing of other RNAs. For example, MALAT1 lincRNA is known to 

bind the PSF splicing associated factor, mediating splicing of other genes and thus 

affecting tumor invasion and metastasis. Moreover, both lincRNA and mRNAs are 

considered either positive or negative regulators of either their own genes or other 

target genes by interacting and recruiting chromatin modifying complexes, thus 

modulating the epigenetic landscape. A number of lincRNAs are known to bind to 
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Ezh2 component of the Polycomb Repressive Complex 2 (PRC2) depositing the 

H3K27me3 repressive modification onto chromatin. While many lincRNA genes 

are enriched themselves at their transcription start sites by H3K4me3 or 

H3K236me along their gene body (Ransohoff et al., 2017). Although the specificity 

of those lincRNA is still debatable, they also can affect the chromatin structure both 

in cis or trans (Ransohoff et al., 2017). 

Last but not least, 78% of lincRNAs are tissue specific while only 19% of mRNA 

are. Alongside the possibility of those lincRNAs acting as e-lincRNAs representing 

enhancer activity while cell specificity is encountered (Hon et al., 2017). 

1.5.1.4. LncRNA and Regulation of Gene Expression 

As have been mentioned earlier, long non-coding RNA (lncRNA) can occupy 

different compartments of the cell, and this helps defining the function a particular 

lncRNA might be involved in. For example, if a lncRNA is nuclear it could possibly 

be involved in transcriptional regulation either directly or indirectly by histone 

modification or other chromatin interactions. 

lncRNA most commonly function as part of ribonucleoprotein (RNPs) 

complexes. Moreover Proteins are known to bind to lncRNA either specifically or 

promiscuously; taking for example the yeast proteins Pop1/Pop6/Pop7 -specific 

components of ribonuclease (RNase) P and RNase MRP that directly binds Yeast 

RNA telomerase (Lemieux et al., 2016). On the other hand the Polycomb 

repressive complex (PRC) have been and is still debated to be binding both 

promiscuously and specifically to RNA (Hendrickson, Kelley, Tenen, Bernstein, & 

Rinn, 2016, Davidovich, 2013 #63) 

In most of the cases where lncRNAs bind to Proteins, the ribonucleoprotein 

complex have shown to have a regulatory role on transcription where RNA 
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performs one of the following functions: Recruitment of the protein to a gene or 

sometimes an entire chromosome either in cis or in trans; Inhibition of binding of a 

transcription factor or a protein complex by either allosteric effects or acting as a 

decoy or simply by direct site obscuring; indirect activation or inhibition of nearby 

mRNA gene transcription by the lncRNA transcription itself giving an RNA product 

usually of no important function; last but not least affecting the genome 

organization bringing euchromatic or heterochromatic regions into close proximity 

leading to the spreading of the same posttranslational modification to neighboring 

chromatin (Long, Wang, et al., 2017). Polycomb group proteins particularly PRC2 

(Polycomb repressive complex 2) are affected by lncRNA in many of these RNA 

regulatory roles. 

1.5.1.5. Metastasis Associated Lung Adenocarcinoma Transcript 

1 (Malat1)  

In 2007 two long non-coding RNAs (lncRNA) Neat1 and Neat2 (Also Known as 

Malat1) where found out while screening 2 mammalian species genome-wide 

searching for nuclear transcripts of long non-coding RNA. Malat1 was amongst the 

3 highly abundant polyadenylated long non-coding RNAs that were highly 

conserved and present in the nucleus (Hutchinson et al., 2007). Malat1 has shown 

to be more conserved than even the well-studied lncRNA Xist is (Hutchinson et al., 

2007). The Role of Malat1 lncRNA together with PRC2 has only been recently the 

focus of many studies with debatable functions. Where together with NEAT1 it has 

been shown to be present on active promoters after a ChIP-seq showed similarity 

to RNA pol II  (Jason A. West et al.) Since it is also known to form the structural 

components of the nuclei known as nuclear Speckles,  it has also been shown to 

localize the PRC1 component Polycomb 2 (Pc2) from polycomb bodies to nuclear 
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Speckles (Yang et al., 2011). Not only this, Malat1 has also displayed interaction 

with PRC2 components in cancer. For instance, in lymphoma Malat1 directly 

interacts with Suz12 and Ezh2 resulting in increased H3K27me3 and subsequent 

activation of the BMI1 gene which is correlated with the repressive H3K27me3 

mark (Kim et al., 2017). Malat1 was very recently found to promote HIV-1 

transcription and infection through detaching the Ezh2 from the LTR promoters of 

HIV resulting in reduced H3K27me3 (Ma et al., 2019).  

1.5.1.6. Examples of lncRNA That Play a Role in PRC2 

Recruitment and Function 

In 2007 Rinn et al. described a 2.2 kilobases ncRNA: HOX transcript antisense 

RNA (HOTAIR), as the first ncRNA known to bind PRC2. HOTAIR transcribed from 

the human HOXC locus, recruits PRC2 to silence the HOXD locus in trans by 

binding to both Suz12 and Ezh2 proteins. This was the first study that established 

that ncRNA transcription delineate domains of gene silencing at a distance across 

40 kilobases (John L. Rinn et al., 2007). In 2010, it was discovered that HOTAIR 

5’ region contains a PRC2 binding site of 300 nt (Tsai et al., 2010). And in 2013- 

HOTAIR was found to have a minimal region of 89 nt necessary for binding to an 

Ezh2-Eed heterodimer in vitro (L. Wu, Murat, Matak-Vinkovic, Murrell, & 

Balasubramanian, 2013). 

ChIRP-seq (chromatin isolation by RNA purification and DNA sequencing) has 

shown that HOTAIR is mostly intergenic or intronic occupying more than 800 

genomic sites. It overlaps with PRC2 and H3K27me3 histone marks, and can also 

exist in absence of PRC2, hence might be one of the recruiting ncRNAs of PRC2 

to chromatin (Chu, Qu, Zhong, Artandi, & Chang, 2011). 
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Xist RNA, which coats the inactive X (Xi) to mediate X- chromosome 

inactivation by PRC2 recruitment, is comprised of several regions containing 

repeats. These regions were proved to either interact with PRC2 itself or with other 

co-factors to mediate its recruitment. For example: Ezh2 interacts with Repeat A 

of Xist (J. Zhao, B. K. Sun, J. A. Erwin, J. J. Song, & J. T. Lee, 2008), YY1 DNA 

binding factor interacts with Repeat C (Jeon & Lee, 2011), and JARID2 binds to 

repeats B and F (da†Rocha et al., 2014).  

Another lncRNA of interest is Fendrr. Fendrr interacts with PRC2 and is 

fundamental for lateral mesoderm development in mouse. Fendrr was thought to 

initiate the recruitment process of PRC2 when PRC2 binding was dropped greatly 

after loss of Fendrr at some target promoters (Grote et al., 2013). Fendrr was also 

indicated to interact with dsDNA sequences of the PRC2 target promoters of Foxf1 

and Pitx2 forming a triplex structure.  

NEAT1 and MALAT1 are 2 lncRNAs that are core structures of nuclear 

speckles and paraspeckles. MALAT1 has been disclosed to associate with PRC1 

particularly the CBX4 subunit. They both bind to discrete genomic loci and they 

both localize to chromatin. Furthermore, both have been shown to associate with 

active genes (J. A. West et al., 2014).  

PRC2 was thought to have more affinity for lncRNAs (more than 200nt RNAs) 

(Davidovich, Zheng, Goodrich, & Cech, 2013). However, a class of short RNAs 

were identified in CD4+ T cells and ES cells that are PRC2 binding. These were 

transcribed from the 5’ end of the PRC2 target genes. Very similar to the A repeat 

region of Xist they form stem-loop structures and mediate cis repression by directly 

interacting with Suz12 and Eed proteins of the PRC2 (Kanhere et al., 2010).  
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Interestingly, only Ezh2 and JARID2 possess an RNA binding domain 

(Kaneko, Bonasio, et al., 2014; Kaneko et al., 2010). Ezh2 was found to bind to 

intronic RNAs that might be regulating corresponding genes in cis (Guil et al., 

2012). Suz12 and Eed were studied by several EMSA experiments and are 

capable of binding RNA in vitro (Kanhere et al., 2010). The interaction between 

Ezh2 and RNAs is very promiscuous and thus sequence consensus or specificity 

is excluded as a reason (Chen Davidovich et al., 2013). And therefore, in this case 

the main reason behind the maintenance of PRC2 and RNA together might be 

electrostatic forces of attraction. Base stacking with aromatic amino acids is a good 

explanation behind these phenomena (Chen Davidovich et al., 2013).  

 In both humans and mice Hundreds of lncRNA can interact with PRC2 

(Khalil et al., 2009; J. Zhao et al., 2010). However they seem to not be acting in 

cis, as their origins don’t overlap with PcG binding loci (Khalil et al., 2009). Whether 

these lncRNAs are just binding promiscuously or play a more specific role in PRC2 

recruitment is a postulation that must be investigated more profoundly (Chen 

Davidovich et al., 2013).  

1.5.1.7. PRC2 binding to nascent transcripts  

In 2013 two studies showed that PRC2 binds a huge number of nascent 

RNAs in vivo (Chen Davidovich et al., 2013; Kaneko, Son, Shen, Reinberg, & 

Bonasio, 2013). Despite the high affinity of binding in vitro, the binding is non-

promiscuous and non-specific (C. Davidovich, L. Zheng, K. J. Goodrich, & T. R. 

Cech, 2013). PRC2 interacts with low affinity with gene promoters, in the presence 

of RNA around the PRC2 its catalytic function is abolished. If the nascent transcript 

is coming from a gene fleeing repression but still some repressive marks 
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(H3K27me3) are present, the PRC2 will be excited to fortify the repressive state 

(Chen Davidovich et al., 2013; Kaneko et al., 2013).  

1.5.1.8. PRC2 recruitment by RNAs: a controversial field 

A study from Jeannie T. Lee’s lab in 2014 proposed how Eed is a regulatory 

component of the PRC2 which conforms the specificity of Ezh2 binding to RNA 

making it less promiscuous. In this study they anticipated the importance of RNA 

in recruiting PRC2 to chromatin while inhibiting its methyl transferase activity until 

bound to JARID2 (Cifuentes-Rojas et al., 2014). On the other Hand studies from 

2013 hypothesized that the RNA binding is promiscuous and random postulating 

a junk mail model of PRC2 recruitment (Chen Davidovich et al., 2013). Their model 

elucidated more on the nascent transcripts that bind to the PRC2 subunits (junk 

mail) which then bind to Chromatin loci (mailboxes) dictated more by the Chromatin 

marks already in the vicinity of the gene. Transcriptional activity is the criterion for 

delivery, where the more methyl marks the more PRC2 will get recruited by the 

nascent transcripts to chromatin resulting in more HMT and more silencing of the 

genes (Chen Davidovich et al., 2013). 
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1.6. Somatic cells adaptation and plastic properties of the 
cell memory system 

Since Polycomb group protein (PcG) have been involved in transcriptional 

states maintenance and acting as key epigenetic regulators during development 

and differentiation (Margueron & Reinberg, 2011); and despite the intensive 

research in that field, the contribution of Polycomb proteins to cellular differentiation 

and stress remains elusive. The C2C12 is a flexible model that can be easily 

molded according to different stimuli (e.g. exercise, diet, fasting, inactivity) (Sandri, 

2008). The myofibers phenotype can change by changing its transcriptional 

program to adapt to external environmental changes. It exhibits transcriptional 

plasticity and memory that makes it a favorable model to study. PRC2 and in 

particular PRC2-Ezh1 has been extensively studied in myogenesis (Mousavi et al., 

2012; Stojic et al., 2011). And since not much studies if any has tackled the 

lncRNA-PRC2 interactions in somatic cells in general and muscle cells in 

particular; altogether the previous reasons make the C2C12 skeletal muscle model 

a good model to use for this study; as a malleable in vitro model for PRC2, lncRNA 

and environmental interaction and plasticity.  

The epigenetic memory of the cells might not just be needed for transcriptional 

regulatory functions; however, sometimes it might be required to maintain the 

plastic response of the post-mitotic cells to environmental spurs. In 2017, Bodega 

et al. showed the reversibility of a mechanism involving 2 isoforms of Ezh1 protein 

of the PRC2 complex. In the Study they have shown that Ezh1β is a shorter isoform 

than the known canonical Ezh1α isoform. Ezh1 β lacks the catalytic “Set” domain. 

Not only this, unlike the Ezh2 of mitotic cells, Ezh1β exists in the cytoplasm of the 

skeletal muscle cells bound to Eed. This new isoform regulates the nuclear 
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assembly of PRC2-Ezh1 in the nucleus in response to atrophy in the form of 

oxidative stress. Upon oxidative stress Eed shuttles to the nucleus and gets 

assembled with Suz12 and Ezh1α on chromatin. As a result H3K27 trimethylation 

is imposed by PRC2 (Bodega et al., 2017). Nevertheless, how is lncRNA involved 

in this adaptive mechanism in response to environmental stress haven’t been 

studied. So, in this current study we used this plastic model to study the roles of 

lncRNA in PRC2 complex assembly and functioning in response to stress.



2. CHAPTER2: SCOPE OF THE THESIS 

The objective of this dissertation is to identify probable lncRNA candidates that 

play a role in somatic cells adaptation and plasticity together with PRC2. 

Accordingly, targeted RNA therapy may be developed against this/these RNA/s to 

help with somatic cells diseases (skeletal muscle disuse atrophy used as an 

example in this case).  

2.1. The Model system 

In this dissertation I am using the C2C12 skeletal muscle cells of the mouse as 

a model studied in the lab by (Bodega et al., 2017). C2C12 has a characteristic 

phenotype that can be observed upon induction of oxidative stress and for this 

reason it was mainly chosen for my study. I used the H2O2 to mimic disuse muscle 

atrophy in skeletal muscle myotubes of the mice to answer the question whether 

there are specific lncRNA/s involved in modulating the PRC2 in somatic cells 

memory and plasticity (Figure 8).  

Myogenesis is a tightly regulated mechanism that relies on epigenetic 

regulation of muscle specific genes (Sartorelli & Juan, 2011). Regeneration of adult 

skeletal muscles is sustained by Satellite Cells (SCs), where upon Muscle 

injury/stress, SCs are activated and recycle. SCs proliferate rapidly generating 

myoblasts. Myoblasts accumulate at sites of injury and differentiate by fusion of 

myoblasts into multinucleated myotubes.  

Myogenesis is controlled by a family of myogenic regulatory factors (MRFs). 

MRFs are sequentially expressed, basic-helix-loop-helix (bHLH) transcription 

factors including MyoD, Myf5, Mrf4, and Myogenin. MyoD and Myf5 are early 

markers while Mrf4 and Myogenin are expressed during early differentiation. MRFs 

function together with factors of the myocyte enhancer family (MEF2) and 
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chromatin modifying enzymes (Histone acetyltransferases, methyltransferases, 

demethylases, chromatin remodeling complexes) (Bharathy & Taneja, 2012) 

(Figure 6). 

 

 

Figure 6 A schematic representation of myogenesis. Myogenesis is initiated by expression of early myogenic bHLHs: 
MyoD and Myf5. This is promoted by combined acetylation and demethylation of particular histone lysines, in addition 
to local chromatin remodeling (Palacios & Puri, 2006). 

Environmental cues activate MRFs to activate the transcription of many 

genes necessary for differentiation: Myosin Heavy Chain (MHC) and Troponin, 

muscle-specific enzymes, such as the muscle creatine kinase (mCK), as well as a 

number of miRNAs (Buckingham & Rigby, 2014). Remarkably, PcG regulates key 

Muscle genes such as the transcription factors: Myogenin, MHC and mCK 

throughout development and during differentiation (Caretti, Di Padova, Micales, 

Lyons, & Sartorelli, 2004). PRC2-Ezh2 Which is required for the repression 

maintenance of these muscle specific loci during proliferation is displaced with 

PRC2-Ezh1 upon differentiation, where Mir-214 downregulates Ezh2 (Juan, 

Kumar, Marx, Young, & Sartorelli, 2009). Ezh1 is not only upregulated in myotubes 

but is also associated with active transcription (Mousavi et al., 2012; Stojic et al., 
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2011). PRC2 ChIP-seq revealed that PRC2-Ezh1 occupies thousands of loci 

(Mousavi et al., 2012) and is present on active genes. Despite it’s presence in both 

myoblasts and myotubes, the binding of PRC2-Ezh1 seems to be essential for the 

transcriptional elongation of active muscle loci during differentiation (Mousavi et 

al., 2012; Son et al., 2013b; Stojic et al., 2011). 

How PRC2 gets recruited to its target skeletal muscle specific genes 

remains elusive; since Jarid2 is absent from myotubes (Son, Shen, Margueron, & 

Reinberg, 2013a). Even though Ying Yang 1 (YY1) has shown to colocalize at MHC 

and mCK (Caretti et al., 2004; Simionescu-Bankston & Kumar, 2016), little overlap 

with PRC2 was observed at muscle genes in particular (Lu et al., 2013). 

It is obvious that lncRNAs play important functions in regulating 

myogenesis. LncRNAs role in myogenesis has largely been studied using the 

C2C12 cell line, as well as in primary myoblasts derived from the hind limb muscles 

of mice (Figure 7). For this reason, C2C12 would be a suitable model to study the 

PRC2-Ezh1a-lncRNA function. 
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Figure 7  lncRNA interactions during myogenesis. In vitro, for maintenance of the satellite cells pool a fraction of the 
satellite cells is self-renewed.  Satellite cells give rise to myoblasts which differentiate into myocytes and fuse to form 
myotubes. lncRNA in the green boxes promote myogenesis while those in red are known to inhibit myogenesis. ncRNA 
with pink inhibitory lines function as sponges for the miRNAs in blue boxes. Subsequently, myogenesis is mediated. 
Green boxes at the bottom show some of the transcription factors expressed at different myogenic stages. Adapted from 
(Simionescu-Bankston & Kumar, 2016). 

In this study to investigate whether lncRNA may be playing an essential role in 

PRC2 functioning in somatic cells upon atrophic oxidative stress the following 

topics were covered: 

• Comparison of different types of RNA immunoprecipitation of Polycomb 

group proteins in somatic cells, particularly C2C12 mouse skeletal muscle 

cells upon oxidative stress.  

• What RNA candidates might be essential in stress response and plasticity 

in somatic cells (analysis of the RIP-seq). 

• Investigating Malat1 as a probable candidate playing a role in plasticity and 

memory of C2C12 as witnessed upon oxidative stress and different RIP 

experiments.  

• Testing if Malat1 plays an essential role in Eed Shuttling and PRC2 function 

(Immuno-FISH). 
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• Assessing if Malat1 affects PRC2 binding to Chromatin (fractionation and 

ChIP-seq). 

• Exploring the binding of Malat1 to Muscle related genes upon oxidative 

stress (ChIRP-seq). 

• Malat1 and PRC2 binding trends to muscle related genes upon stress 

(ChIP-ChIRP-seq integration). 

 
Figure 8 C2C12 as a Model System. A) skeletal Muscle cells of the mice (C2C12) as a model system used to mimic 
atrophy by H2O2 resulting in silencing of the genes. B) the Eed  movement from the Cytoplasm to the nucleus upon 
induction of atrophy results in assembly of PRC2 and its increased functioning by more H3K27me3 and subsequent 
silencing (adapted from (Bodega et al., 2017). 
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3. CHAPTER3: METHODS FOR INVESTIGATING IN-VIVO RNA-
PROTEIN INTERACTION:  

To study RNA protein interaction different methods of RNA immunoprecipitation 

can be used. Below is a brief introduction on the main different methods that were 

of interest for the proof of our hypothesis: 

3.1. RNA Immunoprecipitation (RIP) 

In this method RNA protein complexes are precipitated using an antibody 

against the protein of interest. This is then followed by RNase digestion and RNA 

extraction. The RNA is then reverse transcribed for the cDNA to be used in RT-

PCR or Sequencing. There are two main general methods of immunoprecipitation: 

the direct or indirect methods (Figure 9). RIP has many pros being able to map 

specific RNA-protein complexes like polycomb associated RNA and provides low 

background after sequencing therefore provides a better resolution of the binding 

site. However, it requires specific use of antibodies against proteins of interest. 

Also, careful control of RNAse digestion is required.  
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Figure 9 Native RIP: direct vs indirect methods (adapted from  https://www.sigmaaldrich.com/technical-
documents/articles/biology/rna-immunoprecipitation-rip.html ) 

There are many different protocols for the RIP approach. These include 

formaldehyde crosslinking protocol (X-RIP), ultraviolet (UV) cross-linking, and no 

crosslinking (native RIP) protocols. Methods might be protein-centric or RNA-
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centric. a summary of the most widely used methods of profiling the RNA are 

summarized in (Table 2).  

Below is a table summarizing methods of profiling lncRNA

 
Table 2 Methods of profiling lncRNA whether protein centric or RNA centric approaches. (Adapted from 
(Ransohoff et al., 2017)).



3.1.1. Formaldehyde RIP 

Formaldehyde crosslinking similar to ChIP with a concentration of (1%) of 

formaldehyde was tested in the lab by a colleague and resulted in degradation of 

RNA even without sonication (Figure 10A). The lysis buffer and heating at 65°C 

could be seen to easily degrade the Cross-linked sample, however it doesn’t affect 

the quality of the non-cross-linked samples (Figure 10B). Also, RIP was not 

successful in detecting Xist RNA, which is known to colocalize with H3K27me3 

histone modification deposited by PRC2 (Figure 10C). 

 

Figure 10 Crosslinking vs no crosslinking of C2C12 cells A) Polyacrylamide gel electrophoresis of MB RNA extracts 
shows that cross-linked RNA is degraded even without sonication. B) Lysis in LB3 and heating at 65°C for 4h do not 
affect non cross- linked MB RNA quality, as opposed to cross-linked sample NCL, non-cross-linked MB sample; NCL 
LB3, non-cross-linked MB lysed in LB3; NCL 65, non-cross-linked MB lysed in LB3 and incubated 4h at 65°C; CL NS, 
cross-linked MB non sonicated. C) RIP of H3K27me3 followed by Xist PCR. NCL, non-cross-linked control; SC, 
Sonicated chromatin; Input, sonicated chromatin incubated overnight at 4°C; H3K27me3 IP, immunoprecipitation with 
anti- H3K27me3 antibody; Mock, incubation with beads only. The 2nd round of PCR (lower panel) was performed using 
the PCR product of the first round as template. (Adapted from Marion Baniol PhD thesis, 2014). 

A B

C



64 
 

3.1.2.  f-RIP 

A method of using 0.1% of formaldehyde to crosslink the cells, that proved to 

be more reproducible, scalable less challenging to quantify, it also doesn’t require 

the use of high concentrations of input to initiate the study (Hendrickson et al., 

2016). 

3.1.3.  CLIP /PAR-CLIP 

CLIP (Cross Linking Immunoprecipitation) also known as HITS-CLIP is a 

method that uses UV light to cross link RNA to proteins before 

immunoprecipitation. It allows high resolution to identify exact binding sites due to 

crosslinking stability. However, besides inefficacy of UV crosslinking, UV may 

induce mutations affecting the sensitivity of the immunoprecipitation (Darnell, 

2010; Zhu, Fu, Wu, & Zheng, 2013). Moreover, photoactivatable ribonucleoside-

enhanced crosslinking and immunoprecipitation (PAR-CLIP) that incorporates the 

photoactative nucleotides 4-thiouridine (4-SU) and 6-thioguanosine (6-SG) makes 

it easier to know the interaction site between the RNA and the protein up to the 

nucleotide level (Ascano, Hafner, Cekan, Gerstberger, & Tuschl, 2012; Hafner et 

al., 2010; Zhu et al., 2013). 
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3.2. Methods optimization: 

Since The scope of this thesis is Identify and unravel the role of lncRNA in 

PRC2 recruitment and function during skeletal muscle differentiation. I had to 

optimize the experiments to reach the goals hypothesized in the best possible way: 

Unlike previous studies, that were mainly based on embryonic stem cells, or 

proliferating myoblasts; this thesis will be focused on the terminally differentiated 

skeletal muscle cells -the Myotubes. Choosing this particular model system due to 

its easy manipulation, reversibility and plasticity that has been under study in our 

lab (Bodega et al., 2017). The proposed Project was outlined briefly in (Figure 11).  

 

Figure 11 Initial Project outline, cells at MT4 will be stressed then fractionated followed by RIP in different fractions. 

However; the final project was then focused on the H2O2 atrophic stress 

treatment of C2C12 cells followed by different types of RIP to identify the probable 

lncRNA in association with the PRC2 complex. Additionally, further analysis by 

different methods of visualization through Immuno-fluorescence and FISH, ChIP-

seq, ChIRP-seq and the data integration was carried out as will be explained in 

detail later. Altogether were attempted to be able to clarify the probable role the 

chosen lncRNA might be doing (Figure 12), and thus, stipulate how targeting the 

ncRNA of interest would affect the atrophied muscles. 
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Figure 12 Final project outline. 

The first step to achieve my goal is to optimize the conditions of experiments to 

be carried out:  

1. Determination of the optimum time point for the experiments.  

2. Cellular fractionation into nuclear and cytosolic fractions. To be able to study if 

PRC2-EZH1 complex is affected by the presence of lncRNA.  

3. RNA immuno-precipitation (RIP) to be used following fractionation. This is a 

technique that relies on using a specific antibody against the protein of interest 

followed by extraction of the RNA co-immuno-precipitated specifically with that 

antibody under highly stringent conditions. This is then followed by sequencing 

of RNA (RIP-seq) to identify PRC2 bound transcripts during the different 

conditions of the cells.  

4. Oxidative stress conditions to replicate the exact stress conditions every time 

that will not affect the viability of the C2C12 cells and be reproducible.  

5. For a comprehensive overview of the PRC2 bound transcriptome, we decided 

to target Suz12 and Eed proteins. Where Suz12 is only nuclear and Eed is both 

nuclear and cytosolic.  

sequencing
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Non Stressed Mt4

Stressed Mt4

nRIP

fRIP

nRIP

fRIP

H2O2



67 
 

3.2.1. Part A: Determining the optimum time point for the 
experiment:  

One of the main questions faced was which day of C2C12 cells’ differentiation 

is best to carry out the experiments? According to differentiation experiments done 

on C2C12 cells; Myogenin peaked at day 4, Myosin Heavy Chain also peaked 

around day 4. However, Cyclin-D and MyoD both behave similarly and decrease 

around day 2 and throughout the rest of the differentiation stages (Figure 13).  

 

Figure 13 Optimum time point determination. Expression levels of A) Myosin Heavy Chaib 3 (MHC), B) Myogenin, 
C) CyclinD in Myoblasts and differentiated Myotubes from Myoblasts (Mb) up to day 8 (Mt8) D) MyoG and MHC 
Expression levels normalized over Gapdh at different times of Myogenesis in Myoblasts and differentiated Myotubes 
from Myoblasts (Mb) up to day 8 (Mt8).  

 

3.2.2. Part B: optimization of cellular fractionation:  

 In order to study the transcriptomic changes upon stress in different cell 

compartments and how would they affect the recruitment of PRC2; I had to 
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optimize a fractionation protocol that works best with the nRIP protocol further 

downstream. This fractionation protocol follows the following steps: 

I followed the Cabianca et al. (2012) protocol, with few modifications 

(Cabianca et al., 2012). Usually stopping at the nuclear/cytosolic fractions step. 

Every 5.106 cells harvested by trypsinization were re-suspended in 200 μl of cold 

RLN1 buffer (50 mM Tris-HCl pH 8.0; 140 mM NaCl; 1.5 mM MgCl2; 0.5% NP-40; 

100U of Superas.in). Then It was incubated on the revolving wheel at 4°C for 20’. 

Lysate was centrifuged at 4°C and 300 rcf for 3’. The supernatant was transferred 

to a separate tube, which now corresponds to the cytoplasmic fraction. Wash the 

nuclear pellet with 200 μl of cold RLN1 buffer at 4°C for 2’ with gentle rotation. 

Centrifuge at 300 rcf for 3’ then re-suspend in 200 μl of cold RIP buffer to prepare 

for sonication and RNA immuno-precipitation (Cabianca et al., 2012).  

A couple of years ago that a shorter isoform of Ezh1- Ezh1β -has been 

described to express in the cytosol (Bodega et al., 2017).  It has been suggested 

earlier that there exist non-nuclear functions for PRC2 Proteins. Non-nuclear 

functions of PRC2 proteins have been linked to signal transduction and 

environmental sensing. However, the mechanisms underlying the functions in the 

cytosol have remained unclear (Gunawan et al., 2015; Su et al., 2005)  

So, in order to exploit the Role lncRNA might be taking in the function of PRC2 

proteins inside and outside of the nucleus, Fractionation had first to be optimized. 

Fractionation was tried first on myoblasts and on myotubes at different time points 

to make sure it works effectively and to ensure reproducibility (Figure 14). Success 

of fractionation was measured by both western blot and RT-PCR.   
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Figure 14 Optimization of Fractionation. A) Western blot detecting Tubulin, Gapdh, Histone 3 (H3) and Lamin B in 
total, cytosolic and nuclear fractions of C2C12 Myoblasts. B) RT-PCR showing fractionation on MT4 using Gapdh, 18S, 
U1 as cytosolic markers and Neat1 and Xist as Nuclear Markers. 

3.2.3. Part C: nRIP protocol choice and optimization in 
nuclear and cytoplasmic fractions:  

All previous studies involving lncRNA and PRC2 were based on RNA immuno- 

precipitation (RIP) by crosslinking. My aim was to use native RIP as it has proven 

to be more efficient in immunoprecipitating ncRNA bound to PRC2. As 

formaldehyde binds proteins to proteins, and thus might create false positives by 

pulling down a transcript not bound to PRC2 itself but to a nearby protein. Also, the 

presence of high salts in the buffers used in that formaldehyde crosslinking RIP 

protocol might increase the pH and result in alkaline lysis of the RNA, making it 

less efficient than the native RIP.  

Native RIP protocol without crosslinking between proteins and nucleic acids 

was optimized for efficient sequencing. There exist several RNA Immuno-

precipitation protocols particularly those targeting PRC2 components. nRIP 

protocol was optimized in our lab for use in C2C12 cells Myoblasts and Myotubes. 

We ensured that DNA was fragmented to a suitable size. To avoid loss of PcG 
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proteins and lncRNA bound to the large insoluble genomic DNA fractions. 

Antibodies were tested specifically SUZ12, and Eed for use in the project. Since 

RIP is highly dependent on the efficiency and quality of the used antibody. The 

experiment was repeated several times to obtain sufficient amounts of RNA for the 

sequencing.  

Native RIP was adapted from Rinn et al. (J. L. Rinn et al., 2007). For the nuclear 

fraction 10.106 cells were harvested by trypsinization then re-suspended in 2ml 

PBS 1x, 2ml Nuclear Isolation Buffer (1.28 M sucrose, 40 mM Tris-HCl pH 7.4, 20 

mM MgCl2, 4% Triton X-100), 6 ml of water, which is supplemented with 1x 

Protease Inhibitor Cocktail, 1 mM PMSF, and 100U of Superas.in. This was 

incubated at 4°C for 1 hour. Centrifugation at 1500 rpm for 10 minutes was then 

used to pellet the nuclei. The pellets were then re-suspended in 1ml RIP buffer 

(150mM KCl, 25mM Tris-HCl pH 7.4, 5mM EDTA, 0.5mM DTT, 0.5% NP40, 1x 

Protease Inhibitor Cocktail, 1 mM PMSF, 100U Superas.in), incubated on the 

wheel at 4°C for 1 hour, then sonicated. Sonication was done by Bioruptor 

sonicator for 10 min (30 seconds on, 45 seconds off, High). Debris were removed 

by centrifugation at 18000 rcf for 10’ and 500 μl of the lysate was used for every 

immuno-precipitation reaction using 5ug of either anti-Suz12 antibody (Abcam, 

ab12073, or Cell Signaling, D39F6) or normal IgG (Santa Cruz, sc-2027) or Eed 

(Millipore, 03-196 | RIPAb+TM Eed) which were incubated overnight at 4°C on the 

rotating wheel. 1% of the lysate was saved as input. 50 μl of protein G- coated 

magnetic beads (Invitrogen) were then added for 3h to recover immuno-

complexes. Beads where then washed six times using buffers of different 

stringencies in the following order: RIP Buffer, Low Salt Buffer (20mM Tris- HCl pH 

7.4, 150mM NaCl, 2mM EDTA, 1% triton, 0.1% SDS), High Salt Buffer (20mM Tris-



71 
 

HCl pH 7.4, 500mM NaCl, 2mM EDTA, 1% triton, 0.1% SDS), Low Salt Buffer, 

High Salt Buffer, and RIP Buffer. Re-suspend the beads and the input samples in 

PBS1x 1 volume and add 3 volumes of TRI Reagent (Sigma). RNA was then 

extracted according to instructions of the manufacturer.  

 

Figure 15 Optimization of nRIP in different cell fractions. A) Efficiency of nuclear nRIP at Mt4 with the Eed Antibody 
using the Gapdh, 18S, U1, Neat1, Xist lncRNA genes, B) Efficiency of cytosolic nRIP at Mt4 with the Eed and Suz12 
Antibodies using the 18S, U1, Xist lncRNA genes. 

The cytosolic nRIP showed to be inefficient and non-specific when tried out and 

that might be for many reasons including but not limited to the small concentrations 

of RNA that are usually obtained for the cytosolic fraction upon fractionation with 

the current protocol (Figure 15). Also, may be because of the presence of the 

PRC2 subunits mainly in the nuclear chromatin bound fraction of the cell, and that 

only Eed is present in the cytosol at not very high concentrations. So, for this 

reason I decided to proceed to the main pilot experiments with the nuclear fraction 

or the total cellular extracts. 
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3.2.4. Part D: Mt4 Fractionation (cytosolic/nuclear) + nRIP 

Myotubes were stressed using H2O2 to mimic oxidative stress of atrophied 

muscle cells. The cells were then fractionated into nuclear and cytosolic fractions, 

which were then incubated with different antibodies against Polycomb proteins for 

nRIP (native RNA immune-precipitation). I particularly used EED and SUZ12 as 

they have been shown to bind to lncRNA. 

Efficiency of the immuno-precipitation using the 2 different antibodies was 

checked in the nuclear compartment of the cell.  An opposite efficiency of binding 

fashion could be seen using the primers of genes used: Gapdh, 18S, U1, Neat 1 

and Xist (Figure 16).  

 

Figure 16 Efficiency of nuclear nRIP of Eed and Suz12. A) nRIP by Eed antibody on nuclear fraction on Gapdh, 18S, 
U1, 18S, and Xist.,B) nRIP  by Suz12  antibody on nuclear fraction on Gapdh, 18S, U1, 18S, and Xist. 
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3.2.5. Part E: optimization and reproducibility of stress 

conditions  

For induction of cellular stress, 100 μM of H2O2 were used to treat the 

C2C12 cells for 24 hours. Cell viability was not affected, and damage 

response was excluded (Bodega et al., 2017).  

 

Figure 17 Induction of cellular stress  A) Left panel, the expression levels of Atrogin1 Atrophic gene in control (MT) 
and H2O2(MT–H2O2) treated myotubes and Hsp70 gene in control (MT) and heat-shock-treated (MT-43°C) myotubes. 
All Data normalization was done against Gapdh expression. Mean and s.e.m. (independent experiments: n=7 
for Atrogin1; n=4 for Hsp70). Two-tailed paired t-test: Atrogin1 p=0.0352. One-tailed paired t-test: Hsp70 p=0.046. B) 
western blot detecting Myogenin and Myosin heavy chain protein levels in control, H2O2 or 43°C heat shock treated 
myotubes. (Independent experiments: n=2). d. Profiling by FACS in control and H2O2 treated myotubes; percentage 
representing apoptotic cells in G0. Adapted from (Bodega et al., 2017).

A B C



4. CHAPTER4: RESULTS: 

4.1. RIP-seq reveals how candidate ncRNA change in 
oxidatively stress treated muscle cells 

 

RNA immunoprecipitation coupled with sequencing has been used to 

identify candidate lncRNAs that are involved in the recruitment of PRC2 in 

embryonic stem cells. However, this hasn’t been tackled in somatic cells before. 

Additionally, lncRNAs and PRC2 may be acting differently in stress response. So, 

I approached two different methods of RIP: native RIP (n-RIP) (J. L. Rinn et al., 

2007) and 0.1% formaldehyde crosslinking RIP (f-RIP) (Hendrickson et al., 2016) 

to identify candidates that might be interestingly playing a role in somatic cells 

adaptation to stress. I used C2C12 skeletal muscle cell of the mice (myogenic 

system).  Where a complete network of TF is characterized and the activity of PcG 

is well studied. Moreover, in this context the phenotype is described and is 

exquisite Since the phenotype resembles a pathology, and that is: muscle atrophy  

(Figure 8) 

I first checked the success of the system used by (Bodega et al., 2017) to 

mimic atrophic stress using H2O2 (100 μM) (Figure 18A). I could notice a significant 

increase in muscle RING-finger protein-1 (MuRF1) and muscle specific F-box 

Atrogin , two genes upregulated in muscle atrophy (Bodine et al., 2001; Gomes, 

Lecker, Jagoe, Navon, & Goldberg, 2001). I have also monitored expression of 

skeletal muscle master genes under stress conditions. Transcript levels of 

Myogenin, Myosin heavy chain 3 (Myh3), Myosin Heavy Chain 4 (MHC) and 

Myosin Creatine Kinase (MCK) all significantly decrease 50% or more upon stress 

(Figure 18B).  
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Figure 18 Differential expression of Markers of atrophy and myogenesis in control vs H2O2 stress. a)qPCR of 
Atrophic Genes Murf1 and Atrogin, showing the differential expression in Control (blue) and H2O2 Stress (pink) (with 
unpaired t-test where Atrogin n=2 P=0.0438, and Murf1 n=3 P=0.0004), error bars representing mean with SD); 
b)Myogenesis genes (MyoG:  Myogenin, Myh3: Myosin heavy chain-3, Myh8: Myosin heavy chain-8, MCK:Muscle 
Creatine Kinase) showing different expression levels of the gens in both Control (blue) and upon atrophic H2O2 Stress 
(pink) (with unpaired t-test Where (n=3 for MyoG, Myh3, MCK, and n=2 for Myh8, *=P<0.05, ***=P<0.001 error bars 
representing mean with SD). 

 

I applied to the validated system above both n-RIP-seq and fRIP-seq. We 

started out the study with two nRIP replicates and three fRIP replicates. However, 

after clustering the reads, the heatmaps and scatterplots of fRIP where not showing 

consistency in the second replicate of the f-RIP (Figure 19) as both C2 and S2 

were clustering together. This might be due to a problem during the oxidative stress 

of the cells where H2O2 used was not of full-strength oxidative capacity. So, we 

decided to remove the 3rd replicates and use only 2 replicates for both RIPs in our 

subsequent experiments and analysis. 
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Figure 19 RIP-seq resemblances. A scatterplot showing the different f-RIP and n-RIP samples and how they correlate 
to each other, n-Eed-C (nRIP of Control untreated sample), n-Eed-S (nRIP of oxidatively stressed sample), f-Eed-C (fRIP 
of Control untreated sample), f-Eed-S S (fRIP of oxidatively stressed sample); numbers denote the biological replicate 
number. 

After removing the 3rd replicate of the the fRIP Eed from the charts, the 

clustering showed more consistency between both nRIP and fRIP samples (Figure 

20A-D) with Pearson values above 0.9 for different replicates. Together both RIP 

methods (nRIP-seq and f-RIP-seq) replicates showed highly similar results as 

denoted by the heatmap and scatterplot with identity exceeding 96% in all cases 

between all replicates of both nRIP and f-RIP experiments (Figure 20A-D). 

Indicating the possibility of proceeding with the bioinformatics analysis of the RIP-

seq data.  



77 
 

 
Figure 20 Heatmaps and scatter-plots of RIP replicates showing the resemblances between replicates of the same 
type of RIP a) Heatmap showing the different replicates of f-RIP in control-C (untreated) and Stress-S (H2O2 treated), b) 
Heatmap showing the different replicates of n-RIP in control-C (untreated) and Stress-S (H2O2 treated), c) Scatterplot 
showing the different replicates of  f-RIP in control-C (untreated) and Stress-S (H2O2 treated), d) Scatterplot showing the 
different replicates of n-RIP and f-RIP in control-C (untreated) and Stress-S (H2O2 treated). 

The use of the 2 different RIP methods indicated the presence of around 

5000 candidate common transcripts appearing in both control and stress 

conditions of the same type of RIP (4901 by fRIP-seq and 4951 by nRIP-seq) 

(Figure 21A). Since I have approached two different methods I decided to check 

the consistency between them by checking the commonly enriched transcripts: the 

native nRIP-seq and formaldehyde-based 0.1% f-RIP-seq for a specific analysis 

we mapped at the transcript level and found that the total commonly bound 

transcripts is equal to 4789 (Figure 22A). Out of the total  RNAs that are bound to 

Eed, I found out that the lncRNA with their different types comprise 36% of the total 
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bound RNA to Eed; with other types of ncRNA including the microRNAs (miRNAs), 

small nucleolar RNA (SnoRNA) and small nuclear RNA (SnRNA) comprising only 

1% of the total immunoprecipitated RNA transcripts (Figure 21B). I could notice in 

all conditions one particular lincRNA (Malat1) among the top enriched ncRNA 

whether in fRIP or nRIP (Figure 21B-Figure 22B respectively).  I could also observe 

the other lincRNA transcripts that appeared before Malat1 in the list 

(2310047D07Rik-201 and Gm19705-204) are still predicted RNAs that were not 

tested earlier for any function and were just putatively found by bioinformatic 

analysis. Additionally, these putative LincRNAs don’t appear in the top candidates 

in both types of RIP-seq, but only in one of them (the f-RIP).  
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Figure 21 nRIP-seq  and f-RIP-seq show consistency of ncRNA lists a)venn diagrams of fRIP-seq and nRIP-seq 
respectively showing the average number of candidate RNA in control and upon atrophic H2O2 stress conditions; b)Pie 
Chart showing the different RNA candidates in the RIP and table showing the list of top ncRNA in control and upon 
atrophic H2O2 stress; c) nRIP Rt-qPCR of different ncRNA in both control (blue) and under H2O2 stress conditions (pink) 
showing fold enrichment over Mock, d) fRIP Rt-qPCR of different ncRNA in both control (blue) and under atrophic 
H2O2 stress conditions (pink) showing fold enrichment over Mock (statistical tests carried out as Two-Way ANOVA 
where *=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001 n=3, error bars representing mean with SD). 

 
I confirmed the Presence of the lincRNA Malat1 by finding it significantly 

bound to Eed upon Atrophic oxidative stress conditions by Real-time qPCR (Figure 

21A, B).  I have Also checked the presence of a few other Candidate lncRNAs 

which are enriched in our RIP-seq data and their interaction with PRC2 was 

characterized in previous studies [Neat1 (Mitchell Guttman et al., 2011), Xist RepA 
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(J. Zhao, B. K. Sun, J. A. Erwin, J.-J. Song, & J. T. Lee, 2008), H19 (Jing Zhao et 

al., 2010) (Figure 21C-D). Malat1 lincRNA was also significantly increased upon 

oxidative stress (Figure 22B).  

 

Figure 22 RIP-seq replicates together produce list of ncRNA with Malat1 showing a noticeable trend upon atrophic 
stress a) Venn diagram showing the f-RIP vs n-RIP total number of transcripts; b) RT-qPCR showing the fold enrichment 
over input of Malat-1 in control (blue) vs atrophic oxidative H2O2 stress (Pink) statistical significance by t tests (P= 
.044422) n=2; c) table of Eed f-RIP  showing the top lincRNA candidates of a significance difference between control vs 
H2O2 stress samples  >0.7, (Malat-1 transcripts are underlined and bold).  



4.2. Malat1 plays an essential role in Eed nuclear 
localization and PRC2 function  

To further validate the Results of the RIP, I adopted immunofluorescence 

(IF) coupled with RNA fluorescent in situ hybridization (FISH). I used a set of 

probes specific for Malat1 lncRNA to confirm its interaction with Eed in either 

control and/or stress conditions (Figure 24).  

             

Figure 23 Control of LNA gapmers against  Malat1 lncRNA a) RT-qPCR showing Malat1and Malat-as (Malat1-
antisense) Knockdown using different LNA gapmers (Malat1-1, Malat1-2, Malat1-3, Malat1-mix: mix of the 3 LNA 
gampers:Malat1,2 &3 and Malat1 (mouse-commercial)), b) representative light microscope images of C2C12 
differentiated cells in control , H2O2 stress and H2O2 stress-+Malat-1 knockdown conditions. 
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Figure 24 IF FISH of Malat-1 and Polycomb proteins shows colocalization of Eed and Malat1 and need of Malat1 
for Eed intranuclear compartmentalization: A)IF-FISH of Malat1 (red), Eed (green), DAPI (blue), in C2C12 cells  in 
control, Stress and Stress +Malat1 KD (Malat1- Knockdown), B) IF-FISH of Malat1 (red), Suz12 (green), DAPI (blue), 
in C2C12 cells  in control, Stress and Stress +Malat1 KD (Malat1- Knockdown), C)IF of H3K27me3 in C2C12 cells in 
control ,atrophic H2O2 stress , and stress +Malat1KD (Malat1-Knockdown), D) plot showing H3K27me3 quantification 
with one way ANOVA test performed where P<0.000, E) Confocal microscopy images of Eed (green) and Malat1 (red) 
colocalization DAPI, F)  zoom in on nuclei in atrophic H2O2 stress conditions showing merged images of Malat1 (red) 
and Eed (green), separate Eed and Malat1 pictures are required here for co-localization purpose, (Scale bar =10µm). 

I could see that Malat1 upon Stress conditions is retained in the nucleus 

where Eed is known to be compartmentalized (Bodega et al., 2017). Together they 

form bodies, mediating high order structures, as in fact in the repressed state, 

major elements that have been shown to bind PcG proteins, give rise to a 

topologically complex structure upon interaction (C. Lanzuolo et al., 2007; Lo Sardo 
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et al., 2013). Strikingly, I noticed that upon the Knockdown of Malat1 using a mix 

of three different LNA (Locked Nucleic Acid) Gapmers (Figure 23Figure 25A), Eed 

lost its nuclear localization and was more diffuse into the cytoplasm of the C2C12 

Myotubes (Figure 24A). I checked if Malat1 also colocalizes with the other core 

components of the PRC2 complex; Suz12.Interestingly it wasn’t affected by the 

knockdown of Malat1 under the same atrophic stress conditions. Unlike Eed, 

Suz12 kept its nuclear localization under all conditions and even upon the Malat1 

Knockdown by the LNA Gapmers used against Malat1 (Figure 24B). This might be 

attributed to the fact that Suz12 does not have an RNA binding domain (Long, 

Bolanos, et al., 2017).  Moreover, the increase of Malat1 under H2O2 stress 

conditions could be noticed with the increased red Fluorescence of Malat1 probes 

used as well as it colocalization to green Fluorescently labeled Eed under H2O2 

stress condition (Figure 24E).  Malat1 Knock down affects so much the dynamics 

of PRC2 that we could detect a significant global reduction in H3K27me3, the 

histone modification deposited by Ezh1a, the catalytic subunit of PRC2 (Figure 

24D). Cells under Atrophic stress exhibit a global higher amount of H3K27me3 

(Bodega et al., 2017) and Malat1 knock down prevent the accumulation of the 

repressive mark (Figure 24D). Using confocal microscopy we confirmed the 

colocalization of Malat1 and Eed (Figure 24E-F).To understand if this link between 

Malat1 and Eed is specific or if this is mediated by other lncRNA, I decided to check 

another well characterized lncRNA found in the RIP-seq lists and that was H19. 
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Figure 25 Malat1 in particular show an effect on Myogenesis when compared to H19.A) Immuno-fluorescence 
images of  Myh (Myosin heavy chain ) in C2C12 cells in control condition ,upon H2O2 stress , in H2O2 stress +Malat-1 
knockdown and in H2O2 stress +H19  knockdown, Myh: green, Dapi: blue, bar chart showing the fusion index calculated 
for control, stress, Stress Malat1-KD and stress-H19 KD with significance calculated using ordinary one way ANOVA 
(P=0.0027, F=8.514); B) IF-FISH of Eed (green), H19 (red) in control , stress and Stress+H19 knockdown, C) IF-FISH 
of Suz12 (green), H19 (red) in control , H2O2 stress and H2O2 Stress+H19 knock-down.  

H19 is a lncRNA that has been well described in mammalian cells and is 

highly expressed in adult skeletal muscles (Gabory, Jammes, & Dandolo, 2010). 

H19 has been also shown that during differentiation and regeneration of Muscle 

cells it is upregulated (Dey, Pfeifer, & Dutta, 2014). H19 promyogenic activity relies 

on the targeting of Smad1, Smad5 and Cdc6 by encoding the conserved microRNA 

miR-675-3p and -5p (Dey et al., 2014). H19 also is known to act as a miRNA 

sponge for let-7 as a post transcriptional suppressor playing a role in Igf2 signaling 

pathway (Kallen et al., 2013; Runge et al., 2000). Even though it’s known to 

promote Muscle differentiation however its ability to recruit chromatin modifiers is 

still unknown. 
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H19 didn’t show the same trend as Malat1. Upon H19 Knock down, Eed 

similar to Suz12, remained entirely nuclear and didn’t shuffle back to the 

cytoplasmic compartment (Figure 25B-C).  

At the phenotypic level, knocking down Malat1 preserved the differentiation 

potential of C2C12 under atrophic stress conditions. Myotubes treated with LNA 

gapmers and H2O2 where characterized by a higher number of nuclei compared to 

myotubes treated with H2O2 and scramble gapmers (Figure 25A). On the contrary 

H19 depletion under atrophic stress wasn’t able to rescue the differentiation 

potential of C2C12 cells (Figure 25A). The fusion indices were plotted, and 

significance calculated with non-paired ordinary ANOVA tests showing the change 

in case of Malat1 Knockdown to be significant, while there is no change in case of 

H19 Knockdown where  the P value was =0.0027 and the F value =8.514 (Figure 

25A).   
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4.3. Malat1 affects PRC2 binding to Chromatin 

After knowing through RIP and immunofluorescence that Malat1 and Eed 

colocalize and this affects the histone methyl transferase activity imposed by the 

PRC2-Ezh1a, I wanted to further investigate what happens on chromatin. Focusing 

on Eed isoforms 3 (44 KDa) and 4 (50 KDa), where it has been shown that 

particularly isoform 3 has a peculiar cytosolic and nuclear localization (Kuzmichev 

et al., 2004) affecting the plasticity of C2C12 cells in response to oxidative stress 

(Bodega et al., 2017). I performed cellular fractionation isolating cytoplasm, 

Nuclear soluble, chromatin bound and nuclear insoluble fractions using different 

concentrations of potassium chloride. The higher the salt concentration the more 

closely bound to the chromatin the protein is. I could notice the presence of the 

Eed isoforms especially isoform 4 in the cytosol in the untreated control C2C12 

cells which then disappears from the cytosol but increases in the nuclear and 

chromatin (higher salt concentration) compartments upon oxidative stress. Upon 

Malat1 Knockdown both Eed isoforms (3 and 4) are redistributed between the 

cytosol and nucleosol (Figure 26A), Indicating the role Malat1 plays in stabilizing 

Eed in the nuclear compartment in the myotubes upon stress. 
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Figure 26 Malat-1 Knockdown affects Eed intranuclear localization. A) western blot of Eed in control, H2O2 stress, 
and H2O2 Stress +Malat-1 Knockdown; showing the fractionation of cells into C: cytoplasmic fraction, NS: Nuclear 
soluble, 0.3M: Low Salt 0.3 M concentration, 0.45M: Medium Salt concentration, 1.2M: High Salt concentration 
fractions. B) ChIP-qPCR of Eed and Myogenic genes in C: Control, S: H2O2 stress, SKD: H2O2 stress +Malat-1 
Knockdown .C) ChIP-qPCR of Ezh1a and Myogenic genes in C: Control, S: H2O2 stress, SKD: H2O2 stress +Malat-1 
Knockdown. D) ChIP-qPCR of H3K27me3 and Myogenic genes in C: Control, S: H2O2 stress, SKD: H2O2 stress +Malat-
1 Knockdown.  

 

I investigated the binding profile of the PRC2 core subunit Eed and the 

catalytic subunit Ezh1a on chromatin by ChIP-qPCR focusing on the promoter 

regions of Muscle specific genes like Myh3, Myh8, and myogenin (Figure 26 B-C). 

I observed that both Eed and Ezh1a are enriched at the promoters of muscle 

specific genes in stress compared to control conditions as previously reported 
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(Bodega et al., 2017). Additionally, upon Knockdown of Malat1 under H2O2 stress 

conditions, binding of the PRC2 proteins Eed and Ezh1a is reduced (Figure 26B, 

C). To further proof that depletion of Malat1 affects the repressive activity of PRC2, 

we also investigated the H3k27me3 levels. Consistent with the binding profiles of 

Eed and Ezh1a,  I noticed a significant increase of the H3K27me3 under H2O2 

treatment. Upon Malat1 Knockdown H3K27me3 levels decreases significantly 

following the trend of PRC2 binding (Figure 26D).  

These results altogether are consistent with a recent study in cancer cells 

showing that Malat1 increase resulted in increasing the PRC2 recruitment to 

histones and general repression of the tumor suppressor genes by depositing 

H3K27me3 (Kim et al., 2017).  
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4.4. Malat1 is more bound to Muscle specific genes upon 

oxidative stress   

Knowing that Malat1 and PRC2-Ezh1a create a ribonucleoprotein complex 

upon stress conditions through the Eed Subunit. To map lncRNA Malat1binding 

sites on chromatin, I decided to attempt the ChIRP-seq method (Chromatin 

isolation by RNA purification) (Chu, Quinn, & Chang, 2012). First, to assess the 

specificity of Malat1 ChIRP probes in Control and H2O2 treated myotubes, I 

checked by RT-qPCR the enrichment of the uncorrelated transcripts GAPDH and 

Xist RNA as Controls. Gapdh and Xist weren’t enriched at all under both Control 

and H2O2 stress conditions. Probes designed were divided into 2 sets namely odd 

and even probes respectively. Both sets showed significant Malat1 fold enrichment 

normalized over the input (Figure 27A). Then I checked how enriched is Malat1 on 

the muscle specific genes’ promoters. I found a significant increase of binding to 

all tested genes including Myogenin, Myosin heavy chain 3 and 8 (Myh3, Myh8) 

(Figure 27B).   

 

Figure 27 Malat-1 ChIRP shows how Malat1 is bound more to muscle genes under atrophic H2O2 Stress conditions. 
A) Rt-qPCR showing the Malat1, Xist, Gapdh  genes enrichment in control, H2O2 stress using odd and even Malat1 
probes with a statistical p value < 0.0001 using the ANOVA Brown-Forsythe test where *=P<0.05,  **=P<0.01, 
***=P<0.001, ****=P<0.0001 n=3, error bars representing mean with SD; B) fold enrichment of Muscle related genes 
over input  with significance carried out by unpaired t test for each gene Myh3, Myh8, Myog, Desmin and Neurog; where 
*=P<0.05,  **=P<0.01, ***=P<0.001, ****=P<0.0001 n=3, error bars representing mean with SD. 

 

To check the global binding profile of Malat1 lincRNA, I proceeded with deep 

sequencing of Malat1-ChIRP. 7511 genes were bound by both odd and even 
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Malat1 probes in control, only versus 7427 upon stress conditions only (Figure 

28A). After sequencing of ChIRP-seq and combining results of the odd and even 

probes’ sets for both replicates 1 and 2  used (Figure 28 A-C), I noticed that Malat1 

is bound to a total of 22856 loci in Stress conditions and to 23789 loci In untreated 

control conditions; of which 16996 genes are bound in common in both Control and 

after H2O2 treatment and only 5860 genes bound by Malat1 under oxidative stress 

conditions only (Figure 28C). 

When I checked the scatterplots, I was sure of the similarity between control 

replicates with a pearson value above 0.9. However, they showed profound 

difference to oxidatively stressed replicates with a pearson value lower than or 

equal to 0.9 ChIRP-seq was done for 2 replicates and a scatterplot was plotted to 

check the consistency of the replicates (Figure 28B). Observations indicated the 

possibility of proceeding with the bioinformatics analysis of the sequenced data.  
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Figure 28 ChIRP-seq and Malat1 effect on RNA levels of Muscle genes upon atrophic oxidative stress: A) Venn 
Diagrams showing the genes commonly enriched by Malat-1 in control and in atrophic  H2O2 Stress of merged replicates 
using the odd and even probes pools of Malat-1 in the 2 replicates C-Odd vs C-even (Control odd vs Control even) and 
S-odd vs S-even( Stress-Odd vs Stress-even) respectively. b) scatterplot showing the correlation between the different 
replicas (Control replicate 1, Stress Replciate 1, Control replicate 2, Stress Replciate 2) of the Malat1-ChIRP-seq; C) a 
Venn diagram showing the number of  Malat1 bound candidate genes in Control (Malat1-C) vs Malat1 bound genes in 
Stress (Malat1-S), Control Malat1 bound genes of odd and even Malat1 probes, Stress Malat1 bound genes of odd and 
even Malat1 probes.  

Malat1 bind preferentially regions next to TSS in both Control and H2O2 

treated myotubes (Figure 29A). Analogous to RNA pol II, indicating why Malat1 

could be found on active genes (J. A. West et al., 2014) 

Gene ontology enrichment analysis (GOEA) of Malat1 binding sites reveals 

high enrichment for genes related to cellular components with functions related to 

microtubule binding, actin filament binding and actin binding (Figure 29B). This 

Indicates Malat1’s relevance to muscle differentiation.  
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Figure 29 Malat-1 DNA binding pattern and GOEA under atrophic H2O2 Stress conditions.; a) plot showing the 
profile of Malat1 binding to genes with respect to TSS, b) bar charts showing GOEA enrichment scores for cellular 
components and molecular functions associated to Malat-1 ChIRP. 
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Since Malat1 directly binds muscle specific loci (e.g. Myogenin, Myosin 

heavy chain 3 and Myosin heavy chain 8 (Myh3 & Myh8)), and that it’s in complex 

with PRC2, I checked the transcriptional behavior of muscle genes after Malat1 

depletion. I noticed that upon Malat1 Knockdown under stress conditions the 

expression of muscle gens is restored to control levels. On the other hand, 

expression of genes like Atrogin, which normally increase upon H2O2 stress, is 

decreased (Figure 30) indicating the role Malat1 plays in the repression of genes 

upon oxidative stress.  

 

 
Figure 30 Malat1 effect on RNA levels of Muscle genes upon atrophic oxidative stress: qRT-PCR showing the Muscle 
related genes expression levels, in control, atrophic H2O2 Stress oxidative stress and , H2O2 oxidative stress +Malat1 
knockdown. where P<0.0001 with ANOVA test, MyoG:Myogenin, Atrog :Atrogin, Myh8-3 :Myosin Heavy Chain 8 and 
3 respectively. 
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4.5. Malat1 and PRC2 bind more to muscle specific genes 

upon stress (ChIRP-ChIP-RNA-seq integration)  

After knowing from the ChIRP assay how Muscle related genes are bound 

by Malat1 in untreated and stressed myotubes, I wanted to investigate more how 

Malat1 lncRNA and PRC2 complex binding profiles overlap. I integrated data from 

the ChIRP-seq of Malat1 with ChIP-seq previously published in Bodega et. Al. 

(Bodega et al., 2017). Interestingly I found that 1379 loci were bound by both Eed 

and Malat1 in control (Figure 31); upon oxidative stress the number of genes 

increased to approximately 2825 (Figure 31).  

Similarly, venn diagrams were plotted for Suz12 PRC2 subunit and Malat1 

(Figure 31) and the same trend was noticed where an increase from 3940 to 10917 

genes where bound by both Malat1 lncRNA and Suz12 upon stress. The same 

trend wasn’t confirmed for Ezh1a binding profile in absence of Suz12 and/or Eed. 

Numbers of genes bound by both Ezh1a and Malat1 lncRNA were decreased from 

303 in control to 192 in stress conditions. However, Malat1 and canonical PRC2 

complex (Eed- Suz12- Ezh1a) bound genes where increased from 466 to 623 

(Figure 31).  
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Figure 31 ChIRP-seq ChIP-RNA-seq integration of Malat1 and PRC2 complex.  venn diagrams showing the ChIP-
seq of the PRC2 subunits (Eed, Suz12 and Ezh1a) integration to the Malat1-ChIRP-seq. (C: Control, S: H2O2 Stress). In 
blue venn diagrams showing the number of genes bound by PRC2 core subunit ( Eed , Suz12 or Ezh1) vs Malat-1 in 
Control (i.e. Eed C: Eed in untreated Control, Malat1 C: Malat1 in untreated Control) , in Pink venn diagrams showing 
the number of genes bound by by PRC2 core subunit ( Eed , Suz12 or Ezh1) vs Malat-1 in H2O2 Stress conditions (i.e. 
Eed S: Eed in H2O2 stress treated, Malat1 S: Malat1 in H2O2 stress treated). 

To know if there is any relationship between the binding strength of Malat1 

and the transcription of bound genes, we integrated ChIRP and ChIP-seq data with 

RNA-seq data from (Bodega et al., 2017). Malat1 binding sites were divided into 

10 groups/bins based on the peak’s significance (using the False Discovery Rate 

(FDR) score across the gene) and the expression levels were plotted for each 

group of genes. The X-axis of the plot shows the FDR bins, where the lowest the 

number of the bin the higher the Malat1 binding. The expression levels are plotted 

on the Y-axis as fragments per kilobase of exon model per million reads mapped 

(FPKM). There was a noticeable trend between bins 1 to 5 where the stronger the 

binding of Malat1 the lower the expression levels of the bound genes. This trend is 
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lost in the higher bins, which are also less significant (Figure 32A). To also show 

the relationship between Malat1 binding, Ezh1a bound genes and their expression 

levels, the FPKM values of the genes bound in untreated control and H2O2 stress 

conditions were extracted and plotted. As a control we repeated the analysis on 

genes bound in both control and stress. The X axis shows the class of the genes 

and the y axis is logFPKM. Notably, the genes bound upon stress show the lowest 

expression rate (Figure 32B).  

 

Figure 32 ChIRP-ChIP-RNA-seq integration Shows how Malat-1 and Polycomb complex proteins are more bound 
to Muscle genes in atrophic H2O2 stress conditions : a) box plot showing 10 groups of Malat1 binding sites , box plot 
of FDR bins versus FPKM of both control and stress; b)boxplot  showing  the  logFPKM values of the genes specific for 
control and atrophic H2O2 stress conditions as well as of the Common genes; c) screenshot of Myh8 gene on IGV 
showing Malat1 enrichment in control , atrophic H2O2 stress and in control/ H2O2 stress . 
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The Malat1 enrichment profile on candidate Muscle related genes was 

visualized with IGV comparing stress and control conditions. Myosin heavy chain 

8 (Myh8) showed clear higher enrichment of Malat1 upon stress (Figure 32C). The 

binding of Malat1 on other myogenesis related genes upon stress is shown in 

(Appendix B).  These include but are not limited to: ASCC1 (Activating Signal Co-

integrator 1 Complex Subunit 1) Which is related to neuromuscular atrophy 

(Knierim et al., 2016; Oliveira, Martins, Pinto Leite, Sousa, & Santos, 2017), 

Col2a1(Collagen Type II Alpha 1 Chain) associated with “Kniest dysplasia” a 

disease of bone growth associated with Muscular abnormalities (Al-Hashmi et al., 

2013; M. Wu et al., 2015), Muscle specific genes Myh2-Myh8 Myosin heavy chain 

2 and 8 respectively, Myo10 a Myosin family member with actin-based motor 

activity (Berg, Derfler, Pennisi, Corey, & Cheney, 2000) and Myof (Myofibril) 

associated with Muscular dystrophy.  
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4.6. Malat1 affects H3K27 methyl transferase activity in 

vitro 

 

                                         
Figure 33 Malat1 effect on H3K27 methyl transferase activity. The absorbance plotted versus concentrations of 
Malat1. Where concentrations are on the X axis as ng, and absorbance as Optical density (OD). Significance calculated 
as an unpaired two-tailed t-test where n=8. And P=0.0288 for the 1 ng concentrations of Malat1 lncRNA. 

 

To further validate the effect of Malat1 on the activity of the PRC2 complex, I 

decided to proceed with the H3K27 methyl transferase activity assay in the 

presence versus absence of Malat1 in vitro. The “EpiQuik Histone 

Methyltransferase Activity/Inhibition Assay Kit” was used for this study. The Study 

is based on that a positive methyl transferase activity will give a higher OD value 

(absorbance) when read by a spectrophotometer. 

Following the protocol provided by the kit the 3 PRC2 proteins: Suz12, Ezh1 

and Eed were added to the wells and Malat1 was added in different concentrations: 

0.5 ,1,2 and 5 ng respectively. The experiment was repeated several times such 

that n=8. When absorbance was plotted vs the different concentrations of Malat1 

used, I could observe a significant increase in the absorbance at 1ng of Malat1. 
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This indicates a higher methyl transferase activity of the PRC2 complex in the 

presence of 1ng of Malat1. While in the absence or the presence of only 0.5 ng of 

Malat1 the HMTase activity was much lower as well as not significant; I thus 

concluded that Malat1 plays a significant role in the activity of the PRC2 complex 

in vitro. 
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5. CHAPTER5: DISCUSSION 

Cells are exposed daily to environmental fluctuations. Adaptation to these 

changes and the plasticity the cells encounter is key to survival. In post-mitotic 

cells, PcG are known to contribute to stress response and in adaptation to different 

environmental cues. Recent work in our lab has identified a novel and flexible 

mechanism regulating genome wide PRC2-Ezh1 activation in mouse skeletal 

muscle cells in response to atrophic stress (Bodega et al., 2017). This allows the 

assembly, recruitment, activation of the complex in vivo. Following the studies that 

ask the question of whether RNA-PRC2 interaction is ordered or promiscuous 

(Beltran et al., 2016; Cifuentes-Rojas et al., 2014; Chen Davidovich et al., 2013; 

Kretz & Meister, 2014); we thought of exploiting our model system to identify bona 

fide ncRNAs moieties potentially relevant for PRC2-Ezh1 repressive activity in 

response to stress. 

Why PRC2-lncRNA? 

Recruitment and assembly of PRC2-Ezh1� to its target remains elusive. 

Cofactors known to recruit PRC2 in mitotic, proliferative cells, such as Jarid2, are 

absent in myotubes (Son et al., 2013a). Ying Yang 1 (YY1) -another studied PRC2 

recruiter- has shown to bind regulatory regions of MHC and mCK genes (Caretti et 

al., 2004; Simionescu-Bankston & Kumar, 2016). However Chip-Seq studies 

showed little overlap with PRC2 (Lu et al., 2013). lncRNAs play important functions 

in regulating myogenesis (Figure 7). Furthermore, upregulation of the non-coding 

transcriptome coincides with muscle genes repression (Giannakakis et al., 2015). 

However, their role in stress response of post-mitotic cells, has not been studied.  

There is a controversy of Whether RNA-PRC2 binding is well ordered or is 

promiscuous (Beltran et al., 2016; Cifuentes-Rojas et al., 2014; Chen Davidovich 
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et al., 2013; Kretz & Meister, 2014) . So, this thesis was initiated by RNA Immuno-

Precipitation (RIP) methods of Eed in untreated vs atrophied myotubes. I noticed 

that the PRC2 core component Eed binds thousands of transcripts. As mentioned, 

this led to controversial conclusions and skepticism about the specificity/functional 

significance of these interactions (Cifuentes-Rojas et al., 2014; Chen Davidovich 

et al., 2013; Kretz & Meister, 2014). Hence, I embarked on studying Eed bound 

RNA by different RIP methods. Native RIP (n-RIP), as favorably it considers only 

specific RNA-RBP interactions by washing away a-specific ones (John L. Rinn et 

al., 2007; Wheeler, Van Nostrand, & Yeo, 2018). In addition to nRIP we confirmed 

data obtained with a different method of pulldown and for this we chose RNA 

immunoprecipitation on cells crosslinked with 0.1% of formaldehyde (fRIP). fRIP 

has shown to have maximal RNA recovery as well as proven to be more specific, 

scalable and easily reproducible when compared to both high concentrations of 

formaldehyde crosslinking used in the Chromatin immunoprecipitation (ChIP) or to 

the native methods used here. It has also shown preference over other existing 

cross-link IP (CLIP) methods  that required large amounts of input material and are 

challenging and difficult to scale up (Hendrickson et al., 2016). The different 

methods proved that despite the binding of thousands of RNA to PRC2 through 

Eed; some lncRNA reproducibly show high abundance by both nRIP and fRIP. 

Malat1 was one of the top candidates (Figure 21-Figure 22).  

MALAT1-PRC2-Eed interaction in stress response is specific: 

Malat1 lncRNA is known to be associated to stress response in other model 

systems (Bhattacharyya & Vrati, 2015; Brock et al., 2017; Handa et al., 2017; 

Zhang, Hamblin, & Yin, 2017), and is also one of the most abundant lncRNA in the 

nucleus of diverse types of cells (Chen et al., 2017). However, its mechanism of 
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action is still ambiguous. Knowingly, Malat1 not only increases in response to 

stress, but it has been also described in many cancers to bind to PRC2 core 

subunits (Ezh1/2, Eed and Suz12), correlating with H3K27me3 and silencing of the 

associated tumor suppressor genes (Stamato et al., 2017; W. Wang et al., 2016). 

Moreover, Malat1 is associated to chromatin and is present in interchromatin 

granules (Nuclear Speckles) and polycomb bodies (Yang et al., 2011).  Notably, 

it’s also involved in the regulation of myogenic differentiation and MyoD 

transcriptional activity (Chen et al., 2017). For all these reasons, I decided to 

validate and characterize this Malat1-PRC2-Eed Interaction.  

Upon oxidative stress and depletion of Malat1, Eed failed to localize in nuclei 

and chromatin of the myotubes (Figure 24). This implies that PRC2-Ezh1 alone in 

oxidative stress conditions is not sufficient to mediate gene silencing, and that it 

requires other cofactors to properly exert its repressive activityThus, Malat1 is 

deemed necessary for nuclear localization of the PRC2 core subunit Eed, and 

hence PRC2 recruitment onto chromatin, affecting PRC2 function and the global 

gene repression. Strikingly, the depletion of Malat1 had no effect on Suz12 

localization (Figure 24) in line with the fact that Suz12 unlike Eed and Ezh1 has no 

RNA binding domain/motifs (Long, Bolanos, et al., 2017). This speculates that 

Malat1 is specific in binding to Eed and might not be of relevance to regulation of 

PRC2-Suz12, PRC2-Ezh1/2 only. 

Distinct high order structures and domains are regulated by PcG 

complexes, and Malat1 is part of the speckles that allows for movement of genes 

between Polycomb bodies (PcGs) and interchromatin granules (ICGs) (Yang et al., 

2011); Thus, I further analyzed the colocalization of the Eed and Malat1 by confocal 

microscopy which confirmed that Eed and Malat1 are present in the same 
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subnuclear compartment of the Myotubes upon oxidative stress (Figure 24E-F). 

Colocalization of Malat1 and Eed inside speckles may correspond to the presence 

of foci of gene repression.  

Following these evidences, the global H3K27me3 fluorescence and 

ChipSeq levels were significantly decreased upon depletion of Malat1 under stress 

conditions, linking the Malat1 to PRC2 global repressive function (Figure 24C-D). 

 

Malat1 depletion restores the myogenic potential of atrophic muscles: 

Upon stress Polycomb bodies accompany gene repression; thus, this 

results in freezing of myotubes and struggle in cellular differentiation. By checking 

the myogenic potential through measuring the fusion index, notably, PRC2 

recruitment and function were directly affected by depletion of Malat1 upon stress. 

A significant increase in fusion index reflecting an improved differentiation of cells 

into myotubes was detected. Hence, Malat1 depletion counteracted the atrophic 

stress resulted in better differentiation (Figure 25A). Moreover, the Malat1’s effect 

on PRC2 stress response was also specific; first: the effect of H19 (another high 

abundant well studied lncRNA) on myotube differentiation upon stress was tested 

and no change in phenotype was observed; and second: Suz12 unlike Eed was 

untouched; confirming the specificity of Malat1 on PRC2-Eed Function (Figure 

25B-C).  

Malat1 is essential for Eed subnuclear localization: 

Knowing that Eed Exists in 4 isoforms that regulate PRC2 function and 

plasticity, I focused on isoforms 3 and 4. Earlier studies showed isoform 3 to have 

a peculiar cytosolic and nuclear localization (Bodega et al., 2017; Kuzmichev et al., 

2004).  A correlation between Malat1 functions with the intranuclear 



104 
 

compartmentalization of Eed was also confirmed after cellular fractionation. While 

atrophic stress forced Eed into the compacted heterochromatin fractions at high 

concentrations of KCl (1.2M); depletion of Malat1 under stress conditions detached 

Eed from the chromatin which then moved into the nucleosolic and cytosolic 

fractions (Figure 26A). Collectively these phenotypic observations, shed light on 

the importance and specificity of Malat1 in the internuclear compartmentalization 

of Eed and hence the regulated increased HMTase activity of PRC2 on lysine 27 

of Histone 3 (H3K27) (Figure 33). 

Malat1 helps the assembly of PRC2 to the lineage specific genes and 

subsequent genes repression in response to stress: 

Since Malat1 seems to have a strong effect on Eed localization and the myogenic 

differentiation program, the effect of Malat1 on PRC2 chromatin recruitment and 

function was further validated by ChIP qPCR. In line with the earlier observed 

phenotype and the significant effect Malat1 depletion had on the fusion index upon 

stress, Ezh1, EED binding and H3K27m3 were significantly reduced on Myh3, 

Myh8, and myogenin (Figure 26 B-C). Malat1-ChIRP was then performed for a 

deeper understanding of Malat1 binding profile. By selecting the same muscle 

specific genes, same promoters were detected bound by both PRC2 and Malat1 

(Figure 27B). Finally, RT-PCR analysis showed that the expression of muscle 

genes is restored to control levels upon knockdown of Malat1 under stress, and 

the expression of atrophic markers like Atrogin is decreased (Figure 30) endorsing 

the function Malat1 plays in the repression of genes upon oxidative stress. 

Collectively, the IF-FISH, chromatin fractionation, ChIP-qPCR and ChIRP analyses 

proved the significant role Malat1 plays in PRC2-Eed-Ezh1a repressive function in 

response to Oxidative stress in C2C12 Myotubes. 
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We show an accumulation of PRC2 and Malat1 at muscle specific gene 

promoters upon stress. Moreover, PRC2-Eed subunit redistributes away from 

chromatin upon Malat1 depletion. This diminution of Malat1 made C2C12 

myotubes insensitive to oxidative stress and increased differentiation efficiency. All 

these phenotypic changes are concordant with recent studies showing that Malat1 

knockout improve regeneration and differentiation of muscles’ stem cells. Where 

Malat1 is reckoned essential for MyoD suppression (Chen et al., 2017).  

In order to gain the global picture, I integrated the Malat1-ChIRP and PRC2 

ChIP with our RNA-seq data (Bodega et al., 2017) The genes bound by Malat1 

and Eed and/or Suz12 is increasing upon stress, whereas the case isn’t the same 

with Ezh1a alone. In earlier studies Malat1 was found to be bound to active 

promoters of genes (J. A. West et al., 2014) and Ezh1a was also found on active 

loci with RNA pol II (Mousavi et al., 2012). This evidence hints towards the 

possibility that Malat1 and Ezh1a, in absence of Eed and Suz12, are being present 

and poised on active genes’ promoters. Upon oxidative stress Malat1 then directs 

the assembly of the PRC2 complex and its binding to chromatin for repression, 

where the three core subunits of PRC2  (Ezh1, Eed and Suz12) collectively are 

bound to a higher number of loci with Malat1 upon oxidative stress (Figure 31). 

 

Malat1 is required for the assembly and the repressive potential of 

PRC2: 

By integrating ChIRP and ChIP-seq data with RNA-seq data from (Bodega 

et al., 2017), there was a noticeable trend where the stronger the binding of Malat1 

the lower the expression levels of the bound genes (Figure 32A). Further, I 

compared the genes bound by Malat1 and PRC2 upon stress to genes bound in 
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control. Consistently, with all previous observations, those bound only in stress 

showed the lowest expression rate (Figure 32B). This confirms and validates that 

Malat1 is fundamental for the assembly and the repressive potential of PRC2, 

which is markedly reduced in Malat1’s absence. I additionally adopted an in vitro 

assay to measure the HMTase activity of the PRC2 complex in absence and 

presence of Malat1. The results further confirmed that Malat1 affects significantly 

the HMTase activity and thus repressive function of the PRC2 in vitro (Figure 33). 

In conclusion, here I describe Malat1 as a lncRNA component that is 

beneficial for PRC2-Ezh1a assembly and functioning on chromatin through Eed. 

Malat1 which is also known to be present on active promoters (J. A. West et al., 

2014) is poised on active genes to help the assembly of the PRC2 Subunits upon 

oxidative stress. Malat1 plays a role in nuclear compartmentalization of Eed, 

assembly and repressive activity of PRC2 on chromatin, allowing epigenome 

remodeling in response to atrophic stress and recovery (Figure 34). Hence, I 

conclude that Malat1 is a fundamental partner for PRC2-Ezh1 adaptive function in 

skeletal muscle cells. 

 
Figure 34 Graphical model of Malat1 and PRC2 on Chromatin and muscle genes (adapted from (Bodega et al., 2017). 
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6. CHAPTER6: FUTURE STUDIES 

This work sets a pillar for lots of future experiments to be carried out. First, 

It would be interesting to study the mechanism of interaction of Malat1 with Eed by 

doing a PAR-CLIP and deciding the interaction up to the nucleotide level. This 

would be followed by investigating the mechanism of Malat1-PRC2-Ezh1a  

adaptive response to oxidative stress by transcribing the MALAT1 RNA in vitro and 

purifying the PRC2 subunits to study the interaction of the subunits of the PRC2 in 

presence and absence of Malat1 and their function on Histones (H3K27me3) in 

vitro. 

Since there is a great controversy in the field behind the RNA- PRC2 

promiscuity. I Would like to further study other lncRNA targets of the lists of nRIP-

seq and fRIP-seq notably having predicted targets that haven’t been studied before 

and that will definitely be of interest in the PRC2 recruitment field. 

Studying the role of the lncRNA in the recovery of the muscle cells upon 

removal of the atrophic stress, since the model system is adaptive and recoverable; 

With emphasis on studying the role of Malat1 lncRNA in the recovery of the 

atrophied myotubes. 

Phase separation studies to check the presence of Eed and MALAT1 in the 

same droplet upon atrophic stress will set the base of whether Malat1 plays a role 

in sequestering Eed in nuclear speckles. Similar to the role Malat1 plays in 

localization of the PRC1 component Polycomb2 (Pc2) from polycomb bodies to 

nuclear speckles (Yang et al., 2011).  

Another interesting topic is studying the RNA modifications of Malat1 in control 

and upon stress, to check the possible effect of the modification on binding to Eed. 
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In conclusion, this work proves that Malat1 plays a fundamental role in PRC2 

assembly and recruitment and sets a stone on the road to explore the roles other 

lncRNA might be playing in the adaptation of myotubes to environmental cues; with 

relevance to the study of epigenetics mechanisms in muscle diseases.  This opens 

the door for the interpretation and exploration of lncRNA as therapeutic targets in 

muscle diseases.



7. CHAPTER7: MATERIALS AND METHODS 

7.1. C2C12 culturing and Cell Lines:  

The C2C12 mouse skeletal cells (ATCC, CRL-1772) are grown in Dulbecco’s 

Modified Eagle’s medium (DMEM) (4.5 g/l D-glucose)/glutamax) (GIBCO) and 10% 

foetal bovine serum (FBS, Sigma) with penicillin/streptomycin supplement. To 

induce differentiation the C2C12 myoblasts at 80-90% confluence, media was 

changed to DMEM and 2% horse serum (Euroclone) with penicillin/streptomycin 

supplement. To stimulate atrophy, myotubes at day 3 of differentiation were treated 

with 100 μM H2O2 for 24 h.  

7.2. Western Blot  

Proteins were resolved by SDS-PAGE using 4%-12% gel (Bolt bis-tris, Invitrogen 

or home-made gels) depending on protein mass and transferred into nitrocellulose 

membrane (biorad Trans-Blot® TurboTM Transfer System) 

Membrane was blocked (milk 5% in PBS-tween 0,1%) and incubated overnight at 

4°C with primary antibodies (milk 5% in PBS-tween 0,1%), then with the 

appropriate secondary antibody coupled to HRP (Santa Cruz) (milk 5% in PBS-

tween 0,1%). Visualization was done using Chemi-luminescence Chemidoc 

system.  

7.3. RNA isolation and Reverse Transcription quantitative 

Polymerase Chain Reaction (RT-qPCR):  

RNA was isolated with Trizol reagent (Sigma) following manufacturer’s 

instructions. cDNA was produced from each sample using a Quantitect reverse 
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transcription kit (Qiagen) and analyzed in Syber Green-qPCR assays 

(SsoAdvancedTM Universal SYBR® Green Supermix). Real time PCR analyses 

were performed with (CFX96 TouchTM Real-Time PCR Detection System). Primer 

sequences are provided in Appendix A.  

7.4. Native-RNA immunoprecipitation (n-RIP) 

Native RIP was adapted from Rinn et al. (2007) (J. L. Rinn et al., 2007) For the 

nuclear fraction 10.106 cells were harvested by trypsinization then re-suspended 

in 2ml PBS 1x, 2ml Nuclear Isolation Buffer (1.28 M sucrose, 40 mM Tris-HCl pH 

7.4, 20 mM MgCl2, 4% Triton X-100), 6 ml of water, which is supplemented with 

1x Protease Inhibitor Cocktail, 1 mM PMSF, and 100U of Superas.in. This was 

incubated at 4°C for 1 hour. Centrifugation at 1500 rpm for 10 minutes was then 

used to pellet the nuclei. The pellets were then re-suspended in 1ml RIP buffer 

(150mM KCl, 25mM Tris-HCl pH 7.4, 5mM EDTA, 0.5mM DTT, 0.5% NP40, 1x 

Protease Inhibitor Cocktail, 1 mM PMSF, 100U Superas.in), incubated on the 

wheel at 4°C for 1 hour, then sonicated. Sonication was done by a Bioruptor 

sonicator for 10 min (30 seconds on, 45 seconds off, High). Debris were removed 

by centrifugation at 18000 rcf for 10’ and 500 μl of the lysate was used for every 

immuno-precipitation reaction using 5ug of either anti-SUZ12 antibody (Abcam, 

ab12073, or Cell Signaling, D39F6) or normal IgG (Santa Cruz, sc-2027) or EED 

(Millipore, 03-196 | RIPAb+TM EED) which were incubated overnight at 4°C on the 

rotating wheel. 1% of the lysate was saved as input. 50 μl of protein G- coated 

magnetic beads (Invitrogen) were then added for 3h to recover immuno-

complexes. Beads where then washed six times using buffers of different 

stringencies in the following order: RIP Buffer, Low Salt Buffer (20mM Tris- HCl pH 
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7.4, 150mM NaCl, 2mM EDTA, 1% triton, 0.1% SDS), High Salt Buffer (20mM Tris-

HCl pH 7.4, 500mM NaCl, 2mM EDTA, 1% triton, 0.1% SDS), Low Salt Buffer, 

High Salt Buffer, and RIP Buffer. Re-suspend the beads and the input samples in 

PBS1x 1 volume and add 3 volumes of TRI Reagent (Sigma). RNA was then 

extracted according to instructions of the manufacturer.  

7.5. RIP on crosslinked cells (f-RIP) 

f-RIP was done following Hendrickson et al. (Hendrickson et al., 2016)C2C12 Cells 

were collected by spinning for 5 minutes at 500g followed by washing using room 

temperature PBS (phosphate-buffered saline). Each 5x106 cells were re-

suspended in 1 ml of media without FBS or HS and added formaldehyde of a final 

concentration of 0.1%. Cross-linking was done for 10 minutes at Room 

temperature. Quenching using glycine added to a final concentration of 125 mM 

followed the crosslinking. Cells were spun again for 5 minutes at 500 g then 

Washed twice using 4 °C PBS. Pellets were flash frozen in liquid nitrogen and 

stored at -80 for later use. 

Frozen pellets were re-suspended in RIPA lysis buffer of 1 ml per pellet. RIPA 

buffer consists of : (50 mM Tris (pH 8), 150 mM KCl, 0.1 % SDS, 1 % Triton-X, 5 

mM EDTA, 0.5 % sodium deoxycholate, with added fresh 0.5 mM DTT, protease 

inhibitor cocktail (Thermo Scientific, PI-87785) and 100 U/ml RNaseOUTTM (Life 

Technologies, 10777–019)). Cells were incubated at 4 °C for 10 minutes then lysed 

on a Branson® sonifier using 10 % amplitude for 1 second on and 1 second off at 

30 second intervals for a total of 90 seconds and repeated 3 times.   Keep tubes 

Ice-cold during the Shearing runs to avoid the rise of temperature. Lysate was then 

centrifuged at maximum speed for 10 mutes at 4 °C. Supernatant was collected 

and equal amount of f-RIP binding wash buffer was added to dilute the samples 
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fRIP binding/wash buffer consists of (150 mM KCl, 25 mM Tris (pH 7.5), 5 mM 

EDTA, 0.5 % NP-40, 0.5 mM DTT (add fresh), 1× PIC (add fresh), 100 U/mL 

RNaseOUT (add fresh)). 50 μl of lysate were kept out of each 1 ml for input sample. 

Store input samples at -20°C for later RNA purification and preparation of the 

Library. Pre-clearing was done by incubating each 5 million cells of the lysate for 

30 minutes on a rotor at 4 °C with 25 μl of Dynabeads® Protein G (Life 

Technologies catalog #10004D). Aliquots of 5 million cells per ml were flash frozen 

and stored at -80 for later use. 

To start the F-RIP the lysates were thawed and added 5 μg of EED (Millipore, 03-

196 | RIPAb+TM EED) or IgG (Santa Cruz, sc-2027). Then the lysates plus the 

Antibody were left to rotate at 4°C for Overnight before adding the Dynabeads® 

Protein G. Dynabeads were added at a concentration of 50 μl per 1ml of lysate for 

1 hour. Washes were carried out twice using the 1 mL of fRIP binding/washing 

buffer + 1× PIC and 100 U/mL RNaseOUT. After the final wash, beads were 

removed and stored at -20°C. 

7.6. RNA purification 

Frozen beads were re-suspended in 56 μl of RNase- free water, 33 μL of 3× 

reverse-crosslinking buffer (3× PBS (without Mg or Ca), 6 % N-lauroyl sarco- sine, 

30 mM EDTA, 15 mM DTT (add fresh)), 10 μl of Proteinase K (Life Technologies, 

catalog #AM9516). 1 μl of RNaseOUT was added to re-suspended beads and input 

samples.  

Protein degradation and reverse crosslinking was done by incubating the samples 

and input for 1 hour at 42 °C followed by a second hour at 55°C. 1 ml of Trizol 

(Sigma) was then added to the samples.  Shaking to the samples followed by 

addition of 200 μl of chloroform then vigorous Shaking for ~15 seconds. Samples 
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were then centrifuged on a microcentrifuge at 4 °C max speed for 20 minutes. The 

aqueous layer was then collected and 750 μl of ethanol was added to it. 2-3 μl 

GlycoBlue were added and then samples were run over Qiagen RNeasy® min-

elute column (Qiagen, catalog #74204). 

7.7. library construction 

We performed library construction per the vendor’s instructions of Truseq stranded 

total RNA (Cat no RS-122-2201). We pooled the resulting cDNA libraries and 

subjected them to paired-end sequencing on an Illumina HiSeq 4000. 

7.8. ChIP-seq (Chromatin Immuno-Precipitation 

sequencing) 

C2C12 cells were crosslinked at 1% formaldehyde (Sigma cat. No. F8775).  for 10 

minutes. Cells were then lysed using lysis buffer 1 LB1(50 mM Hepes KOH pH 7.5, 

10 mM NaCl, 1mM EDTA, 10% glycerol, 0.5% NP–40, 0.25% Triton X-100). Nuclei 

were then pelleted, collected then washed using lysis buffer 2 LB2 (10 mM Tris 

HCl pH 8, 200 mM NaCl, 1mM EDTA, 0.5 mM EGTA). This was followed by lysis 

using lysis buffer 3 LB3 (10 mM Tris HCl pH 8; 100 mM NaCl, 1mM EDTA; 0.5 mM 

EGTA; 0.1% Na-Deoxycholate, 0.5% N-laurylsarcosine). Conication was done for 

the shearing the chromatin using (BRANSON A250, with tapered microtip 3,2 mm, 

4 cycle of 1.5 min at 20 % of amplitude, 50% of Duty Cycle). Chromatin shering 

was then checked on 0.8% agarose gel. For each immunoprecipitation reaction 5 

µg of antibodies were added to 100 µg of chromatin DNA equivalents. The protein-

antibody immunocomplexes were recovered by the magnetic Dynabeads (protein 

G, Invitrogen). Washes were carried out for the beads using Low salt wash buffer 

(LS) (0.1% SDS; 2mM EDTA, 1% Triton X-100, 20 mM Tris HCl pH8, 150 mM 

NaCl), and High Salt (HS) wash buffer (0.1% SDS, 2mM EDTA, 1% Triton X-100, 
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20 mM Tris HCl pH8, 500 mM NaCl) respectively. The beads were then re-

suspended in elution buffer (50 mM Tris HCl pH8, 10 mM EDTA, 1% SDS). This 

was followed by de-crosslinking through addition of RNase A (0.2 mg/ml) and 

Proteinase K (0.2 mg/ml) to digest the chromatin. DNA was then purified for qPCR 

analysis. Fold enrichment over mock ws used to express ChIP results. List of 

antibodies used is provided in Supplementary table 

7.9. ChIRP-seq (Chromatin Isolation by RNA Purification- 

Sequencing) 

ChIRP was done following the protocol described by Chu et al.(Chu et al., 2012). 

Biotin labeled anti sense oligo probes were designed against Malat-1 lncRNA and 

purchased from Sigma. Following the following conditions: 1) 1 probe per 100bp of 

length; 2) GC% target =45; 3) oligonucleotide length=20; 4) spacing length of 60-

80bp; probes were numbered and even probes were pooled together, while the 

odd pool contained all odd numbered probes. Pools were diluted up to 100-μM 

concentrations. C2C12 cells were strongly fixed using 1% glutaraldehyde for 10 

minutes. Then, Quenching was done using 1/10th volume of the 1.25 M glycine for 

5 minutes. Cells were pelleted lysed and sonicated for 3-4 hours until clear, 30s 

ON, 30s OFF program by a bioruptor. Sonicated samples were centrifuged at 

16100RCF for 10 min at 4 °C. aliquoted into 1 ml samples. 10 μL for RNA INPUT 

and 10 μL for DNA INPUT were withdrawn from the samples. Input samples were 

stored at -20 °C. for each 1 ml of sample 2 ml of hybridization buffer were added. 

1μL of 100-pmol/μL probes per 1 mL chromatin were added to each sample. Mix 

well. Incubate at 37 °C for 4 hrs with shaking. C-1 magnetic beads (strepyavidin 

conjugated magnetic beads were washed with lysis buffer and Use 100 μL of beads 

per 100 pmol of probes were added to the samples and left for 30 minutes at 37°C 
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with shaking. After 5 rounds of washing re-suspend the beads with 1 ml of wash 

buffer. Take 100 μL for RNA isolation using Trizol out of each 1 ml sample. The 

remaining sample was used to isolate DNA. qPCR was performed to asses 

success of the MALAT1 lncRNA pulldown vs GAPDH as negative control (Miao et 

al., 2018). 

7.10. Immunofluorescence-FISH 

Immuno-FISH is a combination of standard FISH and direct or indirect immuno-

fluorescence. The term Immuno-FISH was first devised in 1997 by Brown et 

al.(Brown et al., 1997) where they assessed the co-localization of either inactive or 

active gene loci with Ikaros protein containing nuclear structures. Where we can 

visualize the co-localization if any of the RNA, DNA and proteins of interest (in my 

case Eed). These techniques combined together has shown great results and is 

now being used with different colors and probes where they could for example look 

at chromosomal regions, gene expression and histone methylation all at once 

(Zinner, Teller, Versteeg, Cremer, & Cremer, 2007). Immuno-FISH was also used 

to study the extraordinary chromatin status of the inactive X chromosome in murine 

trophoblasts. It easily showed the co-localization of Xist RNA and Eed protein of 

PRC2 together with the H3K27me3 mark (Corbel, Diabangouaya, Gendrel, Chow, 

& Heard, 2013).  

IF-FISH Was carried out according to the sequential IF + FISH in Adherent 

Cells protocol by stellaris. Stellaris® FISH Probes recognizing <Mouse Malat1> 

and labeled with <CAL Fluor® Red 610 Dye > (Catalog #VSMF-3021-5, Biosearch 

Technologies, Inc., Petaluma, CA) were hybridized to <C2C12 mouse skeletal 

muscle samples >, following the manufacturer’s instructions available online at 
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www.biosearchtech.com/stellarisprotocols. The last step, the use of DAPI 

fluoroshield was used to stain and visualize the nuclei. Images were obtained with 

ZEISS LSM 710 inverted confocal microscope with an Apo 63x oil-immersion 

objective and 2x digital zoom.  

7.11. Cellular RNA fractionation: 

 Every 5.106 cells harvested by trypsinization were re-suspended in 200 μl of cold 

RLN1 buffer (50 mM Tris-HCl pH 8.0; 140 mM NaCl; 1.5 mM MgCl2; 0.5% NP-40; 

100U of Superas.in). It was then incubated on the revolving wheel at 4°C for 20’. 

Lysate was centrifuged at 4°C and 300 rcf for 3’. The supernatant was transferred 

to a separate tube, which now corresponds to the cytoplasmic fraction. Wash the 

nuclear pellet with 200 μl of cold RLN1 buffer at 4°C for 2’ with gentle rotation. 

Centrifuge at 300 rcf for 3’ then re-suspend in 200 μl of cold RIP buffer to prepare 

for sonication and RNA immuno-precipitation (Cabianca et al., 2012).  

7.12. Cellular proteins Fractionation: 

Nuclei were prepared following the Suzuki et al. protocol, where nuclei were 

isolated from the cytosolic fraction using ice cold 0.1% NP-40 in PBS (Suzuki, 

Bose, Leong-Quong, Fujita, & Riabowol, 2010). Chromatin proteins were then 

fractionated using a gradient of salt concentration. Were nuclear pellets were 

suspended in Low salt buffer (20mM HEPES, pH 7.9, 25% glycerol, 203 mM KCl, 

1.5 mM MgCl2, 0.2 mM EDTA, 1mM DTT, 1X Complete mini EDTA-free (Roche)), 

hen a medium salt buffer (405 mM KCl), then finally high salt concentration (803 

mM KCl). Then a western blot was blotted for proteins extracted from different 

fractions. by mixing 50 µl with 10µl 6x Laemmli buffer, boil for 5 minutes at 95°C, 
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cool down to room temperature briefly then spin at 10,000 xg for 1 minute. Then 

Run the fractions on a polyacrylamide 8% gel.  

7.13. Histone methyl-transferase activity assay 

The assay was carried out according to the manufacturer’s instructions 

(Epigentek) “https://www.epigentek.com/docs/P-3005.pdf” protocol. For the 

quantitative assay, I chose to use 300 ng of HMTase enzymes (Ezh1) (origene 

TP302367) and the PRC2 components Suz12 (origene TP302362) and Eed 

(ab156723) as used by (Bodega et al., 2017). I then calculated the HMTase activity 

by reading the absorbance of the assay (OD). Different concentrations of Malat1 

were used and the OD was plotted vs the different Malat1 concentrations. 

7.14. Bioinformatics analysis: 

ChIRP-seq raw sequencing data was first trimmed and clipped using the BBDuk 

tool (https://jgi.doe.gov/data-and-tools/bbtools/). A minimum base quality of 25 and 

a minimum read length of 35 nt were set. High quality reads were then mapped 

against the Ensembl Mus musculus reference genome (GRCm38) with STAR 

(https://github.com/alexdobin/STAR). For each sample the fragment length was 

estimated with sam-stats (https://expressionanalysis.github.io/ea-utils/). Peak 

calling was then performed separately for even and odd probes with SICERpy 

(https://github.com/dariober/SICERpy) with the following options --effGenomeSize 

0.66 --redThresh 1 --fragSize X --filterFlag 2180 --windowSize 200 --gapSize 1. 

The --fragSize options was changed for each sample according to the results of 

sam-stats. IgG samples were used as background. SICERpy predicted peaks were 

filtered to keep those with an FDR <=0.05 and and an enrichment fold of at least 

1.5. The peaks obtained from even and odd probes were merged. A functional 

annotation of the peaks was performed by intersecting the coordinates of the peaks 
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with the gene coordinates with Bedtools 

(https://bedtools.readthedocs.io/en/latest/).  

 

RIP-seq raw sequencing data was first trimmed and clipped using the BBDuk tool 

(https://jgi.doe.gov/data-and-tools/bbtools/). A minimum base quality of 25 and a 

minimum read length of 35 nt were set. High quality reads were then processed 

with Kallisto (https://pachterlab.github.io/kallisto/about.html) to perform expression 

quantification of the GRCm38 transcripts. In order to identify significantly enriched 

transcripts, each sample was compared with the corresponding IgG sample with 

NOISeq (https://bioconductor.org/packages/release/bioc/html/NOISeq.html) using 

the TMM normalization method. A t-test was performed to identify differential 

enrichment between control and stressed samples. 

 

Gene Ontology Enrichment Analysis were performed with the tool AIR 

(https://transcriptomics.sequentiabiotech.com/). Correlation plots were produced 

with DeepTools (https://deeptools.readthedocs.io/en/develop/) whereas heatmaps 

were produced with NGSplot (https://github.com/shenlab-sinai/ngsplot). Venn 

diagrams were produced with Venn tool 

(http://bioinformatics.psb.ugent.be/webtools/Venn/).  



APPENDICES: 
Appendix A: Supplementary Tables 
Table of primers used 

 
Table 3 Table showing primers/oligos used in different Rt-qPCR or ChIP experiments. 

 

Gene Application Forward sequence Reverse sequence
Myogenin ChIP TGGCTATATTTATCTCTGGGTTCA GCTCCCGCAGCCCCT
Myh3 ChIP CAGCTGGCCTTTCCTAATTG CCCATGTTCACAGTGACAGC
Myh8 ChIP TAGTGTGTTGGGAAGGGAATCT GCTCCTGTTGGAACAAATAAGG
mcK ChIP TACTGTTCCATGTTCCCGGCGAA AGGAGCCTACAGGGTGTGACTA
Desmin ChIP GCTTCCTAGCTGGGCCTTTCC TTCATCCCCCTACTCACACC
NeuroG1 ChIP CCTCCCGCGACGATAAAT CCTCAGGACCCCTTAAGTACG
Gapdh RT-qPCR CTAGAGAGCTGACAGTGGGTAT AGACGACCAATGCGTCCAAA
Myogenin RT-qPCR GCAGCGCCATCCAGTTTG GCAACAGACATATCACCG
Myh3 RT-qPCR GCAGATTCAGAAACTGGAGAC CCTTAACACGCCGCTCATAC
Myh8 RT-qPCR GAACTTGAAGGAGAGGTCGA GAGCACATTCTTGCGGTCTT
mcK RT-qPCR ACTACAAGCCTCAGGAGGAGTA ATGGCGAAGCTTATTGTAG
Atrogin 1 RT-qPCR CAGCAGCCTGAACTACGACG GGCACTCGAGAAGTCCAGTC
Malat1 RT-qPCR GCCTTTTGTCACCTCACT CAAACTCACTGCAAGGTCTC
H19 RT-qPCR GGAGACTAGGCCAGGTCTC GCCCATGGTGTTCAAGAAGGC
Murf1 RT-qPCR GGTGCCTACTTGCTCCTTGT CTGGTGGCTATTCTCCTTGG



Tables of LNA Gapmers and Fish Probes used (Malat1/H19) 

 
Table 4 Table Showing LNA gapmers and FISH probes used. 

Gapmers

Malat1-1-Antisense LNATM GapmeR 300600 Exiqon

Malat1-2- Antisense LNATM GapmeR,  Desalting Design 300600 Exiqon

Malat1-3- Antisense LNATM GapmeR,  Desalting Design 300600 Exiqon

300600 Exiqon

H19-1- Antisense LNATM GapmeR,  Design ID: 621302-1 Design ID: 621302-1 Exiqon

FISH probes

Stellaris® FISH Probes, Mouse Malat1 with CAL Fluor® Red 610 
Dye VSMF-3021-5

https://www.biosearchtech.com/pr
oducts/rna-fish/designready-
stellaris-probe-sets

Stellaris® FISH Probes, Mouse H19 with CAL Fluor® Red 610 Dye VSMF-30262-5

https://www.biosearchtech.com/pr
oducts/rna-fish/designready-
stellaris-probe-sets
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Appendix B: IGV figures of ChIP-ChIRP-seq integration 

Below are screenshots of several chosen genes that are clearly more bound 

by both Eed and Malat1: 

 

H2O2 Stress 
Control
H2O2 Stress/control 

H2O2 Stress 
Control
H2O2 Stress/control 

H2O2 Stress 
Control
H2O2 Stress/control 

Ascc1

Col14a1

Col2a1
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H2O2 Stress 
Control
H2O2 Stress/control 

H2O2 Stress 
Control
H2O2 Stress/control 

H2O2 Stress 
Control
H2O2 Stress/control 
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Mtmr12
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Appendix C: Bioanalyzer electropherograms and charts for 
Sequenced samples of nRIP and fRIP: 

 

 
Figure 35 nRIP samples electropherogram. Agilent 2100 bioanalyzer electropherogram of nRIP for input, and 
immunoprecipitated EED, IgG RNA from untreated control and stressed samples. 

Input Control Input Stress
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Figure 36 fRIP samples electropherogram. Agilent 2100 bioanalyzer electropherogram of nRIP for input, and 
immunoprecipitated EED, IgG RNA from untreated control and stressed samples, the number indicates the replicate 
number. 
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Figure 37 fRIP samples electropherogram. Agilent 2100 bioanalyzer electropherogram of nRIP for input, and 
immunoprecipitated EED, IgG RNA from untreated control and stressed samples. the number indicates the replicate 
number.  
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Appendix D: Chromatin sonication of control, oxidative stress 
and oxidative stress +MALAT1 knock down 

 

 

 

Figure 38 Chromatin sonication. Chromatin sonication of Control, oxidative stress and oxidative stress +MALAT1 
knock down C2C12 using a 1Kb plus DNA ladder



REFERENCES: 
 
Al-Hashmi,	N.,	Imtiaz,	F.,	Ramzan,	K.,	Faden,	M.,	Shuaib,	T.,	Al-Otaibi,	L.,	.	.	.	Al-Owain,	

M.	 (2013).	 Novel	 splice	 (IVS18+1G>C)	 mutation	 in	 COL2A1	 causing	 Kniest	
dysplasia.	 Clin	 Dysmorphol,	 22(1),	 39-41.	
doi:10.1097/MCD.0b013e32835c297e	

Ascano,	M.,	Hafner,	M.,	Cekan,	P.,	Gerstberger,	S.,	&	Tuschl,	T.	(2012).	Identification	of	
RNA-protein	interaction	networks	using	PAR-CLIP.	Wiley	Interdiscip	Rev	RNA,	
3(2),	159-177.	doi:10.1002/wrna.1103	

Bannister,	 A.	 J.,	 &	 Kouzarides,	 T.	 (1996).	 The	 CBP	 co-activator	 is	 a	 histone	
acetyltransferase.	Nature,	384(6610),	641.		

Bannister,	 A.	 J.,	 &	 Kouzarides,	 T.	 (2011).	 Regulation	 of	 chromatin	 by	 histone	
modifications.	Cell	Research,	21,	381.	doi:10.1038/cr.2011.22	

Beltran,	M.,	Yates,	C.	M.,	Skalska,	L.,	Dawson,	M.,	Reis,	F.	P.,	Viiri,	K.,	 .	 .	 .	Jenner,	R.	G.	
(2016).	 The	 interaction	 of	 PRC2	 with	 RNA	 or	 chromatin	 is	 mutually	
antagonistic.	Genome	Res,	26(7),	896-907.	doi:10.1101/gr.197632.115	

Berg,	J.	S.,	Derfler,	B.	H.,	Pennisi,	C.	M.,	Corey,	D.	P.,	&	Cheney,	R.	E.	(2000).	Myosin-X,	a	
novel	myosin	with	pleckstrin	homology	domains,	associates	with	regions	of	
dynamic	actin.	J	Cell	Sci,	113	Pt	19,	3439-3451.		

Bharathy,	 N.,	 &	 Taneja,	 R.	 (2012).	 Methylation	 muscles	 into	 transcription	 factor	
silencing.	Transcription,	3(5),	215-220.	doi:10.4161/trns.20914	

Bhattacharyya,	S.,	&	Vrati,	S.	(2015).	The	Malat1	long	non-coding	RNA	is	upregulated	
by	 signalling	 through	 the	 PERK	 axis	 of	 unfolded	 protein	 response	 during	
flavivirus	infection.	Scientific	Reports,	5,	17794.	doi:10.1038/srep17794	

Bodega,	B.,	Marasca,	F.,	Ranzani,	V.,	Cherubini,	A.,	Della	Valle,	F.,	Neguembor,	M.	V.,	.	.	.	
Orlando,	 V.	 (2017).	 A	 cytosolic	 Ezh1	 isoform	 modulates	 a	 PRC2–Ezh1	
epigenetic	 adaptive	 response	 in	 postmitotic	 cells.	Nature	 Structural	 &Amp;	
Molecular	Biology,	24,	444.	doi:10.1038/nsmb.3392	

https://www.nature.com/articles/nsmb.3392#supplementary-information	
Bodine,	S.	C.,	Latres,	E.,	Baumhueter,	S.,	Lai,	V.	K.,	Nunez,	L.,	Clarke,	B.	A.,	.	.	.	Glass,	D.	J.	

(2001).	Identification	of	ubiquitin	ligases	required	for	skeletal	muscle	atrophy.	
Science,	294(5547),	1704-1708.	doi:10.1126/science.1065874	

Bonasio,	 R.,	 Tu,	 S.,	 &	 Reinberg,	 D.	 (2010).	 Molecular	 signals	 of	 epigenetic	 states.	
Science,	330(6004),	612-616.	doi:10.1126/science.1191078	

Breiling,	A.,	Turner,	B.	M.,	Bianchi,	M.	E.,	&	Orlando,	V.	(2001).	General	transcription	
factors	 bind	 promoters	 repressed	 by	 Polycomb	 group	 proteins.	 Nature,	
412(6847),	651-655.	doi:10.1038/35088090	

Brock,	M.,	Schuoler,	C.,	Leuenberger,	C.,	Buhlmann,	C.,	Haider,	T.	J.,	Vogel,	J.,	.	.	.	Huber,	
L.	C.	(2017).	Analysis	of	hypoxia-induced	noncoding	RNAs	reveals	metastasis-
associated	 lung	 adenocarcinoma	 transcript	 1	 as	 an	 important	 regulator	 of	
vascular	 smooth	 muscle	 cell	 proliferation.	 Exp	 Biol	 Med	 (Maywood),	
1535370216685434.	doi:10.1177/1535370216685434	

Brockdorff,	N.	(2013).	Noncoding	RNA	and	Polycomb	recruitment.	Rna,	19(4),	429-
442.	doi:10.1261/rna.037598.112	

Brown,	K.	E.,	Guest,	S.	S.,	Smale,	S.	T.,	Hahm,	K.,	Merkenschlager,	M.,	&	Fisher,	A.	G.	
(1997).	Association	of	transcriptionally	silent	genes	with	Ikaros	complexes	at	
centromeric	heterochromatin.	Cell,	91(6),	845-854.		



130 
 

Brownell,	J.	E.,	Zhou,	J.,	Ranalli,	T.,	Kobayashi,	R.,	Edmondson,	D.	G.,	Roth,	S.	Y.,	&	Allis,	
C.	 D.	 (1996).	 Tetrahymena	 histone	 acetyltransferase	 A:	 a	 homolog	 to	 yeast	
Gcn5p	linking	histone	acetylation	to	gene	activation.	Cell,	84(6),	843-851.		

Buckingham,	M.,	&	Rigby,	P.	W.	(2014).	Gene	regulatory	networks	and	transcriptional	
mechanisms	 that	 control	 myogenesis.	 Dev	 Cell,	 28(3),	 225-238.	
doi:10.1016/j.devcel.2013.12.020	

Cabianca,	D.	S.,	Casa,	V.,	Bodega,	B.,	Xynos,	A.,	Ginelli,	E.,	Tanaka,	Y.,	&	Gabellini,	D.	
(2012).	A	 long	ncRNA	 links	copy	number	variation	 to	a	polycomb/trithorax	
epigenetic	 switch	 in	 FSHD	 muscular	 dystrophy.	 Cell,	 149(4),	 819-831.	
doi:10.1016/j.cell.2012.03.035	

Cabili,	M.	N.,	Trapnell,	C.,	Goff,	L.,	Koziol,	M.,	Tazon-Vega,	B.,	Regev,	A.,	&	Rinn,	 J.	L.	
(2011).	 Integrative	 annotation	 of	 human	 large	 intergenic	 noncoding	 RNAs	
reveals	 global	 properties	 and	 specific	 subclasses.	Genes	 Dev,	 25(18),	 1915-
1927.	doi:10.1101/gad.17446611	

Cao,	Q.,	Wang,	X.,	Zhao,	M.,	Yang,	R.,	Malik,	R.,	Qiao,	Y.,	.	.	.	Chinnaiyan,	A.	M.	(2014).	The	
central	role	of	EED	in	the	orchestration	of	polycomb	group	complexes.	Nature	
Communications,	5,	3127-3127.	doi:10.1038/ncomms4127	

Cao,	R.,	Wang,	L.,	Wang,	H.,	Xia,	L.,	Erdjument-Bromage,	H.,	Tempst,	P.,	 .	 .	 .	Zhang,	Y.	
(2002).	Role	of	histone	H3	lysine	27	methylation	in	Polycomb-group	silencing.	
Science,	298(5595),	1039-1043.	doi:10.1126/science.1076997	

Caretti,	G.,	Di	Padova,	M.,	Micales,	B.,	Lyons,	G.	E.,	&	Sartorelli,	V.	(2004).	The	Polycomb	
Ezh2	methyltransferase	regulates	muscle	gene	expression	and	skeletal	muscle	
differentiation.	Genes	Dev,	18(21),	2627-2638.	doi:10.1101/gad.1241904	

Carninci,	 P.,	 Kasukawa,	 T.,	 Katayama,	 S.,	 Gough,	 J.,	 Frith,	 M.	 C.,	 Maeda,	 N.,	 .	 .	 .	
Hayashizaki,	 Y.	 (2005).	 The	 transcriptional	 landscape	 of	 the	 mammalian	
genome.	Science,	309(5740),	1559-1563.	doi:10.1126/science.1112014	

Casanova,	M.,	Preissner,	T.,	Cerase,	A.,	Poot,	R.,	Yamada,	D.,	Li,	X.,	 .	 .	 .	Brockdorff,	N.	
(2011).	Polycomblike	2	 facilitates	 the	 recruitment	of	PRC2	Polycomb	group	
complexes	to	the	inactive	X	chromosome	and	to	target	loci	in	embryonic	stem	
cells.	Development,	138(8),	1471-1482.	doi:10.1242/dev.053652	

Cha,	T.	L.,	Zhou,	B.	P.,	Xia,	W.,	Wu,	Y.,	Yang,	C.	C.,	Chen,	C.	T.,	.	.	.	Hung,	M.	C.	(2005).	Akt-
mediated	 phosphorylation	 of	 EZH2	 suppresses	methylation	 of	 lysine	 27	 in	
histone	H3.	Science,	310(5746),	306-310.	doi:10.1126/science.1118947	

Chen,	X.,	He,	L.,	Zhao,	Y.,	Li,	Y.,	Zhang,	S.,	Sun,	K.,	.	.	.	Wang,	H.	(2017).	Malat1	regulates	
myogenic	differentiation	and	muscle	regeneration	through	modulating	MyoD	
transcriptional	 activity.	 Cell	 discovery,	 3,	 17002-17002.	
doi:10.1038/celldisc.2017.2	

Chu,	C.,	Qu,	K.,	Zhong,	F.	L.,	Artandi,	S.	E.,	&	Chang,	H.	Y.	(2011).	Genomic	maps	of	long	
noncoding	RNA	occupancy	 reveal	principles	of	RNA-chromatin	 interactions.	
Mol	Cell,	44(4),	667-678.	doi:10.1016/j.molcel.2011.08.027	

Chu,	 C.,	 Quinn,	 J.,	 &	 Chang,	 H.	 Y.	 (2012).	 Chromatin	 isolation	 by	 RNA	 purification	
(ChIRP).	J	Vis	Exp(61).	doi:10.3791/3912	

Cifuentes-Rojas,	 C.,	 Hernandez,	 A.	 J.,	 Sarma,	 K.,	 &	 Lee,	 J.	 T.	 (2014).	 Regulatory	
interactions	between	RNA	and	polycomb	repressive	complex	2.	Mol	Cell,	55(2),	
171-185.	doi:10.1016/j.molcel.2014.05.009	

Clark,	M.	B.,	Johnston,	R.	L.,	Inostroza-Ponta,	M.,	Fox,	A.	H.,	Fortini,	E.,	Moscato,	P.,	.	.	.	
Mattick,	 J.	S.	(2012).	Genome-wide	analysis	of	 long	noncoding	RNA	stability.	
Genome	Res,	22(5),	885-898.	doi:10.1101/gr.131037.111	



131 
 

Corbel,	C.,	Diabangouaya,	P.,	Gendrel,	A.-V.,	Chow,	J.	C.,	&	Heard,	E.	(2013).	Unusual	
chromatin	 status	and	organization	of	 the	 inactive	X	 chromosome	 in	murine	
trophoblast	 giant	 cells.	 Development,	 140(4),	 861-872.	
doi:10.1242/dev.087429	

da†Rocha,	S.	o.	T.,	Boeva,	V.,	Escamilla-Del-Arenal,	M.,	Ancelin,	K.,	Granier,	C.,	Matias,	
N.	 R.,	 .	 .	 .	 Heard,	 E.	 (2014).	 Jarid2	 Is	 Implicated	 in	 the	 Initial	 Xist-Induced	
Targeting	of	PRC2	to	the	Inactive	X	Chromosome.	Molecular	Cell,	53(2),	301-
316.		

Darnell,	R.	B.	(2010).	HITS-CLIP:	panoramic	views	of	protein-RNA	regulation	in	living	
cells.	Wiley	interdisciplinary	reviews.	RNA,	1(2),	266-286.	doi:10.1002/wrna.31	

Davidovich,	 C.,	 Zheng,	 L.,	 Goodrich,	 K.	 J.,	 &	 Cech,	 T.	 R.	 (2013).	 Promiscuous	 RNA	
binding	by	Polycomb	Repressive	Complex	2.	Nat	Struct	Mol	Biol,	20(11),	1250-
1257.	doi:10.1038/nsmb.2679	

Davidovich,	 C.,	 Zheng,	 L.,	 Goodrich,	 K.	 J.,	 &	 Cech,	 T.	 R.	 (2013).	 Promiscuous	 RNA	
binding	by	Polycomb	repressive	complex	2.	Nat	Struct	Mol	Biol,	20(11),	1250-
1257.	doi:10.1038/nsmb.2679	

Deaton,	A.	M.,	&	Bird,	A.	(2011).	CpG	islands	and	the	regulation	of	transcription.	Genes	
Dev,	25(10),	1010-1022.	doi:10.1101/gad.2037511	

Delest,	 A.,	 Sexton,	 T.,	 &	 Cavalli,	 G.	 (2012).	 Polycomb:	 a	 paradigm	 for	 genome	
organization	from	one	to	three	dimensions.	Curr	Opin	Cell	Biol,	24(3),	405-414.	
doi:10.1016/j.ceb.2012.01.008	

Dellino,	G.	I.,	Schwartz,	Y.	B.,	Farkas,	G.,	McCabe,	D.,	Elgin,	S.	C.,	&	Pirrotta,	V.	(2004).	
Polycomb	silencing	blocks	transcription	initiation.	Mol	Cell,	13(6),	887-893.		

Denisenko,	O.,	Shnyreva,	M.,	Suzuki,	H.,	&	Bomsztyk,	K.	(1998).	Point	Mutations	in	the	
WD40	Domain	of	Eed	Block	Its	Interaction	with	Ezh2.	Molecular	and	Cellular	
Biology,	18(10),	5634-5642.	doi:10.1128/mcb.18.10.5634	

Derrien,	T.,	 Johnson,	R.,	Bussotti,	G.,	Tanzer,	A.,	Djebali,	 S.,	Tilgner,	H.,	 .	 .	 .	Guigo,	R.	
(2012).	The	GENCODE	v7	catalog	of	human	long	noncoding	RNAs:	analysis	of	
their	gene	structure,	evolution,	and	expression.	Genome	Res,	22(9),	1775-1789.	
doi:10.1101/gr.132159.111	

Dey,	B.	K.,	Pfeifer,	K.,	&	Dutta,	A.	(2014).	The	H19	long	noncoding	RNA	gives	rise	to	
microRNAs	 miR-675-3p	 and	 miR-675-5p	 to	 promote	 skeletal	 muscle	
differentiation	 and	 regeneration.	 Genes	 Dev,	 28(5),	 491-501.	
doi:10.1101/gad.234419.113	

Djabali,	 M.,	 Selleri,	 L.,	 Parry,	 P.,	 Bower,	 M.,	 Young,	 B.	 D.,	 &	 Evans,	 G.	 A.	 (1992).	 A	
trithorax–like	 gene	 is	 interrupted	 by	 chromosome	 11q23	 translocations	 in	
acute	leukaemias.	Nature	genetics,	2(2),	113.		

Elderkin,	S.,	Maertens,	G.	N.,	Endoh,	M.,	Mallery,	D.	L.,	Morrice,	N.,	Koseki,	H.,	.	.	.	Hiom,	
K.	(2007).	A	phosphorylated	form	of	Mel-18	targets	the	Ring1B	histone	H2A	
ubiquitin	 ligase	 to	 chromatin.	 Mol	 Cell,	 28(1),	 107-120.	
doi:10.1016/j.molcel.2007.08.009	

Eskeland,	R.,	Leeb,	M.,	Grimes,	G.	R.,	Kress,	C.,	Boyle,	S.,	Sproul,	D.,	.	.	.	Bickmore,	W.	A.	
(2010).	Ring1B	compacts	chromatin	structure	and	represses	gene	expression	
independent	 of	 histone	 ubiquitination.	 Mol	 Cell,	 38(3),	 452-464.	
doi:10.1016/j.molcel.2010.02.032	

Ferrari,	K.	 J.,	 Scelfo,	A.,	 Jammula,	S.,	Cuomo,	A.,	Barozzi,	 I.,	 Stutzer,	A.,	 .	 .	 .	Pasini,	D.	
(2014).	 Polycomb-dependent	 H3K27me1	 and	 H3K27me2	 regulate	 active	
transcription	 and	 enhancer	 fidelity.	 Mol	 Cell,	 53(1),	 49-62.	
doi:10.1016/j.molcel.2013.10.030	



132 
 

Gabory,	A.,	Jammes,	H.,	&	Dandolo,	L.	(2010).	The	H19	locus:	role	of	an	imprinted	non-
coding	 RNA	 in	 growth	 and	 development.	 Bioessays,	 32(6),	 473-480.	
doi:10.1002/bies.200900170	

Gao,	Z.,	Zhang,	J.,	Bonasio,	R.,	Strino,	F.,	Sawai,	A.,	Parisi,	F.,	 .	 .	 .	Reinberg,	D.	(2012).	
PCGF	 homologs,	 CBX	 proteins,	 and	 RYBP	 define	 functionally	 distinct	 PRC1	
family	complexes.	Mol	Cell,	45(3),	344-356.	doi:10.1016/j.molcel.2012.01.002	

Giannakakis,	A.,	Jing-xian,	Z.,	Jenjaroenpun,	P.,	Nama,	S.,	Zainolabidin,	N.,	Yee	Aau,	M.,	
.	.	.	Guccione,	E.	(2015).	Contrasting	expression	patterns	of	coding	and	noncoding	
parts	of	the	human	genome	upon	oxidative	stress	(Vol.	5:9737).	

Gil,	J.,	&	O'Loghlen,	A.	(2014).	PRC1	complex	diversity:	where	is	it	taking	us?	Trends	
Cell	Biol,	24(11),	632-641.	doi:10.1016/j.tcb.2014.06.005	

Gillette,	T.	G.,	&	Hill,	J.	A.	(2015).	Readers,	Writers,	and	Erasers.	Circulation	Research,	
116(7),	1245-1253.	doi:doi:10.1161/CIRCRESAHA.116.303630	

Gomes,	M.	D.,	Lecker,	S.	H.,	Jagoe,	R.	T.,	Navon,	A.,	&	Goldberg,	A.	L.	(2001).	Atrogin-1,	
a	muscle-specific	F-box	protein	highly	expressed	during	muscle	atrophy.	Proc	
Natl	Acad	Sci	U	S	A,	98(25),	14440-14445.	doi:10.1073/pnas.251541198	

Grant,	 J.	L.	M.	a.	P.	A.	(2013).	Epigenetics:	Development	and	Disease	In	T.	K.	Kundu	
(Ed.),	Subcellular	Biochemistry	(pp.	289-317).	

Grote,	P.,	Wittler,	L.,	Hendrix,	D.,	Koch,	F.,	Währisch,	S.,	&	Beisaw,	A.	(2013).	The	tissue-
specific	 lncRNA	 Fendrr	 is	 an	 essential	 regulator	 of	 heart	 and	 body	 wall	
development	in	the	mouse.	Dev	Cell,	24.	doi:10.1016/j.devcel.2012.12.012	

Grzenda,	A.,	Lomberk,	G.,	Svingen,	P.,	Mathison,	A.,	Calvo,	E.,	Iovanna,	J.,	.	.	.	Urrutia,	R.	
(2013).	 Functional	 characterization	 of	 EZH2beta	 reveals	 the	 increased	
complexity	of	EZH2	isoforms	 involved	 in	the	regulation	of	mammalian	gene	
expression.	Epigenetics	Chromatin,	6(1),	3.	doi:10.1186/1756-8935-6-3	

Guil,	S.,	Soler,	M.,	Portela,	A.,	Carrere,	J.,	Fonalleras,	E.,	Gomez,	A.,	.	.	.	Esteller,	M.	(2012).	
Intronic	RNAs	mediate	EZH2	regulation	of	epigenetic	targets.	Nat	Struct	Mol	
Biol,	19(7),	664-670.	doi:10.1038/nsmb.2315	

Gunawan,	M.,	Venkatesan,	N.,	Loh,	J.	T.,	Wong,	J.	F.,	Berger,	H.,	Neo,	W.	H.,	.	.	.	Su,	I.	h.	
(2015).	 The	 methyltransferase	 Ezh2	 controls	 cell	 adhesion	 and	 migration	
through	direct	methylation	of	the	extranuclear	regulatory	protein	talin.	Nature	
Immunology,	16,	505.	doi:10.1038/ni.3125	

https://www.nature.com/articles/ni.3125#supplementary-information	
Guttman,	M.,	Amit,	 I.,	Garber,	M.,	French,	C.,	Lin,	M.	F.,	Feldser,	D.,	 .	 .	 .	 Lander,	E.	 S.	

(2009).	Chromatin	signature	reveals	over	a	thousand	highly	conserved	large	
non-coding	 RNAs	 in	 mammals.	 Nature,	 458(7235),	 223-227.	
doi:10.1038/nature07672	

Guttman,	M.,	Donaghey,	J.,	Carey,	B.	W.,	Garber,	M.,	Grenier,	J.	K.,	Munson,	G.,	.	.	.	Lander,	
E.	 S.	 (2011).	 lincRNAs	 act	 in	 the	 circuitry	 controlling	 pluripotency	 and	
differentiation.	 Nature,	 477(7364),	 295-300.	
doi:http://www.nature.com/nature/journal/v477/n7364/abs/nature10398
.html#supplementary-information	

Guttman,	M.,	Donaghey,	J.,	Carey,	B.	W.,	Garber,	M.,	Grenier,	J.	K.,	Munson,	G.,	.	.	.	Lander,	
E.	 S.	 (2011).	 lincRNAs	 act	 in	 the	 circuitry	 controlling	 pluripotency	 and	
differentiation.	Nature,	477(7364),	295-U260.	doi:10.1038/nature10398	

Guttman,	M.,	Garber,	M.,	Levin,	J.	Z.,	Donaghey,	J.,	Robinson,	J.,	Adiconis,	X.,	.	.	.	Regev,	
A.	 (2010).	 Ab	 initio	 reconstruction	 of	 cell	 type-specific	 transcriptomes	 in	
mouse	 reveals	 the	 conserved	 multi-exonic	 structure	 of	 lincRNAs.	 Nat	
Biotechnol,	28(5),	503-510.	doi:10.1038/nbt.1633	



133 
 

Hafner,	M.,	Landthaler,	M.,	Burger,	L.,	Khorshid,	M.,	Hausser,	J.,	Berninger,	P.,	.	.	.	Tuschl,	
T.	(2010).	PAR-CliP--a	method	to	identify	transcriptome-wide	the	binding	sites	
of	RNA	binding	proteins.	J	Vis	Exp(41),	2034.	doi:10.3791/2034	

Handa,	H.,	Kuroda,	Y.,	Kimura,	K.,	Masuda,	Y.,	Hattori,	H.,	Alkebsi,	L.,	.	.	.	Murakami,	H.	
(2017).	Long	non-coding	RNA	MALAT1	is	an	inducible	stress	response	gene	
associated	 with	 extramedullary	 spread	 and	 poor	 prognosis	 of	 multiple	
myeloma.	Br	J	Haematol,	179(3),	449-460.	doi:10.1111/bjh.14882	

Hauri,	S.,	Comoglio,	F.,	Seimiya,	M.,	Gerstung,	M.,	Glatter,	T.,	Hansen,	K.,	.	.	.	Beisel,	C.	
(2016).	 A	 High-Density	 Map	 for	 Navigating	 the	 Human	 Polycomb	
Complexome.	Cell	Rep,	17(2),	583-595.	doi:10.1016/j.celrep.2016.08.096	

He,	 A.,	 Kong,	 S.	W.,	 Ma,	 Q.,	 &	 Pu,	W.	 T.	 (2011).	 Co-occupancy	 by	multiple	 cardiac	
transcription	factors	identifies	transcriptional	enhancers	active	in	heart.	Proc	
Natl	Acad	Sci	U	S	A,	108(14),	5632-5637.	doi:10.1073/pnas.1016959108	

He,	A.,	Shen,	X.,	Ma,	Q.,	Cao,	J.,	von	Gise,	A.,	Zhou,	P.,	.	.	.	Pu,	W.	T.	(2012).	PRC2	directly	
methylates	GATA4	and	represses	its	transcriptional	activity.	Genes	Dev,	26(1),	
37-42.	doi:10.1101/gad.173930.111	

Hendrickson,	D.,	Kelley,	D.	R.,	Tenen,	D.,	Bernstein,	B.,	&	Rinn,	J.	L.	(2016).	Widespread	
RNA	binding	by	chromatin-associated	proteins.	Genome	Biology,	17(1),	1-18.	
doi:10.1186/s13059-016-0878-3	

Holoch,	D.,	&	Margueron,	R.	(2017).	Mechanisms	Regulating	PRC2	Recruitment	and	
Enzymatic	 Activity.	 Trends	 in	 Biochemical	 Sciences,	 42(7),	 531-542.	
doi:10.1016/j.tibs.2017.04.003	

Hon,	C.	C.,	Ramilowski,	 J.	A.,	Harshbarger,	 J.,	Bertin,	N.,	Rackham,	O.	 J.,	Gough,	 J.,	 .	 .	 .	
Forrest,	A.	R.	(2017).	An	atlas	of	human	long	non-coding	RNAs	with	accurate	
5'	ends.	Nature,	543(7644),	199-204.	doi:10.1038/nature21374	

Hunkapiller,	 J.,	 Shen,	 Y.,	 Diaz,	 A.,	 Cagney,	 G.,	McCleary,	 D.,	 Ramalho-Santos,	M.,	 .	 .	 .	
Reiter,	J.	F.	(2012).	Polycomb-like	3	promotes	polycomb	repressive	complex	2	
binding	to	CpG	islands	and	embryonic	stem	cell	self-renewal.	PLoS	Genet,	8(3),	
e1002576.	doi:10.1371/journal.pgen.1002576	

Hutchinson,	 J.	N.,	 Ensminger,	A.	W.,	 Clemson,	 C.	M.,	 Lynch,	 C.	R.,	 Lawrence,	 J.	 B.,	&	
Chess,	 A.	 (2007).	 A	 screen	 for	 nuclear	 transcripts	 identifies	 two	 linked	
noncoding	RNAs	associated	with	SC35	splicing	domains.	BMC	Genomics,	8(1),	
39.	doi:10.1186/1471-2164-8-39	

Ingham,	P.	(1983).	Differential	expression	of	bithorax	complex	genes	in	the	absence	
of	the	extra	sex	combs	and	trithorax	genes.	Nature,	306(5943),	591.		

Ingham,	P.	(1985a).	A	clonal	analysis	of	the	requirement	for	the	trithorax	gene	in	the	
diversification	 of	 segments	 in	 Drosophila.	 Journal	 of	 embryology	 and	
experimental	morphology,	89,	349-365.		

Ingham,	P.	(1985b).	Genetic	control	of	the	spatial	pattern	of	selector	gene	expression	in	
Drosophila.	 Paper	 presented	 at	 the	 Cold	 Spring	 Harbor	 symposia	 on	
quantitative	biology.	

Jacobs,	 J.	 J.,	Kieboom,	K.,	Marino,	S.,	DePinho,	R.	A.,	&	van	Lohuizen,	M.	(1999).	The	
oncogene	 and	 Polycomb-group	 gene	 bmi-1	 regulates	 cell	 proliferation	 and	
senescence	through	the	ink4a	locus.	Nature,	397(6715),	164.		

Jenuwein,	T.,	&	Allis,	C.	D.	(2001).	Translating	the	histone	code.	Science,	293(5532),	
1074-1080.	doi:10.1126/science.1063127	

Jeon,	Y.,	&	Lee,	J.	T.	(2011).	YY1	tethers	Xist	RNA	to	the	inactive	X	nucleation	center.	
Cell,	146(1),	119-133.	doi:10.1016/j.cell.2011.06.026	



134 
 

Juan,	A.	H.,	Kumar,	R.	M.,	Marx,	 J.	G.,	 Young,	R.	A.,	&	Sartorelli,	V.	 (2009).	Mir-214-
dependent	 regulation	 of	 the	 polycomb	protein	 Ezh2	 in	 skeletal	muscle	 and	
embryonic	 stem	 cells.	 Mol	 Cell,	 36(1),	 61-74.	
doi:10.1016/j.molcel.2009.08.008	

Jung,	H.	R.,	Pasini,	D.,	Helin,	K.,	&	Jensen,	O.	N.	(2010).	Quantitative	mass	spectrometry	
of	 histones	 H3.2	 and	 H3.3	 in	 Suz12-deficient	 mouse	 embryonic	 stem	 cells	
reveals	distinct,	dynamic	post-translational	modifications	at	Lys-27	and	Lys-
36.	Mol	Cell	Proteomics,	9(5),	838-850.	doi:10.1074/mcp.M900489-MCP200	

Kallen,	 A.	 N.,	 Zhou,	 X.	 B.,	 Xu,	 J.,	 Qiao,	 C.,	 Ma,	 J.,	 Yan,	 L.,	 .	 .	 .	 Huang,	 Y.	 (2013).	 The	
imprinted	H19	lncRNA	antagonizes	let-7	microRNAs.	Mol	Cell,	52(1),	101-112.	
doi:10.1016/j.molcel.2013.08.027	

Kaneko,	S.,	Bonasio,	R.,	Saldana-Meyer,	R.,	Yoshida,	T.,	Son,	J.,	Nishino,	K.,	.	.	.	Reinberg,	
D.	(2014).	Interactions	between	JARID2	and	noncoding	RNAs	regulate	PRC2	
recruitment	 to	 chromatin.	 Mol	 Cell,	 53(2),	 290-300.	
doi:10.1016/j.molcel.2013.11.012	

Kaneko,	S.,	Li,	G.,	Son,	J.,	Xu,	C.	F.,	Margueron,	R.,	Neubert,	T.	A.,	&	Reinberg,	D.	(2010).	
Phosphorylation	of	the	PRC2	component	Ezh2	is	cell	cycle-regulated	and	up-
regulates	 its	 binding	 to	 ncRNA.	 Genes	 Dev,	 24(23),	 2615-2620.	
doi:10.1101/gad.1983810	

Kaneko,	 S.,	 Son,	 J.,	 Bonasio,	 R.,	 Shen,	 S.	 S.,	 &	 Reinberg,	 D.	 (2014).	 Nascent	 RNA	
interaction	keeps	PRC2	activity	poised	and	in	check.	Genes	Dev,	28(18),	1983-
1988.	doi:10.1101/gad.247940.114	

Kaneko,	S.,	Son,	 J.,	Shen,	S.	S.,	Reinberg,	D.,	&	Bonasio,	R.	(2013).	PRC2	binds	active	
promoters	and	contacts	nascent	RNAs	in	embryonic	stem	cells.	Nat	Struct	Mol	
Biol,	20(11),	1258-1264.	doi:10.1038/nsmb.2700	

Kanhere,	A.,	Viiri,	K.,	Araujo,	C.	C.,	Rasaiyaah,	 J.,	Bouwman,	R.	D.,	Whyte,	W.	A.,	 .	 .	 .	
Jenner,	 R.	 G.	 (2010).	 Short	 RNAs	 are	 transcribed	 from	 repressed	 polycomb	
target	genes	and	interact	with	polycomb	repressive	complex-2.	Mol	Cell,	38(5),	
675-688.	doi:10.1016/j.molcel.2010.03.019	

Kennison,	J.	A.,	&	Tamkun,	J.	W.	(1988).	Dosage-dependent	modifiers	of	polycomb	and	
antennapedia	mutations	in	Drosophila.	Proceedings	of	the	National	Academy	of	
Sciences,	85(21),	8136-8140.		

Khalil,	A.	M.,	Guttman,	M.,	Huarte,	M.,	Garber,	M.,	Raj,	A.,	&	Morales,	D.	R.	(2009).	Many	
human	large	intergenic	noncoding	RNAs	associate	with	chromatin-modifying	
complexes	 and	 affect	 gene	 expression.	 Proc	 Natl	 Acad	 Sci	 U	 S	 A,	 106.	
doi:10.1073/pnas.0904715106	

Kim,	S.	H.,	Kim,	S.	H.,	Yang,	W.	I.,	Kim,	S.	J.,	&	Yoon,	S.	O.	(2017).	Association	of	the	long	
non-coding	RNA	MALAT1	with	the	polycomb	repressive	complex	pathway	in	
T	 and	 NK	 cell	 lymphoma.	 Oncotarget,	 8(19),	 31305-31317.	
doi:10.18632/oncotarget.15453	

King,	I.	F.	G.,	Francis,	N.	J.,	&	Kingston,	R.	E.	(2002).	Native	and	recombinant	polycomb	
group	complexes	establish	a	selective	block	to	template	accessibility	to	repress	
transcription	 in	 vitro.	 Molecular	 and	 Cellular	 Biology,	 22(22),	 7919-7928.	
doi:10.1128/MCB.22.22.7919-7928.2002	

Klauke,	K.,	Radulovic,	V.,	Broekhuis,	M.,	Weersing,	E.,	Zwart,	E.,	Olthof,	S.,	.	.	.	de	Haan,	
G.	 (2013).	 Polycomb	 Cbx	 family	 members	 mediate	 the	 balance	 between	
haematopoietic	stem	cell	self-renewal	and	differentiation.	Nat	Cell	Biol,	15(4),	
353-362.	doi:10.1038/ncb2701	



135 
 

Knierim,	E.,	Hirata,	H.,	Wolf,	N.	I.,	Morales-Gonzalez,	S.,	Schottmann,	G.,	Tanaka,	Y.,	.	.	.	
Schuelke,	 M.	 (2016).	 Mutations	 in	 Subunits	 of	 the	 Activating	 Signal	
Cointegrator	1	Complex	Are	Associated	with	Prenatal	Spinal	Muscular	Atrophy	
and	 Congenital	 Bone	 Fractures.	 Am	 J	 Hum	 Genet,	 98(3),	 473-489.	
doi:10.1016/j.ajhg.2016.01.006	

Kolybaba,	A.,	&	Classen,	A.	K.	(2014).	Sensing	cellular	states--signaling	to	chromatin	
pathways	 targeting	Polycomb	and	Trithorax	group	 function.	Cell	Tissue	Res,	
356(3),	477-493.	doi:10.1007/s00441-014-1824-x	

Konsta,	O.,	Thabet,	Y.,	Le	Dantec,	C.,	Brooks,	W.,	Tzioufas,	A.,	Pers,	J.-O.,	&	Renaudineau,	
Y.	(2014).	The	contribution	of	epigenetics	in	Sjögren’s	Syndrome.	Frontiers	in	
Genetics,	5(71).	doi:10.3389/fgene.2014.00071	

Kretz,	M.,	&	Meister,	G.	(2014).	RNA	binding	of	PRC2:	promiscuous	or	well	ordered?	
Mol	Cell,	55(2),	157-158.	doi:10.1016/j.molcel.2014.07.002	

Kung,	J.	T.,	Colognori,	D.,	&	Lee,	J.	T.	(2013).	Long	noncoding	RNAs:	past,	present,	and	
future.	Genetics,	193(3),	651-669.	doi:10.1534/genetics.112.146704	

Kuzmichev,	 A.,	 Jenuwein,	 T.,	 Tempst,	 P.,	 &	 Reinberg,	 D.	 (2004).	 Different	 EZH2-
containing	complexes	target	methylation	of	histone	H1	or	nucleosomal	histone	
H3.	Mol	Cell,	14(2),	183-193.		

Kuzmichev,	 A.,	 Nishioka,	 K.,	 Erdjument-Bromage,	 H.,	 Tempst,	 P.,	 &	 Reinberg,	 D.	
(2002).	 Histone	 methyltransferase	 activity	 associated	 with	 a	 human	
multiprotein	 complex	 containing	 the	 Enhancer	 of	 Zeste	 protein.	Genes	 Dev,	
16(22),	2893-2905.	doi:10.1101/gad.1035902	

Kuzmichev,	 A.,	 Nishioka,	 K.,	 Erdjument-Bromage,	 H.,	 Tempst,	 P.,	 &	 Reinberg,	 D.	
(2002).	 Histone	 methyltransferase	 activity	 associated	 with	 a	 human	
multiprotein	 complex	 containing	 the	 Enhancer	 of	 Zeste	 protein.	 Genes	 &	
Development,	16(22),	2893-2905.	doi:10.1101/gad.1035902	

Laible,	G.,	Wolf,	A.,	Dorn,	R.,	Reuter,	G.,	Nislow,	C.,	Lebersorger,	A.,	 .	 .	 .	 Jenuwein,	T.	
(1997).	 Mammalian	 homologues	 of	 the	 Polycomb-group	 gene	 Enhancer	 of	
zeste	 mediate	 gene	 silencing	 in	 Drosophila	 heterochromatin	 and	 at	 S.	
cerevisiae	 telomeres.	 Embo	 j,	 16(11),	 3219-3232.	
doi:10.1093/emboj/16.11.3219	

Lanzuolo,	 C.,	 &	 Orlando,	 V.	 (2012).	Memories	 from	 the	 Polycomb	 Group	 Proteins.	
Annual	 Review	 of	 Genetics,	 46(1),	 561-589.	 doi:10.1146/annurev-genet-
110711-155603	

Lanzuolo,	 C.,	 Roure,	 V.,	 Dekker,	 J.,	 Bantignies,	 F.,	 &	 Orlando,	 V.	 (2007).	 Polycomb	
response	 elements	 mediate	 the	 formation	 of	 chromosome	 higher-order	
structures	 in	 the	 bithorax	 complex.	 Nat	 Cell	 Biol,	 9(10),	 1167-1174.	
doi:10.1038/ncb1637	

Lau,	M.	S.,	Schwartz,	M.	G.,	Kundu,	S.,	Savol,	A.	J.,	Wang,	P.	I.,	Marr,	S.	K.,	.	.	.	Kingston,	R.	
E.	 (2017).	Mutation	of	a	nucleosome	compaction	region	disrupts	Polycomb-
mediated	 axial	 patterning.	 Science,	 355(6329),	 1081.	
doi:10.1126/science.aah5403	

Lee,	N.,	Maurange,	C.,	Ringrose,	L.,	&	Paro,	R.	(2005).	Suppression	of	Polycomb	group	
proteins	by	JNK	signalling	induces	transdetermination	in	Drosophila	imaginal	
discs.	Nature,	438(7065),	234-237.	doi:10.1038/nature04120	

Lehmann,	L.,	Ferrari,	R.,	Vashisht,	A.	A.,	Wohlschlegel,	J.	A.,	Kurdistani,	S.	K.,	&	Carey,	
M.	 (2012).	 Polycomb	 repressive	 complex	 1	 (PRC1)	 disassembles	 RNA	
polymerase	 II	 preinitiation	 complexes.	 J	 Biol	 Chem,	 287(43),	 35784-35794.	
doi:10.1074/jbc.M112.397430	



136 
 

Lemieux,	B.,	Laterreur,	N.,	Perederina,	A.,	Noël,	J.-F.,	Dubois,	M.-L.,	Krasilnikov,	A.	S.,	&	
Wellinger,	 R.	 J.	 (2016).	 Active	 yeast	 telomerase	 shares	 subunits	 with	
ribonucleoproteins	 RNase	 P	 and	 RNase	 MRP.	 Cell,	 165(5),	 1171-1181.	
doi:10.1016/j.cell.2016.04.018	

Lewis,	E.,	&	Mislove,	R.	(1947).	New	mutants	report.	Drosoph.	Inf.	Serv,	21,	69.		
Lewis,	E.	B.	(1978).	A	gene	complex	controlling	segmentation	in	Drosophila.	Nature,	

276(5688),	565-570.	doi:10.1038/276565a0	
Li,	G.,	Margueron,	R.,	Ku,	M.,	Chambon,	P.,	Bernstein,	B.	E.,	&	Reinberg,	D.	(2010).	Jarid2	

and	PRC2,	partners	in	regulating	gene	expression.	Genes	Dev,	24(4),	368-380.	
doi:10.1101/gad.1886410	

Li,	L.,	Lyu,	X.,	Hou,	C.,	Takenaka,	N.,	Nguyen,	H.	Q.,	Ong,	C.	T.,	.	.	.	Corces,	V.	G.	(2015).	
Widespread	 rearrangement	 of	 3D	 chromatin	 organization	 underlies	
polycomb-mediated	 stress-induced	 silencing.	 Mol	 Cell,	 58(2),	 216-231.	
doi:10.1016/j.molcel.2015.02.023	

Lo	Sardo,	F.,	Lanzuolo,	C.,	Comoglio,	F.,	De	Bardi,	M.,	Paro,	R.,	&	Orlando,	V.	(2013).	
PcG-mediated	 higher-order	 chromatin	 structures	 modulate	 replication	
programs	at	 the	Drosophila	BX-C.	PLOS	Genetics,	9(2),	e1003283-e1003283.	
doi:10.1371/journal.pgen.1003283	

Long,	 Y.,	 Bolanos,	 B.,	 Gong,	 L.,	 Liu,	W.,	 Goodrich,	 K.	 J.,	 Yang,	 X.,	 .	 .	 .	 Liu,	 X.	 (2017).	
Conserved	 RNA-binding	 specificity	 of	 polycomb	 repressive	 complex	 2	 is	
achieved	 by	 dispersed	 amino	 acid	 patches	 in	 EZH2.	 eLife,	 6,	 e31558.	
doi:10.7554/eLife.31558	

Long,	Y.,	Wang,	X.,	 Youmans,	D.	T.,	&	Cech,	T.	R.	 (2017).	How	do	 lncRNAs	 regulate	
transcription?	Science	Advances,	3(9),	eaao2110.	doi:10.1126/sciadv.aao2110	

Loyola,	 A.,	 &	 Almouzni,	 G.	 (2004).	 Histone	 chaperones,	 a	 supporting	 role	 in	 the	
limelight.	 Biochim	 Biophys	 Acta,	 1677(1-3),	 3-11.	
doi:10.1016/j.bbaexp.2003.09.012	

Lu,	L.,	Sun,	K.,	Chen,	X.,	Zhao,	Y.,	Wang,	L.,	Zhou,	L.,	.	.	.	Wang,	H.	(2013).	Genome-wide	
survey	by	ChIP-seq	reveals	YY1	regulation	of	lincRNAs	in	skeletal	myogenesis.	
Embo	j,	32(19),	2575-2588.	doi:10.1038/emboj.2013.182	

Luger,	K.,	Mader,	A.	W.,	Richmond,	R.	K.,	Sargent,	D.	F.,	&	Richmond,	T.	J.	(1997).	Crystal	
structure	 of	 the	 nucleosome	 core	 particle	 at	 2.8	 A	 resolution.	 Nature,	
389(6648),	251-260.	doi:10.1038/38444	

Ma,	L.,	Sun,	L.,	Jin,	X.,	Qu,	D.,	Sun,	W.-W.,	Wang,	J.-H.,	.	.	.	Li,	T.	(2019).	Long	noncoding	
RNA	MALAT1	releases	epigenetic	silencing	of	HIV-1	replication	by	displacing	
the	 polycomb	 repressive	 complex	 2	 from	 binding	 to	 the	 LTR	 promoter.	
doi:10.1093/nar/gkz117	

Maeda,	N.,	Kasukawa,	T.,	Oyama,	R.,	Gough,	J.,	Frith,	M.,	Engstrom,	P.	G.,	.	.	.	Hayashizaki,	
Y.	(2006).	Transcript	annotation	in	FANTOM3:	mouse	gene	catalog	based	on	
physical	cDNAs.	PLoS	Genet,	2(4),	e62.	doi:10.1371/journal.pgen.0020062	

Marasca,	F.,	Bodega,	B.,	&	Orlando,	V.	(2018).	How	Polycomb-Mediated	Cell	Memory	
Deals	With	a	Changing	Environment.	Bioessays.		

Margueron,	R.,	Justin,	N.,	Ohno,	K.,	Sharpe,	M.	L.,	Son,	J.,	Drury,	W.	J.,	3rd,	.	.	.	Gamblin,	
S.	J.	(2009).	Role	of	the	polycomb	protein	EED	in	the	propagation	of	repressive	
histone	marks.	Nature,	461(7265),	762-767.	doi:10.1038/nature08398	

Margueron,	R.,	Li,	G.,	Sarma,	K.,	Blais,	A.,	Zavadil,	J.,	Woodcock,	C.	L.,	.	.	.	Reinberg,	D.	
(2008).	 Ezh1	 and	 Ezh2	 maintain	 repressive	 chromatin	 through	 different	
mechanisms.	Mol	Cell,	32(4),	503-518.	doi:10.1016/j.molcel.2008.11.004	



137 
 

Margueron,	R.,	Li,	G.,	Sarma,	K.,	Blais,	A.,	Zavadil,	J.,	Woodcock,	C.	L.,	.	.	.	Reinberg,	D.	
(2008).	 Ezh1	 and	 Ezh2	 maintain	 repressive	 chromatin	 through	 different	
mechanisms.	 Molecular	 Cell,	 32(4),	 503-518.	
doi:10.1016/j.molcel.2008.11.004	

Margueron,	R.,	&	Reinberg,	D.	(2011).	The	Polycomb	complex	PRC2	and	its	mark	in	
life.	Nature,	469(7330),	343-349.	doi:10.1038/nature09784	

Mattick,	J.	S.	(2004).	RNA	regulation:	a	new	genetics?	Nat	Rev	Genet,	5(4),	316-323.	
doi:10.1038/nrg1321	

Miao,	Y.,	Ajami,	N.	E.,	Huang,	T.-S.,	Lin,	F.-M.,	Lou,	C.-H.,	Wang,	Y.-T.,	.	.	.	Chen,	Z.	(2018).	
Enhancer-associated	long	non-coding	RNA	LEENE	regulates	endothelial	nitric	
oxide	 synthase	 and	 endothelial	 function.	 Nature	 Communications,	 9,	 292.	
doi:10.1038/s41467-017-02113-y	

Mizzen,	C.	A.,	Yang,	X.-J.,	Kokubo,	T.,	Brownell,	J.	E.,	Bannister,	A.	J.,	Owen-Hughes,	T.,	.	
.	 .	 Kouzarides,	 T.	 (1996).	 The	 TAFII250	 subunit	 of	 TFIID	 has	 histone	
acetyltransferase	activity.	Cell,	87(7),	1261-1270.		

Montgomery,	N.	D.,	Yee,	D.,	Montgomery,	S.	A.,	&	Magnuson,	T.	(2007).	Molecular	and	
functional	 mapping	 of	 EED	 motifs	 required	 for	 PRC2-dependent	 histone	
methylation.	 Journal	 of	 molecular	 biology,	 374(5),	 1145-1157.	
doi:10.1016/j.jmb.2007.10.040	

Morey,	L.,	Santanach,	A.,	Blanco,	E.,	Aloia,	L.,	Nora,	E.	P.,	Bruneau,	B.	G.,	&	Di	Croce,	L.	
(2015).	Polycomb	Regulates	Mesoderm	Cell	Fate-Specification	in	Embryonic	
Stem	 Cells	 through	 Activation	 and	 Repression	 Mechanisms.	 Cell	 Stem	 Cell,	
17(3),	300-315.	doi:10.1016/j.stem.2015.08.009	

Mousavi,	 K.,	 Zare,	 H.,	Wang,	 A.	 H.,	 &	 Sartorelli,	 V.	 (2012).	 Polycomb	 Protein	 Ezh1	
Promotes	 RNA	 Polymerase	 II	 Elongation.	 Molecular	 Cell,	 45(2),	 255-262.	
doi:http://dx.doi.org/10.1016/j.molcel.2011.11.019	

Nacerddine,	K.,	Beaudry,	J.	B.,	Ginjala,	V.,	Westerman,	B.,	Mattiroli,	F.,	Song,	J.	Y.,	.	.	.	van	
Lohuizen,	 M.	 (2012).	 Akt-mediated	 phosphorylation	 of	 Bmi1	modulates	 its	
oncogenic	 potential,	 E3	 ligase	 activity,	 and	 DNA	 damage	 repair	 activity	 in	
mouse	prostate	cancer.	J	Clin	Invest,	122(5),	1920-1932.	doi:10.1172/jci57477	

Nekrasov,	M.,	Klymenko,	T.,	Fraterman,	S.,	Papp,	B.,	Oktaba,	K.,	Kocher,	T.,	.	.	.	Muller,	J.	
(2007).	Pcl-PRC2	is	needed	to	generate	high	levels	of	H3-K27	trimethylation	
at	 Polycomb	 target	 genes.	 Embo	 j,	 26(18),	 4078-4088.	
doi:10.1038/sj.emboj.7601837	

Novikova,	I.	V.,	Hennelly,	S.	P.,	&	Sanbonmatsu,	K.	Y.	(2012).	Sizing	up	long	non-coding	
RNAs:	 do	 lncRNAs	 have	 secondary	 and	 tertiary	 structure?	 Bioarchitecture,	
2(6),	189-199.	doi:10.4161/bioa.22592	

Oliveira,	 J.,	 Martins,	 M.,	 Pinto	 Leite,	 R.,	 Sousa,	 M.,	 &	 Santos,	 R.	 (2017).	 The	 new	
neuromuscular	disease	related	with	defects	in	the	ASC-1	complex:	report	of	a	
second	 case	 confirms	 ASCC1	 involvement.	 Clin	 Genet,	 92(4),	 434-439.	
doi:10.1111/cge.12997	

Orlando,	V.	(2003).	Polycomb,	epigenomes,	and	control	of	cell	identity.	Cell,	112(5),	
599-606.	doi:10.1016/s0092-8674(03)00157-0	

Palacios,	 D.,	 &	 Puri,	 P.	 L.	 (2006).	 The	 epigenetic	 network	 regulating	 muscle	
development	 and	 regeneration.	 J	 Cell	 Physiol,	 207(1),	 1-11.	
doi:10.1002/jcp.20489	

Paro,	 R.	 (1990).	 Imprinting	 a	 determined	 state	 into	 the	 chromatin	 of	 Drosophila.	
Trends	 in	 Genetics,	 6,	 416-421.	 doi:https://doi.org/10.1016/0168-
9525(90)90303-N	



138 
 

Parthun,	M.	R.,	Widom,	J.,	&	Gottschling,	D.	E.	(1996).	The	major	cytoplasmic	histone	
acetyltransferase	 in	 yeast:	 links	 to	 chromatin	 replication	 and	 histone	
metabolism.	Cell,	87(1),	85-94.		

Pasini,	D.,	Cloos,	P.	A.,	Walfridsson,	J.,	Olsson,	L.,	Bukowski,	J.	P.,	Johansen,	J.	V.,	.	.	.	Helin,	
K.	(2010).	JARID2	regulates	binding	of	the	Polycomb	repressive	complex	2	to	
target	 genes	 in	 ES	 cells.	 Nature,	 464(7286),	 306-310.	
doi:10.1038/nature08788	

Pengelly,	A.	R.,	Copur,	O.,	Jackle,	H.,	Herzig,	A.,	&	Muller,	J.	(2013).	A	histone	mutant	
reproduces	 the	 phenotype	 caused	 by	 loss	 of	 histone-modifying	 factor	
Polycomb.	Science,	339(6120),	698-699.	doi:10.1126/science.1231382	

Pertea,	M.,	Shumate,	A.,	Pertea,	G.,	Varabyou,	A.,	Chang,	Y.-C.,	Madugundu,	A.	K.,	 .	 .	 .	
Salzberg,	 S.	 (2018).	 Thousands	 of	 large-scale	 RNA	 sequencing	 experiments	
yield	 a	 comprehensive	 new	 human	 gene	 list	 and	 reveal	 extensive	
transcriptional	noise.	bioRxiv,	332825.	doi:10.1101/332825	

Peschansky,	V.	 J.,	&	Wahlestedt,	C.	 (2014).	Non-coding	RNAs	as	direct	and	 indirect	
modulators	 of	 epigenetic	 regulation.	 Epigenetics,	 9(1),	 3-12.	
doi:10.4161/epi.27473	

Peters,	A.	H.,	Kubicek,	S.,	Mechtler,	K.,	O'Sullivan,	R.	J.,	Derijck,	A.	A.,	Perez-Burgos,	L.,	.	
.	 .	 Jenuwein,	 T.	 (2003).	 Partitioning	 and	 plasticity	 of	 repressive	 histone	
methylation	states	in	mammalian	chromatin.	Mol	Cell,	12(6),	1577-1589.		

Ransohoff,	J.	D.,	Wei,	Y.,	&	Khavari,	P.	A.	(2017).	The	functions	and	unique	features	of	
long	 intergenic	 non-coding	 RNA.	Nature	 Reviews	Molecular	 Cell	 Biology,	 19,	
143.	doi:10.1038/nrm.2017.104	

Rinn,	J.	L.,	&	Chang,	H.	Y.	(2012).	Genome	regulation	by	long	noncoding	RNAs.	Annu	
Rev	Biochem,	81,	145-166.	doi:10.1146/annurev-biochem-051410-092902	

Rinn,	J.	L.,	Euskirchen,	G.,	Bertone,	P.,	Martone,	R.,	Luscombe,	N.	M.,	Hartman,	S.,	 .	 .	 .	
Snyder,	 M.	 (2003).	 The	 transcriptional	 activity	 of	 human	 Chromosome	 22.	
Genes	Dev,	17(4),	529-540.	doi:10.1101/gad.1055203	

Rinn,	 J.	 L.,	Kertesz,	M.,	Wang,	 J.	K.,	 Squazzo,	S.	L.,	Xu,	X.,	&	Brugmann,	S.	A.	 (2007).	
Functional	demarcation	of	active	and	silent	chromatin	domains	in	human	HOX	
loci	by	noncoding	RNAs.	Cell,	129.	doi:10.1016/j.cell.2007.05.022	

Rinn,	J.	L.,	Kertesz,	M.,	Wang,	J.	K.,	Squazzo,	S.	L.,	Xu,	X.,	Brugmann,	S.	A.,	.	.	.	Chang,	H.	
Y.	(2007).	Functional	Demarcation	of	Active	and	Silent	Chromatin	Domains	in	
Human	 HOX	 Loci	 by	 Non-Coding	 RNAs.	 Cell,	 129(7),	 1311-1323.	
doi:10.1016/j.cell.2007.05.022	

Roundtree,	I.	A.,	Evans,	M.	E.,	Pan,	T.,	&	He,	C.	(2017).	Dynamic	RNA	Modifications	in	
Gene	 Expression	 Regulation.	 Cell,	 169(7),	 1187-1200.	
doi:10.1016/j.cell.2017.05.045	

Runge,	S.,	Nielsen,	F.	C.,	Nielsen,	J.,	Lykke-Andersen,	J.,	Wewer,	U.	M.,	&	Christiansen,	J.	
(2000).	H19	RNA	binds	four	molecules	of	insulin-like	growth	factor	II	mRNA-
binding	 protein.	 J	 Biol	 Chem,	 275(38),	 29562-29569.	
doi:10.1074/jbc.M001156200	

Sandri,	 M.	 (2008).	 Signaling	 in	 muscle	 atrophy	 and	 hypertrophy.	 Physiology	
(Bethesda),	23,	160-170.	doi:10.1152/physiol.00041.2007	

Sanulli,	S.,	Justin,	N.,	Teissandier,	A.,	Ancelin,	K.,	Portoso,	M.,	Caron,	M.,	.	.	.	Margueron,	
R.	 (2015).	 Jarid2	 Methylation	 via	 the	 PRC2	 Complex	 Regulates	 H3K27me3	
Deposition	 during	 Cell	 Differentiation.	 Mol	 Cell,	 57(5),	 769-783.	
doi:10.1016/j.molcel.2014.12.020	



139 
 

Sarma,	K.,	Margueron,	R.,	Ivanov,	A.,	Pirrotta,	V.,	&	Reinberg,	D.	(2008).	Ezh2	requires	
PHF1	to	efficiently	catalyze	H3	lysine	27	trimethylation	in	vivo.	Mol	Cell	Biol,	
28(8),	2718-2731.	doi:10.1128/mcb.02017-07	

Sartorelli,	 V.,	 &	 Juan,	 A.	 H.	 (2011).	 Sculpting	 chromatin	 beyond	 the	 double	 helix:	
epigenetic	 control	 of	 skeletal	 myogenesis.	 Current	 topics	 in	 developmental	
biology,	96,	57-83.	doi:10.1016/B978-0-12-385940-2.00003-6	

Schuettengruber,	 B.,	 Bourbon,	 H.-M.,	 Di	 Croce,	 L.,	 &	 Cavalli,	 G.	 (2017).	 Genome	
Regulation	by	Polycomb	and	Trithorax:	70	Years	and	Counting.	Cell,	171(1),	
34-57.	doi:10.1016/j.cell.2017.08.002	

Schwartz,	 Y.	 B.,	 &	 Pirrotta,	 V.	 (2013).	 A	 new	 world	 of	 Polycombs:	 unexpected	
partnerships	 and	 emerging	 functions.	 Nat	 Rev	 Genet,	 14(12),	 853-864.	
doi:10.1038/nrg3603	

Shen,	X.,	Liu,	Y.,	Hsu,	Y.	J.,	Fujiwara,	Y.,	Kim,	J.,	Mao,	X.,	 .	 .	 .	Orkin,	S.	H.	(2008).	EZH1	
mediates	 methylation	 on	 histone	 H3	 lysine	 27	 and	 complements	 EZH2	 in	
maintaining	stem	cell	identity	and	executing	pluripotency.	Mol	Cell,	32(4),	491-
502.	doi:10.1016/j.molcel.2008.10.016	

Simionescu-Bankston,	A.,	&	Kumar,	A.	(2016).	Noncoding	RNAs	in	the	regulation	of	
skeletal	muscle	biology	in	health	and	disease.	J	Mol	Med	(Berl),	94(8),	853-866.	
doi:10.1007/s00109-016-1443-y	

Simon,	J.	A.,	&	Kingston,	R.	E.	(2009).	Mechanisms	of	polycomb	gene	silencing:	knowns	
and	unknowns.	Nat	Rev	Mol	Cell	Biol,	10(10),	697-708.	doi:10.1038/nrm2763	

Simon,	J.	A.,	&	Kingston,	R.	E.	(2013).	Occupying	chromatin:	Polycomb	mechanisms	for	
getting	 to	 genomic	 targets,	 stopping	 transcriptional	 traffic,	 and	 staying	put.	
Mol	Cell,	49(5),	808-824.	doi:10.1016/j.molcel.2013.02.013	

Son,	 J.,	 Shen,	 S.	 S.,	 Margueron,	 R.,	 &	 Reinberg,	 D.	 (2013a).	 Nucleosome-binding	
activities	within	JARID2	and	EZH1	regulate	the	function	of	PRC2	on	chromatin.	
Genes	Dev,	27(24),	2663-2677.	doi:10.1101/gad.225888.113	

Son,	 J.,	 Shen,	 S.	 S.,	 Margueron,	 R.,	 &	 Reinberg,	 D.	 (2013b).	 Nucleosome-binding	
activities	within	JARID2	and	EZH1	regulate	the	function	of	PRC2	on	chromatin.	
Genes	&	Development,	27(24),	2663-2677.	doi:10.1101/gad.225888.113	

Stamato,	M.	A.,	Juli,	G.,	Romeo,	E.,	Ronchetti,	D.,	Arbitrio,	M.,	Caracciolo,	D.,	.	.	.	Amodio,	
N.	(2017).	Inhibition	of	EZH2	triggers	the	tumor	suppressive	miR-29b	network	
in	 multiple	 myeloma.	 Oncotarget,	 8(63),	 106527-106537.	
doi:10.18632/oncotarget.22507	

Stojic,	L.,	Jasencakova,	Z.,	Prezioso,	C.,	Stützer,	A.,	Bodega,	B.,	Pasini,	D.,	.	.	.	Orlando,	V.	
(2011).	 Chromatin	 regulated	 interchange	 between	 polycomb	 repressive	
complex	 2	 (PRC2)-Ezh2	 and	 PRC2-Ezh1	 complexes	 controls	 myogenin	
activation	 in	 skeletal	 muscle	 cells.	 Epigenetics	 &	 Chromatin,	 4,	 16-16.	
doi:10.1186/1756-8935-4-16	

Struhl,	G.,	&	Akam,	M.	 (1985).	Altered	distributions	of	Ultrabithorax	 transcripts	 in	
extra	 sex	 combs	 mutant	 embryos	 of	 Drosophila.	 The	 EMBO	 Journal,	 4(12),	
3259-3264.		

Su,	I.	H.,	Dobenecker,	M.	W.,	Dickinson,	E.,	Oser,	M.,	Basavaraj,	A.,	Marqueron,	R.,	.	 .	 .	
Tarakhovsky,	 A.	 (2005).	 Polycomb	 group	 protein	 ezh2	 controls	 actin	
polymerization	 and	 cell	 signaling.	 Cell,	 121(3),	 425-436.	
doi:10.1016/j.cell.2005.02.029	

Suzuki,	K.,	Bose,	P.,	Leong-Quong,	R.	Y.,	Fujita,	D.	J.,	&	Riabowol,	K.	(2010).	REAP:	A	two	
minute	 cell	 fractionation	 method.	 BMC	 Research	 Notes,	 3(1),	 294.	
doi:10.1186/1756-0500-3-294	



140 
 

Tie,	F.,	Banerjee,	R.,	Fu,	C.,	Stratton,	C.	A.,	Fang,	M.,	&	Harte,	P.	 J.	 (2016).	Polycomb	
inhibits	histone	acetylation	by	CBP	by	binding	directly	to	its	catalytic	domain.	
Proceedings	 of	 the	 National	 Academy	 of	 Sciences,	 113(6),	 E744.	
doi:10.1073/pnas.1515465113	

Tsai,	M.-C.,	Manor,	O.,	Wan,	Y.,	Mosammaparast,	N.,	Wang,	J.	K.,	&	Fei,	L.	(2010).	Long	
noncoding	 RNA	 as	 modular	 scaffold	 of	 histone	 modification	 complexes.	
Science,	329.	doi:10.1126/science.1192002	

Ulitsky,	I.,	&	Bartel,	D.	P.	(2013).	lincRNAs:	genomics,	evolution,	and	mechanisms.	Cell,	
154(1),	26-46.	doi:10.1016/j.cell.2013.06.020	

Um,	S.	H.,	Sticker-Jantscheff,	M.,	Chau,	G.	C.,	Vintersten,	K.,	Mueller,	M.,	Gangloff,	Y.-G.,	.	
.	 .	Kozma,	S.	C.	(2015).	S6K1	controls	pancreatic	β	cell	size	independently	of	
intrauterine	growth	 restriction.	The	 Journal	 of	 Clinical	 Investigation,	 125(7),	
2736-2747.	doi:10.1172/JCI77030	

Van	Bortle,	K.,	&	Corces,	V.	G.	(2012).	Nuclear	organization	and	genome	function.	Annu	
Rev	Cell	Dev	Biol,	28,	163-187.	doi:10.1146/annurev-cellbio-101011-155824	

van	Lohuizen,	M.,	Frasch,	M.,	Wientjens,	E.,	&	Berns,	A.	(1991).	Sequence	similarity	
between	the	mammalian	bmi-1	proto-oncogene	and	the	Drosophila	regulatory	
genes	Psc	and	Su	(z)	2.	Nature,	353(6342),	353.		

Vidal,	M.,	&	 Starowicz,	K.	 (2017).	 Polycomb	 complexes	PRC1	 and	 their	 function	 in	
hematopoiesis.	 Experimental	 Hematology,	 48,	 12-31.	
doi:https://doi.org/10.1016/j.exphem.2016.12.006	

Volle,	C.,	&	Dalal,	Y.	(2014).	Histone	variants:	the	tricksters	of	the	chromatin	world.	
Curr	Opin	Genet	Dev,	25,	8-14,138.	doi:10.1016/j.gde.2013.11.006	

Wang,	D.,	Ding,	L.,	Wang,	L.,	Zhao,	Y.,	Sun,	Z.,	Karnes,	R.	J.,	.	.	.	Huang,	H.	(2015).	LncRNA	
MALAT1	 enhances	 oncogenic	 activities	 of	 EZH2	 in	 castration-resistant	
prostate	 cancer.	 Oncotarget,	 6(38),	 41045-41055.	
doi:10.18632/oncotarget.5728	

Wang,	W.,	Zhu,	Y.,	Li,	S.,	Chen,	X.,	Jiang,	G.,	Shen,	Z.,	.	.	.	Zhang,	Y.	(2016).	Long	noncoding	
RNA	MALAT1	promotes	malignant	development	of	esophageal	squamous	cell	
carcinoma	 by	 targeting	 beta-catenin	 via	 Ezh2.	 Oncotarget,	 7(18),	 25668-
25682.	doi:10.18632/oncotarget.8257	

Wang,	X.,	Sehgal,	L.,	Jain,	N.,	Khashab,	T.,	Mathur,	R.,	&	Samaniego,	F.	(2016).	LncRNA	
MALAT1	promotes	development	of	mantle	cell	lymphoma	by	associating	with	
EZH2.	J	Transl	Med,	14(1),	346.	doi:10.1186/s12967-016-1100-9	

Wang,	Z.,	Zhang,	X.	J.,	Ji,	Y.	X.,	Zhang,	P.,	Deng,	K.	Q.,	Gong,	J.,	.	.	.	Wang,	Y.	(2016).	The	
long	 noncoding	 RNA	 Chaer	 defines	 an	 epigenetic	 checkpoint	 in	 cardiac	
hypertrophy.	Nat	Med,	22(10),	1131-1139.	doi:10.1038/nm.4179	

Wani,	A.	H.,	Boettiger,	A.	N.,	Schorderet,	P.,	Ergun,	A.,	Münger,	C.,	Sadreyev,	R.	I.,	 .	 .	 .	
Francis,	N.	J.	(2016).	Chromatin	topology	is	coupled	to	Polycomb	group	protein	
subnuclear	organization.	Nature	Communications,	7,	10291.		

Wei,	Y.,	Chen,	Y.	H.,	Li,	L.	Y.,	Lang,	J.,	Yeh,	S.	P.,	Shi,	B.,	 .	 .	 .	Hung,	M.	C.	(2011).	CDK1-
dependent	 phosphorylation	 of	 EZH2	 suppresses	methylation	 of	H3K27	 and	
promotes	osteogenic	differentiation	of	human	mesenchymal	 stem	cells.	Nat	
Cell	Biol,	13(1),	87-94.	doi:10.1038/ncb2139	

West,	 Jason	A.,	 Davis,	 Christopher	P.,	 Sunwoo,	 H.,	 Simon,	 Matthew	D.,	 Sadreyev,	
Ruslan	I.,	Wang,	Peggy	I.,	 .	 .	 .	Kingston,	Robert	E.	The	Long	Noncoding	RNAs	
NEAT1	and	MALAT1	Bind	Active	Chromatin	Sites.	Molecular	Cell,	55(5),	791-
802.	doi:10.1016/j.molcel.2014.07.012	



141 
 

West,	J.	A.,	Davis,	C.	P.,	Sunwoo,	H.,	Simon,	M.	D.,	Sadreyev,	R.	I.,	Wang,	P.	I.,	.	.	.	Kingston,	
R.	 E.	 (2014).	 The	 long	 noncoding	 RNAs	 NEAT1	 and	 MALAT1	 bind	 active	
chromatin	 sites.	 Molecular	 cell,	 55(5),	 791-802.	
doi:10.1016/j.molcel.2014.07.012	

Wheeler,	E.	C.,	Van	Nostrand,	E.	L.,	&	Yeo,	G.	W.	(2018).	Advances	and	challenges	in	
the	 detection	 of	 transcriptome-wide	 protein-RNA	 interactions.	 Wiley	
interdisciplinary	reviews.	RNA,	9(1),	e1436.	doi:10.1002/wrna.1436	

Willingham,	A.	T.,	&	Gingeras,	T.	R.	 (2006).	TUF	Love	 for	 “Junk”	DNA.	Cell,	 125(7),	
1215-1220.	doi:https://doi.org/10.1016/j.cell.2006.06.009	

Wu,	 L.,	 Murat,	 P.,	 Matak-Vinkovic,	 D.,	 Murrell,	 A.,	 &	 Balasubramanian,	 S.	 (2013).	
Binding	 interactions	 between	 long	 noncoding	 RNA	 HOTAIR	 and	 PRC2	
proteins.	Biochemistry,	52(52),	9519-9527.	doi:10.1021/bi401085h	

Wu,	M.,	Liu,	L.,	Zhou,	Z.,	Sheng,	H.,	Yin,	X.,	Li,	X.,	.	.	.	Liu,	H.	(2015).	[Kniest	dysplasia	due	
to	mutation	of	COL2A1	gene].	Zhonghua	Yi	Xue	Yi	Chuan	Xue	Za	Zhi,	32(3),	323-
326.	doi:10.3760/cma.j.issn.1003-9406.2015.03.004	

Xu,	C.,	Bian,	C.,	Yang,	W.,	Galka,	M.,	Ouyang,	H.,	Chen,	C.,	.	.	.	Min,	J.	(2010).	Binding	of	
different	histone	marks	differentially	regulates	the	activity	and	specificity	of	
polycomb	repressive	complex	2	(PRC2).	Proceedings	of	the	National	Academy	
of	Sciences,	107(45),	19266-19271.	doi:10.1073/pnas.1008937107	

Xu,	J.,	Shao,	Z.,	Li,	D.,	Xie,	H.,	Kim,	W.,	Huang,	J.,	.	.	.	Orkin,	S.	H.	(2015).	Developmental	
control	of	polycomb	subunit	composition	by	GATA	factors	mediates	a	switch	
to	 non-canonical	 functions.	 Mol	 Cell,	 57(2),	 304-316.	
doi:10.1016/j.molcel.2014.12.009	

Yang,	L.,	Lin,	C.,	Liu,	W.,	Zhang,	J.,	Ohgi,	K.	A.,	Grinstein,	J.	D.,	.	.	.	Rosenfeld,	M.	G.	(2011).	
NcRNA-	 and	 Pc2	 methylation-dependent	 gene	 relocation	 between	 nuclear	
structures	 mediates	 gene	 activation	 programs.	 Cell,	 147(4),	 773-788.	
doi:10.1016/j.cell.2011.08.054	

Zhang,	 X.,	Hamblin,	M.	H.,	&	Yin,	K.-J.	 (2017).	 The	 long	noncoding	RNA	Malat1:	 Its	
physiological	 and	 pathophysiological	 functions.	RNA	 Biology,	 14(12),	 1705-
1714.	doi:10.1080/15476286.2017.1358347	

Zhao,	J.,	Ohsumi,	T.	K.,	Kung,	J.	T.,	Ogawa,	Y.,	Grau,	D.	J.,	Sarma,	K.,	.	.	.	Lee,	J.	T.	(2010).	
Genome-wide	 Identification	 of	 Polycomb-Associated	 RNAs	 by	 RIP-seq.	
Molecular	 Cell,	 40(6),	 939-953.	
doi:https://doi.org/10.1016/j.molcel.2010.12.011	

Zhao,	J.,	Ohsumi,	T.	K.,	Kung,	J.	T.,	Ogawa,	Y.,	Grau,	D.	J.,	Sarma,	K.,	.	.	.	Lee,	J.	T.	(2010).	
Genome-wide	identification	of	polycomb-associated	RNAs	by	RIP-seq.	Mol	Cell,	
40.	doi:10.1016/j.molcel.2010.12.011	

Zhao,	 J.,	 Sun,	 B.	 K.,	 Erwin,	 J.	 A.,	 Song,	 J.-J.,	 &	 Lee,	 J.	 T.	 (2008).	 Polycomb	 Proteins	
Targeted	 by	 a	 Short	 Repeat	 RNA	 to	 the	 Mouse	 X	 Chromosome.	 Science,	
322(5902),	750.	doi:10.1126/science.1163045	

Zhao,	J.,	Sun,	B.	K.,	Erwin,	J.	A.,	Song,	J.	J.,	&	Lee,	J.	T.	(2008).	Polycomb	proteins	targeted	
by	a	short	repeat	RNA	to	the	mouse	X	chromosome.	Science,	322(5902),	750-
756.	doi:10.1126/science.1163045	

Zhu,	 J.,	 Fu,	H.,	Wu,	 Y.,	&	 Zheng,	 X.	 (2013).	 Function	 of	 lncRNAs	 and	 approaches	 to	
lncRNA-protein	 interactions.	 Sci	 China	 Life	 Sci,	 56(10),	 876-885.	
doi:10.1007/s11427-013-4553-6	

Zinner,	R.,	Teller,	K.,	Versteeg,	R.,	Cremer,	T.,	&	Cremer,	M.	(2007).	Biochemistry	meets	
nuclear	architecture:	multicolor	 immuno-FISH	for	co-localization	analysis	of	
chromosome	 segments	 and	 differentially	 expressed	 gene	 loci	 with	 various	



142 
 

histone	 methylations.	 Adv	 Enzyme	 Regul,	 47,	 223-241.	
doi:10.1016/j.advenzreg.2007.01.005	

Zovoilis,	 A.,	 Cifuentes-Rojas,	 C.,	 Chu,	 H.	 P.,	 Hernandez,	 A.	 J.,	 &	 Lee,	 J.	 T.	 (2016).	
Destabilization	of	B2	RNA	by	EZH2	Activates	the	Stress	Response.	Cell,	167(7),	
1788-1802.e1713.	doi:10.1016/j.cell.2016.11.041	

 
 
 
 


