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ABSTRACT 

Expression of EZH1-Polycomb Repressive Complex 2 and MALAT1 

lncRNA and their Combined Role in Epigenetic Adaptive Response 

Lamya Al Fuhaid 

Living cells maintain stable transcriptional programs while exhibiting plasticity that 

allows them to respond to environmental stimuli. The Polycomb repressive complex 2 

(PRC2) is a key regulator of chromatin structure that maintains gene silencing through 

the methylation of histone H3 on lysine 27 (H3K27me), establishing chromatin-based 

memory. Two variants of PRC2 are present in mammalian cells, PRC2-EZH2 which 

is predominantly present in differentiating cells, and PRC2-EZH1 that predominates 

in post-mitotic tissues.  

PRC2-EZH1α/β pathway is involved in the response of muscle cells to oxidative 

stress. Atrophied muscle cells respond to oxidative stress by enabling the nuclear 

translocation of EED and its assembly with EZH1α and SUZ12. Here we prove that 

the metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) long 

noncoding RNA (lncRNA) is required for the assembly of PRC2-EZH1 components. 

The absence of MALAT1 significantly decreased the association between EED and 

EZH1α proteins. Biochemical analysis shows that the presence of MALAT1 increases 

the enzymatic activity of PRC2-EZH1 in vitro. 

In addition, we show that the simultaneous expression of PRC2 core components is 

necessary for their solubility. The successful expression of PRC2 proteins enables the 

execution of several downstream experiments, which will further explain the nature of 

the interplay between MALAT1 and PRC2. 
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CHAPTER 1: INTRODUCTION 

A complex network of epigenetic mechanisms contributes to controlling gene 

expression 1,2. This informational complement to the DNA sequence, the epigenome, 

is made of chemical modifications and higher order spatial organization of the 

genome inside the nucleus. The epigenome determines the ability of cells to faithfully 

follow developmental programs and maintain their fate.  In addition to development, 

epigenome structure confers the necessary level of plasticity that allows cells and 

adult tissues to respond to environmental stimuli, by modulating gene expression 

patterns 3–5.  

The role of the epigenome is to regulate gene expression by making regulatory 

elements differentially accessible for transcription factors 6,7. This is achieved by 

setting different epigenetic modifications, including DNA methylation, chemical 

modification of histones such as methylation and acetylation, substitution of histone 

variants, noncoding RNA and changes in chromatin 3D structure 7,8. Importantly, 

these modifications are actively maintained by chromatin modifiers and other 

chromosome structural components that guarantee homeostatic cell programs even 

after cell division 9. 

The Polycomb group (PcG) of proteins and trithorax group (trxG) were found to be 

key players in maintaining early-determined gene expression status 2. Early studies in 

Drosophila melanogaster revealed that PcG and trxG genes control the expression of 

a set of transcription factor genes 1,10–12, known as Hox genes, which are responsible 

for specifying the segment identity along the anteroposterior axis of segmented 

animals including mammals 13. Interestingly, the spatial expression of Hox genes 

mirrors their arrangement on the chromosome, with the most 5’ gene expressed in the 
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anterior segment/head and the 3’ in the posterior 13.  

Mutations in PcG result in a loss of silencing, leading to a gain-of-function homeotic 

transformation as a consequence of the hyperactivation of the most posterior genes 14. 

Conversely, in double mutant combinations, mutations in trxG suppress the defects 

caused by PcG mutations by preventing the ectopic expression 14. Therefore, PcG and 

trxG act antagonistically, where PcG is classified as a transcriptional repressor and 

trxG is classified as a transcriptional activator 15. In Drosophila, PcG and trxG exert 

their function by specialized, largely overlapping DNA regulatory elements: PcG 

response elements (PREs) and trxG response elements (TREs), respectively 1. In 

combination with target promoters, PREs and TREs are necessary to convey 

epigenetic inheritance 1. In mammals, PcG and trxG are targeted to CpG islands and 

promoter regions 2,16. 

PcG and trxG act on chromatin, where they chemically modify histones. The PRC2-

type of PcG complex has a histone H3 lysine 27 trimethylation activity (H3K27me3). 

Similarly, specific trxG complexes also have a histone methyltransferase activity, 

however, specific to histone H3 lysine 4 trimethylation (H3K4me3) 15. H3K27me3 

mark is usually enriched on facultative heterochromatin 17, hence, it is associated with 

gene silencing 15. Conversely, H3K4me3 is a mark for active genes 15. Therefore, PcG 

maintains the repressed gene state, whereas trxG maintains the active gene state 1. 

Importantly, PcG and trxG are not involved in the initiation and determination of the 

gene expression state 1,18, instead, they maintain early-determined developmental 

transcriptional patterns 2,16. Long after the original stimulus is gone, the 

developmental programs are maintained over many rounds of cell divisions, hence the 

concept of cell memory 2,16. Accordingly, PcG and TrxG are critical for the 
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maintenance of cell identity and homeostasis, which is relevant for stem cell identity, 

cancer, and cell reprogramming 15. 

Although the main function of PcG is maintaining gene expression status, 

transcription factors and signaling events can modulate PcG-mediated gene repression 

19. Environmental stimuli, such as metabolic or chemical stress, affect cellular 

microenvironment and tissue homeostasis, which can alter gene repression status. In 

other words, PcG regulation of gene expression is plastic, which allows the cells to 

maintain their identity and also respond to environmental stimuli 19.  

1.1. Polycomb Repressive Complex 

1.1.1. Classes of Polycomb repressive complex 

PcG proteins are divided into three classes. The first class is PRC2, which consists of 

four core components: enhancer of zeste homolog 2 (EZH2), embryonic ectoderm 

development (EED), suppressor of zeste 12 (SUZ12) and RBAP46 or RBAP48. In 

addition, PRC2 contains other cofactors: AEBP2 and JARID2. These components 

work coordinately to imprint histone 3 (H3) K27 methylation 20. The cofactors can 

assemble with the core components in different combinations, resulting in two 

different subclasses of PRC2 known as PRC2.1 and PRC2.1 21 The second class is the 

Polycomb repressive complex 1 (PRC1), which is larger in size than PRC2. PRC1 

contains the chromodomain of Polycomb (Pc), Polyhomeotic (Ph), Posterior sex 

combs (Psc) and dRing, and other associated factors such as TBP-associated factors. 

It functions to ubiquitinate histone H2A at lysine 119 (H2AK119), resulting in the 

compaction of chromatin 20. The third and last class is PhoRC, which contains a 

DNA-binding protein, Pleiohomeotic (Pho), and Scm-related gene containing four 
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malignant brain tumor (MBT) domains (dSfmbt) protein. Through its MBT repeats, 

dSfmbt protein binds to mono- and dimethylated H4K20 and H3K9 20. The above can 

work synergistically or independently. 

1.1.2. PRC2 Components 

1.1.2.1.EZH protein 

Two versions of the PRC2 exist in mammals: PRC2-EZH2 and PRC2-EZH1, which 

have different but similar roles in cell development and differentiation 16. EZH2 is the 

catalytic subunit of PRC2. It is a histone methyltransferase (HMTase) that contains an 

evolutionarily conserved carboxy-terminal Su(var) 3–9-enhancer of zeste- trithorax 

(SET) domain, which confers the methyltransferase activity. In addition, EZH2 

contains five other domains: a WD-40 binding domain (WDB), domains I–II, two 

SWI3-ADA2-N-CoR-TFIIIB [SANT] domains, and a cysteine-rich CXC domain 22. 

EZH2 protein was found to play a major role in several cancers and other diseases 23–

29. Mammalian cells contain another gene, Ezh1, encoding for the protein EZH1, 

which has a weaker HMTase activity. While EZH2 is predominant in differentiating 

cells, EZH1 is exclusively present in embryonic stem cells and post-mitotic tissues 

16,30. 

1.1.2.2.EED protein 

EED is a WD-repeat protein that folds into β-propeller structure 22. WD-repeat 

proteins are a group of proteins that are characterized by the presence of a repeating 

motif of ~40 amino acids, of which the last two amino acids are often tryptophan (W) 

and aspartic acid (D), hence it is known as the WD40 motif 31. EED protein has seven 



 22 

copies of the WD40 motif, each forms four-stranded antiparallel β-sheets, resulting 

seven-bladed β-propeller structured 22. 

Through the binding of its carboxy-terminal domain to N-terminal tail of H3K27me3, 

EED functions to recruit PRC to H3K27me3 sites. There, the presence of H3K27me3 

acts a positive feedback signal that enhances the HMTase activity of EZH2, 

maintaining the repressive mark and allowing its transmission to daughter cells 22. 

The bottom of the WD40 motif of EED binds to a 30-residue peptide in the EZH2 

protein, which is both necessary and sufficient for the interaction 16. 

Two interchangeable homologous copies of EED exist in Drosophila, ESC and ESCL 

4. In mammals, EED mRNA has four translation starts resulting in four different EED 

isoforms 32, all of which can facilitate the HMTase activity of PRC2 in vitro and in 

vivo 22.  

1.1.2.3.SUZ12 protein 

SUZ12 is a zinc finger protein that is important for the assembly and HMTase activity 

of the PRC2. It binds to EZH2 protein through its C-terminal Vrn2-Emf2-Fis2-SUZ12 

[VEFS] domain, maintaining EZH2 stability. SUZ12(VEFS) domain can also 

allosterically inhibit the HMTase activity of EZH2, preventing the spread of silenced 

chromatin. In addition, SUZ12 binds to RbAp46/48 subunit and mediates the 

interactions with JARID2 cofactor. Among all PRC2 components, SUZ12 has the 

highest affinity to non-coding RNAs (ncRNAs), which makes it an integral subunit in 

PRC2-ncRNA interactions 22. 
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1.1.2.4.RbAp46 and RbAp48 proteins 

RbAp46 is also known as RBBP7 and RbAp48 is known as RBBP4. These two 

cofactors are homologous proteins that are not required for the HMTase activity of 

PRC222. RbAp48 recruits PRC2 to nucleosomes by binding to histone H3–H4 

heterodimers. It is still unclear if RBBP7 and RbAp48 have different roles in the 

PRC2. Nevertheless, they both play an integral role in establishing and maintaining 

chromatin structure 22. 

1.1.2.5.AEBP2 and JARID2 proteins 

 Like SUZ12, AEBP2 is also a zinc-finger protein. It enhances the HMTase activity of 

EZH2 by interacting with both EZH2 and SUZ12 22.  

JARID2 is a member of the of histone demethylases family, Jumonji C (JmjC) and 

ARID domain. However, it is devoid of the enzymatic activity due to the absence of 

some binding cofactors. Because JARID2 mimics H3K27me3, it leads to the 

recruitment and activation PRC2. Furthermore, JARID2 has the ability to bind long 

noncoding RNAs (lncRNAs), facilitating its interaction with EZH2 in vitro 22. 

1.2. PRC2 in cell development and plasticity 

1.2.1. PRC2 in cellular memory 

Both the PcG and trxG are critical in maintaining an already established gene 

expression status, either silenced or active, respectively 33,34. As one of the PcG 

classes, PRC2 plays an important role in the protection of cell identity and guarding 

cellular memory 4. It maintains a repressed gene expression status that can be 

mitotically and meiotically inherited. 
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Thus, an important aspect is understanding how H3K27me-repressed chromatin states 

are maintained and passed to daughter cells. There are two proposed models 

explaining the mechanism of inheritance. The first model suggests that, during DNA 

replication, methylated H3K27 histones are locally passed to the two daughter 

chromatids 35. The second model, on the other hand, suggests that PRC2 is passed to 

daughter cells, where it establishes new H3K27me 36.  

In attempt to test these models, a recent study generated and examined 

Caenorhabditis elegans embryos containing or lacking PRC2 activity and with or 

without H3K27me chromosomes 37. It was shown that cells which lacked PRC2 but 

contained H3K27me chromosomes were able to maintain the exact pattern for a few 

rounds of cell division. On the other hand, cells that contained only PRC2 were able 

to maintain mosaic H3K27me throughout embryogenesis. Concluding that both 

H3K27me and PRC2 contribute to the epigenetic transmission of the repression 

memory, where the first ensures the precision of the pattern and the second provides a 

long-term memory 37. Because the presence of H3K27me acts as a positive feedback 

for PRC2 38, this might explain the loss of H3K27me pattern after several rounds of 

division in cells lacking PRC2. 

1.2.2. The interchange between PRC2-EZH2 and PRC2-EZH1  

 EZH1 and EZH2 play an alternative role during cell development and differentiation. 

During mitosis, EZH2 are found in a substantially higher level than EZH116. After 

that, the levels of EZH1 rise in post-mitotic tissues16, while EZH2 is gradually 

degraded 4. The alternative expression of Ezh1 and Ezh2 maintains constant levels of 

H3K27me3 at PRC2 targets 16. Because EZH2 is dominant during cell division, and 

has a stronger HMTase activity, it is suggested that PRC2–EZH2 establishes cellular 
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H3K27me2/3 in the cells. While, on the other hand, PRC2–EZH1 functions to 

maintain the methylation levels by restoring lost H3K27me2/3 4. 

Intriguingly, new evidence suggests that the majority of EZH1 binding associates with 

H3K4me3 regions, and only a small fraction of the genome is shared by EZH1 and 

EZH2 39. Additionally, EZH1 showed an association with regions of RNA polymerase 

II (Pol II) binding, suggesting its involvement in mRNA transcription. Further 

experiments showed that EZH1 interacts with Pol II itself, promoting transcriptional 

elongation in differentiating skeletal muscle cells 39. These data reveal an interesting 

role of PRC2, as they associate PcG with a transcriptional activation role, in contrary 

to its known silencing activity. Later, it was shown that EZH1 forms a complex with 

SUZ12 in the nucleus. This complex binds to active domains on the chromatin, and 

promotes gene expression. However, upon environmental stress, the full complex 

assembles and turns into a repressor 30. 

Moreover, recently, it was shown that PRC2 regulates gene activation during neuronal 

differentiation, stress response and mitogenic signaling 40,41. Mechanistically, the 

displacement of PRC2 on chromatin allows for an H3K27/H3S28 methyl/phospho 

switch, activating otherwise repressed genes 40,41. During myogenesis, mitogen-

activated protein kinases (MAPKs), p38, or extracellular signal-regulated kinase 

(ERK) come into play and activate several downstream pathways. The activation of 

p38 or ERK pathways ultimately activates the mitogen-and-stress-activated protein 

kinases (Msk-1 and Msk-2), which phosphorylate histone H3 at serine 28 (H3S28ph) 

42.  

Because the activation of muscle-specific genes during myoblast-myotube transition 

requires transcriptional and post-transcriptional downregulation of Ezh2 16, a similar 
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mechanism was thought to be involved in skeletal muscle cell differentiation. This 

notion was supported by a later study, which proved that muscle cell differentiation 

requires the deposition H3S28ph produced by Msk1-dependent signaling 16. 

Consequently, PRC2-EZH2 is displaced from the regulatory regions of muscle genes, 

myogenin (MyoG) and muscle creatine kinase (mCK). Upon differentiation, a PRC2-

EZH2/PRC2-EZH1 switch occurs at MyoG sites, which is critical for controlling the 

proper timing of its activation 16,43. 

1.2.3. PRC2 and adaptive response in postmitotic cells  

Epigenetic mechanisms are the key to translate environmental effects into phenotypic 

changes by altering gene expression. Hence, they allow a plastic, reversible response 

to environmental stimuli. For example, it was recently shown that the levels of EZH1-

mediated H3K27me3 significantly increase at Myog and Myh3 muscle gene 

promoters, in response to atrophic stress in muscle cells 43. Moreover, very recently, a 

novel, uncharacterized isoform of the canonical EZH1 was identified 43. This isoform 

lacks the SET domain and, hence, it is devoid of the HMTase activity. Thereafter, the 

canonical isoform was referred to as Ezh1α and the non-canonical isoform as Ezh1β. 

It was discovered that EZH1β plays an important role in modulating the PRC2–EZH1 

adaptive response in postmitotic cells 43. 

In muscle cells, EZH1β interacts with EED in the cytosol, which prevents the nuclear 

translocation of EED. The absence of nuclear EED prevents its association with the 

rest of PRC2-EZH1 proteins, preventing them from methylating histones. As a result, 

the expression of target genes remains active. After the stimulation of atrophic 

conditions by inducing oxidative stress, EZH1β gets ubiquitylated and consequently 

degraded. The degradation of EZH1β enables the re-localization of EED into the 
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nucleus, where it is associated with the rest of the PRC2-EZH1 components. The 

assembled complex acts to methylate histones, repressing target muscle genes 43 (Fig. 

1). 

 

Figure 1 Schematic model of the function of Ezh1α and Ezh1β in differentiated muscle cells. Ezh1β acts as a 

regulator that prevents PRC2-EZH1 activity, through its binding to EED in the cytosol. The induction of oxidative 

stress frees EED and enables it nuclear localization, and in turn complex assembly. The effect of oxidative stress is 

reversible. (Adapted from Bodega et al., 2017.) 

1.3. Interplay between PRC2 and MALAT1: 

1.3.1. Non-coding RNA: 

The mammalian genome is pervasively transcribed, however, only 5% of the total 

output consists of  messenger RNA (mRNA) coding for proteins 15.The majority of 

the RNA moieties are ncRNAs 44, which are associated with various functions. 

Examples include ribosomal RNA (rRNA) and tRNA which are involved in mRNA 

processing and translation machinery, small nuclear RNAs (snRNAs) which is 

involved splicing, and small nucleolar RNAs (snoRNAs) which modifies rRNAs 45. 

Other ncRNA molecules were found to be involved in transcriptional regulation 

through the regulation of chromatin structure 44. ncRNAs are also classified according 
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to their sizes into lncRNAs which defines RNA molecules that are larger than 200 nt 

15 and small noncoding RNA molecules, which can be involved in RNA degradation, 

as well as the repression of gene expression or transcription by RNAi pathways 6,46–52. 

To date,  about eight thousand lncRNAs were discovered in humans 15. Normally, 

they are expressed at relatively moderate or low levels, and they are preferentially 

nuclear and associated with chromatin. They show little conservation; however, due 

to their extended length, lncRNAs have the ability to fold into different secondary 

structures, giving them functional versatility 53–55. They can act as scaffolds of 

multiprotein complexes by providing support to proteins that lack direct protein-

protein interactions 15,53,56,57. Interestingly, the complexity of an organism shows a 

correlation to the number of ncRNAs rather than the number of protein-encoding 

genes, indicating that they play a role in the evolution of developmental complexity 44 

1.3.2. lncRNA and PRC2 function: 

It has been widely accepted that the lncRNA molecules control gene expression 

through the regulation of epigenetic chromatin modulating proteins. One of the main 

examples of RNA-induced epigenetic regulation is the recruitment of PRC2 proteins 

by the lncRNA XIST, which is a fundamental player in female X-chromosome 

inactivation. The recruitment of PRC2 mediates gene inactivation through histone 

methylation, catalyzed by EZH2 HMTase 58–61.  

Analyses of early embryos homozygous for a mutation in the gene Eed, which 

encodes the PRC2 core component, EED, showed a phenotype that is normally 

associated with failure of X inactivation 62. Immunofluorescence studies confirmed 

that EED protein is highly enriched on the inactive X chromosome (Xi), where its 

localization resembles that of the XSIT lncRNA. Furthermore, the SET domain was 
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also found to be enriched within Xi territories 58,63. These results indicate that Xist 

might have a direct physical interaction with PRC2.  

Extensive studies on XIST RNA facilitated the analysis of other related lncRNAs. 

Other ncRNAs appear to recruit PRC2 in a similar manner. In addition to dosage 

compensation, lncRNAs are involved in the regulation of genome imprinting and 

eukaryotic developmental gene expression. Specific examples include Kcnqtlot1, 

which is involved in gene imprinting in mice 64,65, HOTAIR, which is transcribed 

from the human HOXC locus then directs PRC2 in-trans to act on the HOXD locus in 

another chromosome 56, and COLDAIR, which recruits PRC2 in Arabidopsis 

thaliana, regulating vernalization 66. 

The affinity of PRC2 for PRC2-binding RNAs has not been thoroughly investigated 

or quantified. Thus, the binding specificity of RNA to PRC2 is not fully understood. 

Genome-wide studies suggest that the binding of ncRNA to PRC2 might need a 

specific, common RNA secondary structure 67–69. On the other hand, a recent study 

measured the binding constants (Kd) of various RNAs to, and concluded that PRC2 

binds RNA promiscuously, both in vitro and in vivo 70. Interestingly, the same study 

also showed that although E. coli lacks PRC2, PRC2 was able to bind E. coli maltose-

binding protein mRNA with a comparable affinity to that of HOTAIR 70. Until now, 

the exact binding nature and mechanistic contribution of RNA and PRC2 remains to 

be understood. 

Crosslinking studies indicate that PRC2 also binds nascent mRNA moieties, 

suggesting that it might have a role in the negative control of transcriptional initiation 

or elongation 67. According to the junk mail model,  PRC2 promiscuously binds 

nascent mRNA in order to scan chromatin for target genes that have escaped 
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repression 70,71. It is suggested that RNA and chromatin compete for PRC2 binding 72.  

At highly expressed genes, the high level of RNA provides decoy for PRC2, stripping 

it away from chromatin 70,72.  

1.3.3. Interaction between MALAT1 and PRC2 

1.3.3.1.MALAT1 and PRC2-EZH2 

The metastasis-associated lung adenocarcinoma Ttanscript 1 (MALAT1) is a 

lncRNAs that has also been associated with PRC2. The mature MALAT1 transcript 

lacks the poly(A) tail and, instead, it is stabilized by a 3’ triple helical structure 73. 

MALAT1 is retained in the nucleus 74, where it is involved in various functions such 

as scaffolding ribonucleoprotein complexes, regulating gene expression by facilitating 

the recruitment of chromatin modulators to target genes 75. It also regulates alternative 

splicing by modulating the serine/arginine (SR) splicing factor phosphorylation 74. 

Additionally, MALAT1 is involved in the regulation of cell cycle by controlling the 

expression of oncogenic transcription factor B-MYB, which is involved in the G2/M 

progression 76. 

As its name suggests, it is also associated with the progression and advancement of 

lung cancer 77, as well as other types of cancers and other diseases 23,24,73,77–82. 

MALAT1 was associated with aberrant function of PRC2-EZH2 23,24,78,81, and it has 

been reported that it can interact with EZH2 23,24 and SUZ12 78 proteins of the PRC2. 

A study shows that MALAT1 interacts with the N-terminal of EZH2 in castration-

resistant prostate cancer (CRPC) 24. In CRPC cells, It was found that MALAT1 

enhances both EZH2-mediated repression of target genes, and EZH2-mediated 

invasion and migration 24. Similarly, in renal cell carcinoma, MALAT1 interacts with 

EZH2 protein, which promotes cancer aggressiveness 23. Moreover, in bladder cancer, 
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MALAT1 was found to be associated with SUZ12 78. MALAT1-SUZ12 association 

promotes TGF-β-induced an epithelial to mesenchymal transmission (EMT), 

promoting tumor invasion and metastasis 78.  

1.3.4. Investigation of the involvement of MALAT1 in PRC2-EZH1 mediated 

plasticity  

lncRNAs are critical regulatory molecules in cellular stress response in many 

organisms. For example, NEAT1 lncRNA is upregulated in breast cancer and other 

solid tumors in response to hypoxia, resulting in the formation of paraspeckles that in 

turn promote cancer aggressiveness 83. Many lncRNAs have been related to oxidative 

stress response including MALAT1, which activates the antioxidant pathway as a 

result of its upregulation in response to H2O2 treatment in human umbilical vein 

endothelial cells 84. In plants, lncRNA play and integral role in response to stress. A 

famous example is COLDAIR, which responds to cold by forming repressive 

heterochromatin through the recruitment of PRC2 66. 

Nonetheless, the involvement of lncRNA in PRC2-mediated somatic cell plasticity 

and response to environment is not well investigated. Based on the evidence that 

PRC2-EZH1α/β pathway plays a role in the adaptation to atrophic conditions in 

muscle cells 43, a study performed in our lab exploited this in vivo system to identify 

bona fide functional RNAs bound to PRC2-EZH1 (Nadine El Said, PhD Thesis, 

KAUST 2019).  

As described previously, EZH1β interacts with EED in the cytosol, which prevents 

the nuclear translocation of EED. Moreover, atrophic stress conditions direct EED 

protein from the cytosol to the nucleus by inducing the degradation of EZH1β. The 
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investigation of lnRNAs that are possibly involved in that process revealed that 

MALAT1 was among the top lncRNAs which interacted with PRC2 in C2C12 muscle 

cells. RNA immunoprecipitation (RIP) showed that EED protein was highly 

associated with MALAT1 in C2C12 under oxidative stress conditions (Fig. 2a). Upon 

oxidative stress, the levels of H3K27me3 increase, and this increase is prevented in 

the absence of MALAT1 as shown by immunofluorescence (IF) (Fig. 2b). Moreover, 

IF coupled with RNA fluorescent in situ hybridization (FISH) also confirmed the co-

localization of MALAT1 and EED in the nucleus upon oxidative stress. Interestingly, 

the knockdown of MALAT1 diminished EED’s nuclear localization, making it more 

diffused into the cytosol. Furthermore, the induction of oxidative stress increased 

MALAT1 levels in C2C12 cells, reinforcing the involvement of MALAT1 in muscle 

atrophy (Fig. 2c). 

In addition to the compartmentalization and association of PRC2 components, 

MALAT1 also affected the enzymatic activity of PRC2. The enzymatic activity was 

investigated by observing the level of H3K27me3 marker. It was previously shown 

that oxidative stress increases global H3K27me3 43. However, MALAT1 knockdown 

significantly reduced the level of global H3K27me3 in C2C12.  
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Figure 2 Association of MALAT1 with PRC2-EZH1 in atrophic skeletal muscle cells. a) C2C12 cells were 
treated with H2O2 to induce atrophy and native RIP followed by real-time quantitative PCR (nRIP-qPCR) and and 
formaldehyde cross-linking RIP followed by qPRC (fRIP-qPCR) were performed to map RNA-protein interaction. 
EED was immunoprecipitated together with its associated RNA molecules and the fold enrichment of MALAT1 
over mock was measured upon oxidative stress (pink) compared to normal C2C12 (blue). The results are 
consistent without formaldehyde crosslinking (nRIP) and with crosslinking (fRIP). Statistical test was 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). b) IF of H3K27me3 (green) and DAPI (blue) in C2C12 cells in normal (control), oxidative stress 
(H2O2 stress) , and oxidative stress and stress with Malat1-knockdown (Stress + Malat1KD). c) FISH of Malat1 
(red), Eed (green), and DAPI (blue), in wild type and MALAT1 knockdown (Malat1-KD) C2C12 in both normal 
(control) and oxidative stress (stress) conditions. (Nadine El Said, PhD Thesis, KAUST 2019) 
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1.4. Scope of the thesis: Objectives, contributions, and model 

system 

The current work focuses on understanding the nature of the involvement of the 

lncRNA MALAT1 in PRC2-EZH1-mediated plasticity in C2C12 cells under 

oxidative stress. In particular we wanted to investigate: 

1. The role of MALAT1 in the assembly of PRC2-EZH1 core components in 

atrophied muscle cells. 

2. The direct effect of MALAT1 on the enzymatic activity of PRC2-EZH1. 

To this aim, a stable mouse C2C12 cell line overexpressing EZH1α fused with FLAG 

and HA tags (EZH1α-FH) protein was generated. Cells were treated with H2O2 to 

induce atrophy-like conditions. The effect of MALAT1 on the association of PRC2 

core components was then revealed by co-immunoprecipitation (CoIP) and mass 

spectrometry (MS) enrichment studies. Moreover, the expression and purification of 

PRC2 core components was attempted in E. coli an SF9 insect cells in order to study 

the direct involvement MALAT1 in PRC2 assembly and function. The role of 

MALAT1 in the HMTase activity was revealed through a colorimetric-detection 

enzyme-linked immunosorbent assay (ELISA). The in vitro reconstituted complex can 

be used in the future to study the effect of MALAT1 on the interaction dynamics of 

the proteins via microscale thermophoresis (MST). 
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CHAPTER 2: MATERIALS AND METHODS 

2.1. Mammalian cell culture 

Mouse C2C12 skeletal myoblasts (ATCC; CRL-1772) were grown in Dulbecco's 

modified Eagle's medium (DMEM) (4.5 g/l D-glucose and glutamax) (GIBCO) 

supplemented with 10% fetal bovine serum (FBS) (Sigma), 100 units/ml penicillin 

and 100 μg streptomycin (GIBCO), according to standard protocols. C2C12 

myoblasts were differentiated at 90–95% confluence in DMEM supplemented with 

2% horse serum (GIBCO) and penicillin-streptomycin. 

2.2. Stable cell lines 

To generate Ezh1α expression construct with HA and FLAG tags, Ezh1α was 

amplified from C2C12 myotube cDNA. After gel purification with QIAquick Gel 

Extraction Kit (Qiagen), according to manufacturer’s instructions, the PCR products 

were digested and ligated into pOZ-C-FH vector that had been linearized with the 

same restriction enzymes. The resultant clone and a selectable marker for puromycin 

resistance were co-transfected into C2C12 cells. Transfected cells were grown in the 

presence of puromycin (Sigma), and individual clones were isolated and analyzed for 

Ezh1α-FH expression by immunoprecipitation (IP) followed by western blotting, MS, 

and IF. Vector map is available in appendix A (Fig. 17) 

2.3. Immunofluorescence 

Stable C2C12 cell line constitutively expressing Ezh1α-FH were grown to myoblast 

or differentiated to myotubes on glass slides. Cells were incubated with 4% 

paraformaldehyde for 15 min at 23 ºC for cell fixation, permeabilized with 0.1% 
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Triton X-100 in PBS for 10 min, and blocked with 1% BSA solution. Next, cells 

were stained with primary antibodies: 1:200 HA (Roche; 3F10) and 1:500 

MHC/MF-20 (DSHB; 051320) in a 1% BSA solution for 1 hour at room 

temperature. After that, they were washed three times with 0.1% PBS and stained 

with secondary antibodies: 1:500 conjugated Alexa Fluor 488 (Invitrogen, A-

11006) or Alexa Fluor 568 (Invitrogen, A-11031) in a 1% BSA solution at room 

temperature (1:500). Mounting medium containing DAPI (Sigma, F6057) was used 

to counterstain nuclei localization. Images were obtained with a Leica TCS SP5 

confocal microscope with an HCX PL APO 63.0×/1.40-NA oil-immersion 

objective. 

2.4. Cell treatments 

To mimic muscle atrophy, C2C12 cells were treated at day-3 myotubes with 100 

μM H2O2 (Sigma) for 24 h to induce oxidative stress. To knockdown MALAT1 in 

the stable C2C12 cell line overexpressing Ezh1α-FH, myotubes were transfected 

with 100 nM antisense locked nucleic acid (LNA) GapmeRs (300600, Qiagen), 

using Lipofectamine RNAiMAX reagent (Invitrogen) according to the 

manufacturer’s instructions. 

2.5. RNA isolation and RT-qPCR 

Total RNA was isolated using Tri-reagent (Sigma) according to the manufacturer's 

instructions. cDNA was produced starting at 800 ng of RNA using iScript 

Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad) and analyzed in SYBR 

Green qPCR supermixes for real-time PCR (Bio-rad) using GAPDH for 

normalization. Real-time PCR analyses were carried out with a CFX96 Touch Deep 
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Well thermal cycler (Bio-rad). Primer sequences are available in appendix B (Table 

1). 

2.6. Co-immunoprecipitation 

For the co-IP of stable C2C12 cell line overexpressing HA-tagged Ezh1α, 

myotubes were scraped in cold DPBS (GIBCO) containing 1X protease inhibitor, 

pelleted, suspended in cytosolic extraction buffer (10mM HEPES-KOH, pH 8.5, 

400 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 1X proteinase inhibitor), kept at 4 

ºC for 30 min with end-over-end rotation. Samples were sonicated to release 

nuclear part then debris was pelleted at 10000 rpm and 4 °C, and the supernatant 

was collected for nuclear IP. ANTI-FLAG M2 Agarose Affinity Gel (Sigma) was 

washed in TGEN buffer (20 mM Tris-HCl, pH 7.8,150 mM NaCl, 3 mM MgCl2, 

0.1 mM EDTA, 10% glycerol, 0.01% NP-40). The Agarose beads were added to 

the IP samples and incubated overnight at 4 °C on the wheel. The 

immunocomplexes were then recovered with 200 ug/mL Flag peptide (sigma), and 

incubated overnight at 4 °C on the wheel. The eluted immunoprecipitants were 

loaded on 4-12% polyacrylamide gel (Invitrogen) and subjected to western blotting 

analysis. 

2.7. LC-MS analysis and MS data analysis 

The peptide mixture was measured on a Q Exactive HF mass spectrometer (Thermo 

Fisher Scientific) coupled with an UltiMateTM 3000 UHPLC (Thermo Fisher 

Scientific). Peptides were separated using an Acclaim PepMap100 C18 column (75 

um I.D. X 25 cm, 3 μm particle sizes, 100 Å pore sizes) with a flow rate of 300 

nl/min. A 75-minute gradient was established using mobile phase A (0.1% 
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FA) and mobile phase B (0.1% FA in 80% ACN): 5%-40% B for 55 min, 5-min 

ramping to 90% B, 90% B for 5 min, and 2% B for 10-minute column conditioning. 

The sample was introduced into mass spectrometer through a Nanospray Flex 

(Thermo Fisher Scientific) with an electrospray potential of 1.5 kV. The ion transfer 

tube temperature was set at 160°C. The Q Exactive was set to perform data 

acquisition in DDA mode. A full MS scan (350-1400 m/z range) was acquired in the 

Orbitrap at a resolution of 60,000 (at 200 m/z) in a profile mode, a maximum ion 

accumulation time of 100 milliseconds and a target value of 3 x e6. Charge state 

screening for precursor ion was activated. The ten most intense ions above a 2e4 

threshold and carrying multiple charges were selected for fragmentation using higher 

energy collision dissociation (HCD). The resolution was set as 15,000. Dynamic 

exclusion for HCD fragmentation was 20 seconds. Other setting for fragment ions 

included a maximum ion accumulation time of 100 milliseconds, a target value of 

1xe5, a normalized collision energy at 28%, and isolation width of 1.8. 

The MS RAW files from Q-Exactive HF were converted to .mgf files using Proteome 

discoverer (V1.4) and analyzed using Mascot (Version 2.4) against mouse database 

(Uniprot Mus musculus database). The Mascot search results were further processed 

using Scaffold (Version 4.1, Proteomesoftware Inc., Portland, OR, USA) for 

validation of protein identification and quantitative assessment. For protein 

identification, it requires a minimal 99% possibility for protein and with at least one 

peptide having a possibility greater than 95% according to the PeptideProphet and 

ProteinProphet. The label-free quantification of proteins and phosphorylation peptides 

were performed using Maxquant LFQ. 
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2.8. ChIP-seq 

C2C12 cells were crosslinked with 1% formaldehyde (F8775, Sigma) for 10 min. 

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 

pelleted, collected, washed using lysis buffer 2 LB2 (10 mM Tris HCl pH 8, 200 mM 

NaCl, 1mM EDTA, 0.5 mM EGTA), then lysed 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). For chromatin shearing, lysates were sonicated (BRANSON 

A250, with tapered microtip 3,2 mm, 4 cycle of 1.5 min at 20 % of amplitude, 50% of 

Duty Cycle). For each IP reaction 5 μg of antibodies were added to 100 μg of 

chromatin DNA equivalents. Protein-antibody immunocomplexes were magnetically 

recovered (Dynabeads protein G, Invitrogen). Washes were carried out for the beads 

using low salt wash buffer (0.1% SDS; 2mM EDTA, 1% Triton X-100, 20 mM Tris 

HCl pH8, 150 mM NaCl), then high salt wash buffer (0.1% SDS, 2mM EDTA, 1% 

Triton X-100, 20 mM Tris HCl pH 8, 500 mM NaCl). Beads were then resuspended 

in elution buffer (50 mM Tris HCl pH 8, 10 mM EDTA, 1% SDS). For de-

crosslinking, RNase A (0.2 mg/ml) and Proteinase K (0.2 mg/ml) were added, and 

DNA was then purified for qPCR analysis. ChIP primers are available in appendix B 

(Table 2), and qPCR primers are available in appendix B (Table 1). 

2.9. Expression plasmids 

For the expression of PRC2 core components in E. coli, Ezh1α, Ezh1β, Eed3, Eed4, 

and SUZ12 were amplified from C2C12 myotube cDNA and cloned into a pJET1.2 

(Thermo Scientific) vector. Next, Ezh1α, Ezh1β, Eed3, and Eed4 were cut from 

pJET1.2 vector by restriction enzymes and purified by gel extraction using 
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QIAquick Gel Extraction Kit (Qiagen), according to manufacturer’s instructions. 

Next, Ezh1α, Ezh1β, Eed3, and Eed4 were cloned into pGEX-5X-1, and Suz12 was 

cloned into a PGEX-P6-1 vector.  

For the expression of PRC2 core components in SF9 cells, Ezh1α, Ezh1β, Eed3, 

and Eed4 were subcloned from PGEX-5X-1 vector by gel extraction using 

QIAquick Gel Extraction Kit (Qiagen), according to manufacturer’s instructions 

and ligated into pFsatBac-HT C baculovirus expression vector.  

All recombinant plasmids were confirmed by diagnostic digestion followed by 

Sanger sequencing using vector-specific forward and reverse sequencing primers. 

All vector maps are available in appendix A (Fig. 18, 19, 20) and primer sequences 

are available in appendix B (Table 3, 4). 

2.10. RNA in vitro transcription 

Mouse Malat1 full length plasmid was obtained from Prof. Shinichi Nakagawa 

(RNA Biology Laboratory, RIKEN Advanced Research Institut), and linearized 

using XhoI restriction enzyme, then transcribed using MAXIscript T7 

Transcription Kit (Invitrogen), according to manufacturer’s instructions. In vitro 

transcribed RNA was then treated with DNase and purified using Tri-reagent 

(Sigma) according to the manufacturer's instructions. 

2.11. Protein expression and purification in bacteria 

BL21(D3) E. coli were cultured to OD 0.6-0.7. Expression of EZH1α-GST, 

EZH1β-GST, EED3-GST and SUZ12-GST tagged proteins was induced using 0.5 
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mM IPTG. Expression and lysis were performed in three different induction and 

lysis conditions for optimization. 

Condition I: The expression was induced at 37 ºC for 3 hours and cells were lysed 

in lysis buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 1 mM DTT, 1mg/mL 

lysozyme, 1X proteinase inhibitor). Condition II: The expression was induced at 30 

ºC for 3 hours and cells were lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 500 

mM NaCl, 5 mM DTT, 1mg/mL lysozyme, 10% glycerol, 0.3% triton, 1X 

proteinase inhibitor). Condition III: The expression was induced at 16 ºC for 

overnight and cells were lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 1% triton, 1X proteinase inhibitor).  

For all three conditions, lysates were then sonicated for 5 min (Soniprep 150 plus, 

MSE) (1 min on/ 1 min off), then centrifuged at 10000 rpm and 4 °C, and different 

fractions were collected. The supernatant was collected as the soluble part and the 

remaining pellets were dissolved in PBS (GIBCO). The total (input) was collected 

before centrifugation. All fractions were checked by SDS-PAGE for the presence 

of the proteins. 

2.12. Protein expression in insect cells 

Insect SF9 Spodoptera frugiperda cells were grown in suspension supplement-free 

ESF 921 medium (Expression Systems), according to standard protocols. For 

expression of PRC2 individual components, the full-length sequences of mouse 

Ezh1α, Ezh1β, Eed3, Eed4, and Suz12 were cloned into pFastBac-HT C baculoviral 

expression vectors. Recombinant plasmids were transformed into DH10Bac E. coli 

and X- 5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal, Sigma) was used 
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to select positive colonies (blue/white selection). Bacmids were extracted and 

transformed into SF9, and three generations of baculovirus were collected: P1, P2, 

and P3. For protein expression, SF9 cells were infected with P3 virus of EZH1α, 

EZH1β, EED 3, EED 4, SUZ12, and SUMO proteins, separately. The proteins were 

expressed for 80 h, and cell pellets were collected and lysed (25 mM HEPES, pH 7.9, 

250 mM NaCl, 5% glycerol, 1% triton, 100 mM PMSF, 1 mM DTT, and protease 

inhibitor cocktail) then sonicated (Soniprep 150 plus, MSE) (1 min on/3 min off, 

twice). Lysates were centrifuged at 10000 rpm and 4 °C, and different fractions 

were collected. The supernatant was collected as the soluble part and the total 

(input) was collected before centrifugation. 

To increase the stability of the proteins, SF-9 cells were co-infected with EZH1α, 

EED3, and SUZ12. The proteins were expressed for 80 h and lysed following to the 

previous procedure. 

2.13. Western blotting 

Proteins were loaded on 4-12% polyacrylamide gels, resolved by SDS-PAGE, and 

transferred to a nitrocellulose membrane (wet transfer). The membranes were 

blocked and incubated for 1 h with primary antibodies. They were then treated with 

the appropriate secondary antibody coupled to HRP and revealed through Pierce 

Enhanced Chemiluminescence Western Blotting Substrate (Thermo Scientific). A 

list of all antibodies is available in appendix C (Table 5). 

2.14. Histone methyltransferase activity 

To measure HMTase activity, a commercial colorimetric kit was used (Epigentek), 

according to the manufacturer’s instructions. Commercial PRC2 core components: 
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EZH1, EED, and SUZ12 were added in a 1:1:1 volume ratio together with various 

concentrations of in vitro transcribed MALAT1 lncRNA. The histone 

trimethylation levels were identified by reading the absorbance of the assay (optical 

density, OD).  

2.15. Statistical analysis 

For all bar graphs, values are expressed as mean ± SD with n=3 and analyzed using 

two-tailed, unpaired Student’s t-test. For statistical tests, the 0.05 level of 

confidence was accepted for statistical significance.  
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CHAPTER 3: RESULTS 

3.1. Generation of stable C2C12 cell line expressing tagged EZH1α 

Our previous results indicate that MALAT1 lncRNA affects the levels of H3K27me3 

mediated by PRC2-EZH1 in C2C12 cells under oxidative stress (Fig. 2b). The proper 

association of the three core components of PRC2-EZH1, namely EZH1α, SUZ12, 

and EED is necessary for its activity. To understand the potential molecular 

mechanism of how MALAT1 modulates the global H3K27me3 level through PRC2-

EZH1α complex, we wanted to check whether MALAT1 is required for the proper 

assembly of PRC2-EZH1α. It was already shown that MALAT1 is required for the 

nuclear localization of EED during muscle atrophy (Fig. 2c). Therefore, we verified 

the effect of MALAT1 on the association of EED and SUZ12 with the catalytic 

subunit, EZH1α, stable C2C12 cell line constitutively expressing EZH1α-FH was 

generated and used for Co-IP experiments. 

To generate the stable cell lines, C2C12 cells were transfected with a recombinant 

puromycin-plasmid containing the EZH1α-FH, and selected in the presence of 

puromycin. Positive cells were analyzed by IF which shows that the fusion protein 

EZH1α-FH is mainly located in nucleus, in consistent with the endogenous 

localization of EZH1α (Fig. 3a). Next, IP was performed using both FLAG- and HA-

conjugated agarose beads sequentially. Silver staining assay indicates that many 

specifically associated protein partners could be pulled down (Fig 3b). 

Immunoprecipitated protein partners were analyzed by MS. MS Mascot analysis 

shows a high Mascot score for EZH1α in the eluted samples, as well as for SUZ12, 

which is known to be physically associated with EZH1α in the nucleus (Fig. 3c). 
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Together, these results confirm the successful generation of the EZH1α-FH stable 

C2C12 cell line. 

 

Figure 3 The generation of EZH1α-FH tagged stable C2C12 cell line. (a) IF EZH1α-FH (green), myosin heavy 
chain (red), and DAPI (blue) confirms the presence of the tagged protein in both myoblast (left) and myotube 
(right). (b) Silver staining of immunoprecipitated EZH1α-FLAG-HA (1α-FH) using Flag or HA for the elution 
confirms the presence of EZH1α. Input samples represents non-eluted cells. (c) MS data showing the mascot score 
and number of unique peptides corresponding a list of proteins that associate with EZH1α in the cell in three 
replicates of immunoprecipitated EZH1α-FH samples. The high mascot number is indicative of high presence of 
EZH1α. 
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3.2. Identification of suitable antisense oligos for MALAT1 

loss of function experiments 

To induce oxidative stress response mimicking muscle atrophy, C2C12 myotubes 

overexpressing EZH1α-FH were treated with 100 µM H2O2 for 24 h. This 

concentration was chosen to mimic muscle atrophy, without affecting the viability of 

the cells 43. Additionally, to knockdown MALAT1, myotubes were transfected with 

MALAT1 antisense locked nucleic acid (LNA) GapmeRs. The efficiency of three 

different antisense oligos (ASO) and the effective concentration were tested by 

qPCR using MALAT1 forward and reverse primers. Out of the three tested oligos, 

oligos #1 and #3 (MALAT #1 and MALAT #3) produced a significant knockdown 

effect (Fig. 4). Because MALAT #1 had the most significant effect, it was used for 

further experiments. 
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Figure 4 Quantification of the expression of MALAT1 in C2C12 cells transfected with different MALAT1 
antisense oligos. Cells were transfected with one of three different MALAT1 antisense oligos: MALAT #1, 
MALAT1 #2, MALAT1 #3 using two concentrations: 100 nM (a) and 50 nM (b). The expression of MALAT1 
was quantified by qPCR and compared to the expression of MALAT1 in cells transfected with Scramble RNA. 
The shown percentages represent the expression percentage in reference to the scramble. Values are expressed as 
mean ± SD (n=3). **P<0.01, ***P<0.001, ****P<0.0001 with respect to the scramble. The absence of the 
asterisks indicates nonsignificant difference. 

 

3.3. MALAT1 is required for the proper association of PRC2 

core components in the nucleus 

After the successful establishment of an efficient system with MALAT1 knockdown 

in EZH1α-FH stable cell lines under oxidative stress condition, we were interested in 
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testing the effect of MALAT1 on the complex assembly. We tested the interaction 

between EZH1α, SUZ12 and EED in the nucleus under oxidative stress condition 

with or without MALAT1. EZH1α-FH stable cell line was treated with H2O2 with or 

without MALAT1 #1 ASO. Then, EZH1α and its interacting protein partners were 

immunoprecipitated using a similar tandem affinity purification (TAP) strategy.  

After a two-step elution, HA eluted samples were collected and loaded on SDS-PAGE 

together with the input samples, which were used as a negative control. Western 

blotting analysis indicates that EED interacts with EZH1α only in the presence on 

MALAT1, and the knockdown of MALAT1 disrupted the interaction (Fig. 5a). The 

bands located above the 50 kDa mark correspond to another isoform of EED, EED 4, 

which has a molecular weight (MW) of 55.5 kDa. The decrease in the band intensity 

in the absence of MALAT1 suggests that MALAT1 might be involved in the 

association of this isoform as well. 

Furthermore, the immunoprecipitated EZH1α was analyzed by MS to determine the 

interacting partners. Proteins which are known to interact with EZH1α such as 

SUZ12, EED, AEBP2, PHF1 and RBBP4/7 were detected by MS analysis, 

confirming the quality of the pulldown and the accuracy of the MS results 

(Supplementary file 1). MS data illustrate that EZH1α has a physical association with 

EED in the nucleus during oxidative stress (Fig. 5b), which agrees with the previously 

reported model 43. Interestingly, this association is significantly decreased in the 

absence of MALAT1 (Fig. 5b).  

Together, these results indicate that MALAT1 is required for the proper assembly of 

EED with PRC2 core components in the nucleus. Additionally, they provide a further 
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insight on the shuttling of EED form the nucleus back to the cytosol in the absence of 

MALAT1. 

 

Figure 5 Co-IP of physically associated PRC2 proteins in the presence and absence of Malat1. (a) Western 
blots (top) of immunoprecipitated EZH1α-FH (EZH1α IP) from C2C12 cells transfected with scramble RNA (-) 
and MALAT1-KD C2C12 (+) both treated with H2O2, using anti-EED antibodies and anti-HA for control. Input 
samples represent non-eluted cells. Ponceau S staining was used as loading control (bottom) (b) The relative 
intensities of EED and SUZ12 enrichment in immunoprecipitated EZH1α-FH from C2C12 cells transfected with 
scramble RNA (black) and MALAT1-KD C2C12 (gray) both treated with H2O2. Values are expressed as mean ± 
SD (n=3) and P<0.05 is considered for significance. 

. 
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3.4. MALAT1 is necessary for the binding of EZH1α and 

EED to muscle-specific promoters under oxidative stress 

Additionally, it is interesting to test the effect of MALAT1 knockdown on the 

association of PRC2-EZH1 on known genomic loci under oxidative stress. Thus, 

ChIP followed by qPCR (ChIP-qPCR) was performed to investigate the binding 

profiles of EZH1α and EED on the promoter regions of muscle-specific genes 

including myosin heavy chain 3 (Myh3), myosin heavy chain (Myh8), and MyoG. As 

illustrated, the binding of EZH1α and EED to the promoter regions was increased 

during oxidative stress, and MALAT1 knockdown significantly reduced the binding. 

Consistently, the levels of H3K27me3 on muscle gene promoters followed a similar 

trend (Fig. 6). These results indicate that MALAT1 in crucial for the binding of 

EZH1α and EED to their targets, which is needed for imprinting the H3K27me3 on 

histones. 

 

Figure 6 The effect of MALAT1 on the binding of PRC2 proteins to muscle-specific promoters under 
oxidative stress. ChIP-qPCR of (a) EED, (b) EZH1α, and (c) H3K27me3 on the promoter regions of muscle-
specific genes: myogenin (MyoG), neurogenin (NeuroG), myosin heavy chain 3 (Myh3), myosin heavy chain 
(Myh8), and desmin in control, H2O2 stress (Stress), and H2O2 stress + MALAT1 knockdown (Stress + Malat1-
KD). Values are expressed as mean ± SD (n=3). **P<0.01, ***P<0.001, ****P<0.0001 with respect to the control. 
The absence of the asterisks indicates nonsignificant difference. (Adapted from Nadine El Said, PhD Thesis, 
KAUST 2019)  



 51 

3.5. Expression of PRC2 core components in E. coli 

MALAT1 knockdown reduced the global H3K27me3 levels in atrophied C2C12. We 

have already shown that MALAT1 was required for the assembly and/or stability of 

PRC2-EZH1α in the nucleus under oxidative stress. The effect of MALAT1 on 

PRC2-EZH1 can be achieved through a direct physical interaction with the complex 

or through other mediators in the cell. Another important point to consider is the 

effect of MALAT1 on the enzymatic activity of PRC2-EZH1α. To investigate these 

points, we were interested in testing the effect of MALAT1 on an in vitro 

reconstituted PRC2-EZH1. Three core components of PRC2-EZH1 are required for 

its full activity: EZH1, EED, and SUZ12. Hence, the expression of these proteins was 

attempted. This would allow us to determine whether MALAT1 affects PRC2-EZH1α 

directly or indirectly. 

To find the optimum expression conditions, BL21 E. coli were transformed with 

GST-tagged Ezh1α, Ezh1β, Eed3, Eed4, or Suz12 (Fig. 7). Positive colonies were 

cultured, and induced with either 0.5 mM or 1 mM IPTG. The induction was carried 

out at three different temperatures: 37, 30, or 20 ºC. Ezh1α, Ezh1β, Eed3, and Suz12 

were expressed at all three temperatures (Fig. 8). Both IPTG concentrations seemed to 

be equally effective, therefore, 0.5 mM concentration was chosen for further 

optimization steps. However, Eed 4 was not expressed in BL21 E. coli in any of the 

conditions (Fig. 8d). Since EED 3 isoform was shown to be involved in the plastic 

response to atrophy in C2C12 cells 43, it was selected for further studies. 

To validate that the observed bands correspond to our GST-tagged proteins of 

interest, western blotting was performed using anti-GST antibodies (Fig. 8f). In 

agreement with the SDS-PAGE staining results, western blotting results indicate the 
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presence of GST-tagged proteins in the total and nuclear fractions of the bacterial 

lysates. These results show that the expression of EZH1α, EZH1β, EED 3, and 

SUZ12 can be induced in E. coli. 
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Figure 7 Cloning of PRC2 core components into E. coli expression plasmids. (a) Schematic representation of 
the expression plasmid constructs. Genes were cut from the backbone vector (1) and ligated into the destination 
vector (2). (b) Diagnostic digestion of the constructed plasmids to confirm correct ligation in pJET1.2 vector (1). 
Restriction enzymes used and expected fragment sizes for each digestion are represented in the table. (c) 
Diagnostic digestion of the constructed plasmids to confirm correct ligation in pGEX-5x-1vector (2). Restriction 
enzymes used and expected fragment sizes for each digestion are represented in the table.1% gel electrophoresis 
was run using 1 kb plus ladder and only constructs that showed fragments of expected sized were picked and 
confirmed by Sanger sequencing (not shown). Vector maps are shown in appendix A. 
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Figure 8 Expression trials of PRC2 components in bacteria at various conditions. The expression of EZH1α 
(a), EZH1β (b), EED441 (c), EED500 (d), and Suz12 (e) was carried out at 37ºC, 30ºC, or 20ºC using 0.5mM or 
1mM IPTG to induce the expression. (-) represents un-induced samples, and (+) represents samples induced with 
0.5mM IPTG. Proteins were loaded on 4-12% gel, and Spectra Multicolor Broad Range Protein Ladder was used 
as marker. (f) Protein blots using anti-GST antibodies to validate the expression of the protein in the different 
fractions. 

 

3.6. PRC2 proteins are insoluble in E. coli except EED 

To enable the purification of the proteins, they must be present in the soluble fraction 

of the lysate. In an attempt to purify the proteins, their expression levels were checked 
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in the total, soluble, and pellet fractions. Different fractions were visualized on SDS-

PAGE gel to determine the solubility of the proteins (Fig. 9). When the expression 

was induced at 37 ºC, only EED was present in all fractions, including the soluble 

one, which would enable its purification (Fig. 9a). However, none of the other 

proteins were present in the soluble fraction in a considerable quantity (Fig. 9a).  

It is reported that lowering the induction temperature could improve the solubility of 

the proteins 85. Therefore, in an aim to improve their solubility, the proteins were 

expressed at 30 ºC and the lysis buffer composition was altered by the addition of 

10% glycerol, 0.3% triton. The temperature was decreased further to 16 ºC and the 

triton concentration in the lysis buffer was increased to 1%. Nevertheless, neither 

temperature improved the solubility of the proteins. (Fig. 9b, c). These results show 

that although the expression of PRC2 core components in E. coli was feasible. 

However, with the exception of EED, these proteins were not soluble. 
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Figure 9 Protein presence in different fraction of the bacterial lysates. Total lysates were collected (total) then 
centrifuged and the supernatant (soluble) and the debris (pellet) were isolated then loaded to check the presence of 
the indicated protein. Proteins were expressed and lysed using three different methods (a), (b), and (c) varying in 
temperature and lysis buffer components as described in the methods. (-) represents un-induced samples, and (+) 
represents samples induced with 0.5 mM IPTG. Proteins were loaded on 4-12% gel, and Spectra Multicolor Broad 
Range Protein Ladder (a, b) and BioRad Precision Plus Protein Kaleidoscope Prestained Protein ladder (c) were 
used as markers. 

 

 

 

 



 57 

3.7. Expression of PRC2 core components in insect cells 

In an aim to obtain soluble PRC2 proteins, a different expression system was 

chosen. Baculovirus expression system was used to express Ezh1α, Ezh1β, Eed 3, 

Eed 4, or Suz12 that had been cloned in pFastBac-HT expression vector (Fig. 10). 

Recombinant vectors were used to infect SF9 insect cell (Fig. 11). All proteins were 

successfully expressed in SF9 cells; however, only EED proteins were soluble (Fig. 

12). 

 

Figure 10 Cloning of PRC2 core components into insect expression plasmids. (a) Schematic representation of 
the expression plasmid constructs. Genes were cut from the backbone vector (1) and ligated into the destination 
vector (2). (b) Diagnostic digestion of the constructed plasmids to confirm correct ligation in pFastBac-HT C 
vector (2). Restriction enzymes used and expected fragment sizes for each digestion are represented in the 
table.1% gel electrophoresis was run using 1 kb plus ladder and only constructs that showed fragments of expected 
sized were picked and confirmed by Sanger sequencing (not shown). Vector maps are shown in appendix A. 
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Figure 11 Schematic representation of baculovirus expression main steps. pFastBac vector is transformed into 
DH10Bac E. coli and the bacmid is isolated and transfected into SF9 insect cells to produce multiple generations 
of viruses that are used to infect SF9 cells to produce the proteins. 
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Figure 12 Expression of PRC2 core components in SF9 cells. PRC2 Proteins were expressed in SF9 cells and 
SUMO was expressed as a positive control. Total lysates were collected (T) or centrifuged and the supernatant was 
collected as the soluble part (S). The fractions were loaded on 4-12% gels to check the presence of the indicated 
protein, and BioRad Precision Plus Protein Kaleidoscope Prestained Protein ladder was used as marker. 

 

3.8. Simultaneous expression of the three core components of 

PRC2-EZH1 is necessary for their solubility 

To increase the stability of the proteins and, in turn, their solubility, we co-infected 

SF9 cell with EZH1α, Eed, and Suz12 simultaneously. The co-infection was done in 

1:1:1 volume ratio of virus in varying concentrations (Fig. 13a). After co-infection, 

the proteins were present in the soluble fraction for all three concentrations used for 

infection (Fig. 13a).  Because EZH1α and SUZ12 are of similar MWs (92.5, 81.4 

kDa, respectively), we ran a western blot using anti-EZH1α and anti-SUZ12 specific 

antibodies to validate the expression of both proteins (Fig. 13b). Both EZH1α and 

SUZ12 were present and soluble. These results indicate that the presence of the three 

proteins together is necessary for their stability and solubility 86,87. 
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Figure 13 Co-infection of PRC2 core components in insect cells. (a) SF9 cells were co-infected with variable 
concentrations of EZH1α, EED, and SUZ12 in 1:1:1 volume ratio. Total lysates were collected (T) or centrifuged 
and the supernatant was collected as the soluble part (S). The fractions were loaded on 4-12% gel to check the 
presence of the proteins, and BioRad Precision Plus Protein Kaleidoscope Prestained Protein ladder was used as 
marker. (b) Western blotting of the co-infected cells using protein-specific antibodies to validate the presence of 
proteins of a similar MW. 

 

3.9. In vitro transcription of MALAT1 

In order to study the biochemical interaction of MALAT1 with PRC2-EZH1 core 

components, full-length in vitro transcription MALAT1 plasmid (kindly provided by 

Prof. Shinichi Nakagawa) (Fig. 14a) was amplified in E. coli (Fig. 14b). The plasmid 

was then linearized and transcribed in vitro. Analysis of the transcript by gel 

electrophoresis shows the successful transcription of MALAT1 (Fig. 14c).  
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Figure 14 In vitro transcription of MALAT1. (a) MALAT1 full length in vitro transcription plasmid map with 
restriction sites. (b) Diagnostic digestion of cloned MALAT1 plasmid (10 kb) shows a band of 7 kb corresponding 
to MALAT1 and another band of 3 kb corresponding to remaining fragment. (c) Gel electrophoresis of in vitro 
transcribed MALAT1. Samples were run on 1% agarose gel using 1 kb plus marker. 

 

3.10. MALAT1 positively affects the enzymatic activity of 

PRC2-EZH1 in vitro 

After the successful transcription of MALAT1, in vitro transcribed MALAT1 was 

used to determine its effect of PRC2 enzymatic activity in vitro. At this stage, 

commercially-available PRC2 core components were used. EZH1α, EED, and SUZ12 
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proteins were added to H3K27 substrates in a 1:1:1 volume ratio with varying 

concentrations of MALAT1 (0, 0.5, 1, 2, or 5 ng of MALAT1 to 100 ng of individual 

component). Colorimetric detection was used to detect the relative color change 

determined by absorbance readings (OD). It was observed that MALAT1 resulted in a 

general increase in the H3K27me3 as seen when 1, 2, and 5 ng of MALAT1 were 

added. However, only 1 ng of MALAT1 had a significant effect on the H3K27me3. 

These results suggest that MALAT1 increases the enzymatic activity of PRC2-EZH1, 

and this effect is concentration-dependent. These results provide preliminary insight; 

however, since the expression of PRC2 core components was successful, they can be 

used for further validation. Contrary to the reconstitution of the complex in vitro, the 

formation of the complex in the host insect cells preserves its integrity.  

 

Figure 15 The level of H3K27me3 exerted by PRC2 core components with different concentrations of 
MALAT1. EZH1α, EED, and SUZ12 were added in a 1:1:1 volume ratio with varying amounts of MALAT1 and 
the relative levels of H3K27me3 were calorimetrically detected by absorbance measurement (OD). Values are 
expressed as mean ± SD (n=8). **P<0.01, ***P<0.001, ****P<0.0001 with respect to the scramble. The absence 
of the asterisks indicates nonsignificant difference. (Experiment performed by Nadine El Said) 
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CHAPTER 4: DISCUSSION 

MALAT1 lncRNA is involved in the PRC2-EZH1-mediated response of muscle cells 

to oxidative stress. The presence of MALAT1 was shown to be important for the 

translocation of EED to the nucleus and, in turn, the HMTase activity of the complex. 

Here we illustrate that MALAT1 is particularly necessary for the proper association of 

EED with the other components in the nucleus. In addition, we confirm that 

MALAT1 directly affects the levels of H3K27me3. 

Our results show MALAT1 is essential for the association between EED and EZH1α 

in atrophied muscle cells (Fig. 5). This suggests that the previously observed effects 

of MALAT1 on H3K27me3 levels (Fig. 2b) occurs through disturbing the association 

between EED and the other proteins. This notion is supported by the decrease in the 

binding of both EZH1α and EED to the promoters of their target genes, and the 

consequent decrease of H3K27me3 in the absence of MALAT1 (Fig. 6). Consistently, 

MALAT1 enhanced the enzymatic activity of PRC2-EZH1 in vitro (Fig. 15). Because 

EZH1 and SUZ12 form a non-canonical PRC2 complex in the nucleus 30, MALAT1 

had insignificant effect of on their association (Fig. 5).  

A previous study showed that MALAT1 physically interacts with SUZ12 in bladder 

cancer 78. MALAT1 was also highly enriched with SUZ12 and EZH2 antibodies in T 

cell lymphoma cells 81. Additionally, our previous RIP data (Fig. 2a) indicate that 

MALAT1 was highly enriched with EED antibodies during atrophic stress. 

Collectively, these studies indicate that MALAT1 has the ability to be physically 

associated with PRC2 proteins.  
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Many studies have linked RNA moieties to PRC2 recruitment and activity. Yet, the 

interplay between RNA and PRC2, and the specificity of their binding are complex 

and controversial. Most of the lncRNAs which have been involved in PRC2 gene 

repression activity, such as Xist or HOTAIR, are by themselves repressors 88,89. 

However, evidence suggests that at normal conditions, MALAT1 is enriched on 

active genes 83. Similarly, PRC2-EZH1 forms a noncanonical complex at normal 

conditions, which also is associated with active genes 39. Interestingly, our results 

suggest that upon oxidative stress, those two components work together to infer gene 

repression (Fig. 15, 16) 

The in vitro expression of PRC2 enables the investigation of the direct effects of 

MALAT1 on the complex. The ability of BL21 E. coli to express PRC2 proteins is 

attributed to their deficiency in the Lon protease, which normally degrades most of 

the foreign proteins 85. Nevertheless, the insolubility of the expressed proteins could 

be a result of them being foreign. The recombinant proteins are expressed in the 

microenvironment of E. coli, which might lack specific post-translational 

modifications or other parameters affecting folding mechanisms 85. Consequently, the 

proteins will be unstable and will cluster in aggregates known as inclusion bodies 85, 

rendering the proteins insoluble.  

As illustrated, when the proteins were expressed at a higher temperature, their amount 

increased (Fig. 8a, b, c, e). Proteins at high levels tend to form aggregates 85 and, 

therefore, decreasing the expression temperature is suggested to enhance protein’s 

solubility. However, in our case, decreasing the temperature did not have an effect on 

the solubility of the proteins (Fig. 9), which might be a result of either the foreignness 

of the proteins or their instability when expressed individually. 
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The PRC2 is a native complex in insect cells, which might represent a better 

candidate for protein expression. A study has compared the expressions of human 

kinases in SF9 insect cells and E. coli. Out of the 62 proteins tested, 61 were 

successfully expressed and soluble in SF9 cells. On the other hand, only 87% of the 

proteins were expressed in E. coli, and only half of the those expressed were soluble 

90. The baculovirus expression system in insect cells represents a versatile protein 

expression platform  that has the ability to introduce similar post-translational 

modifications on the proteins as in mammalian cells 91. It also enables high levels of 

expression 86, allowing for mass production for downstream experiments and 

applications that require high quantities of the proteins. 

Generally, the expression of proteins in isolation, followed by in vitro reconstitution 

is advantageous, as it enables the study of the role of each protein in the complex. For 

example, the protein can be replaced with a non-functional mutant to investigate its 

role. In our case, the expression of each of the PRC2 proteins separately is preferred, 

as it would allow the study of the complex association dynamics. For example, the 

effect of MALAT1 on PRC2 association/dissociation dynamics can be studied by 

MST. However, in most cases, individual subunits cannot be expressed without their 

protein partners 86. Because PRC2 proteins are present in a complex, the co-presence 

of the three proteins was necessary for their solubility.  

There are mainly two approaches to express multiple proteins using baculovirus 

expression system. One approach is known as co-infection, which involves the 

expression of multiple monocistronic baculoviruses, each carrying a single gene. The 

second approach is the co-expression, which uses a single polycistronic baculovirus 

that carries multiple genes and expresses them simultaneously. If a large number of 

proteins are to be expressed, a combination of both methods can be used 91. 
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The co-infection of several viruses enables the control of the multiplicity of infection 

(MOI), which is defined as the ratio of virus to infected cells 86. As a result, the 

protein expression ratios can be adjusted. On the other hand, the use of co-expression 

is preferred for expressing large number of proteins as it guaranties the homogeneity 

of protein expression in the cells 86. Additionally, cloning all of the protein encoding 

genes into a singular vector will result in a near-stoichiometric expression, without the 

need of optimizing the ratios of the viruses 87. Nevertheless, this method requires the 

design and cloning of a very large plasmid with multiple genes, a process that can be 

cumbersome.  

The components of PRC-EZH2 have been successfully expressed and purified 

previously for the purpose of structural analysis 87,92. Such analyses require the 

presence of the proteins in a complex at the correct stoichiometric ratios and, 

therefore, co-expression represented an ideal option. When co-infected, all of the 

PRC2 proteins were soluble (Fig. 13). The fact that EED was soluble even when 

expressed individually (Fig. 12) might indicate its stability as an individual protein. 

This agrees with the reported models mentioned previously that suggest that EZH1α 

and SUZ12 form a non-canonical PRC2 in the nucleus in the absence of EED, which 

only associates with EZH1α and SUZ12 during stress 30,43. After the successful 

expression of soluble PRC2 proteins, the next step would be to purify those His-

tagged proteins for downstream experiments. To obtain individual proteins, the 

proteins of interest can be fused with different tags and purified separately. 
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Figure 16 Schematic suggested model of the involvement of MALAT1 in the adaptive response of skeletal 

muscle cells to oxidative stress. At normal conditions, MALAT1 is enriched on active genes, and PRC2-EHZ1 

forms a noncanonical complex in the nucleus that binds to active genes. Upon stress, MALAT1 facilitates the full 

assembly of PRC2-EZH1 core components in the nucleus, enhancing gene repression. 
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CHAPTER 5: CONCLUSION 

lncRNAs exhibit a high level of functional versatility. The involvement of lncRNA in 

stress response had been widely established. In many cases, lncRNAs are associated 

with PRC2 recruitment and regulation. With the involvement of MALAT1 lncRNA, 

PRC-EZH1α/β pathway mediates the response of atrophied muscle cells to oxidative 

stress. MALAT1 was found to be essential for the proper association of EED with 

EZH1α in the nucleus during muscle atrophy, and for the HMTase activity of the 

complex. We suggest that MALAT1 facilitates the nuclear translocation of EED, and 

acts as a physical tethering agent between the components of the complex. Further 

structural and binding studies are needed to validate this model.  

Our PRC2 expression optimization trials revealed that the co-presence of PRC2 

components is crucial for their stability. After the successful expression and 

purification of PRC2 components, the association/dissociation dynamics can be 

quantitatively measured by MST in the presence and absence of MALAT1. This 

would allow a quantitative understanding of the role of MALAT1 in PRC2 assembly 

and/or disassembly. The physical binding between MALAT1 and any of the PRC2 

proteins can also be investigated by electrophoretic mobility shift assay (EMSA). 

Additionally, cryogenic electron microscopy (cryo-EM) can be used to decipher the 

structure and interplay of PRC2-EZH1 and MALAT1.   
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APPENDIX A: Vector maps 

1. pOZ-FH-C-Puro vector 

 

Figure 17 pOZ-FH-C-Puro vector map. (Adapted from Addgene). 
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2. pJET1.2 vector 

 

Figure 18 pJET1.2 vector map. (Adapted from SnapGene). 
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3. pGEX-5X-1 vector 

 

Figure 19 pGEX-5X-1 vector map. (Adapted from SnapGene). 
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4. pFastBac HT C vector 

 

Figure 20 pFastBac HT C vector map. (Adapted from SnapGene). 
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APPENDIX B: Primer sequences 

1. qPCR primers 

Table 1 Sequences of primers used for qPCR. 

Primer Sequence 

MALAT1 forward 5’- GCC TTT TGT CAC CTC ACT -3’ 

MALAT1 reverse 5’- CAA ACT CAC TGC AAG GTC TC -3’ 

Myogenin forward 5’- GCA GCG CCA TCC AGT TTG -3’ 

Myogenin reverse 5’- GCA ACA GAC ATA TCA CCG -3’ 

Myh3 forward 5’- GCA GAT TCA GAA ACT GGA GAC -3’ 

Myh3 reverse 5’- CCT TAA CAC GCC GCT CAT AC -3’ 

Myh8 forward 5’- GAA CTT GAA GGA GAG GTC GA -3’ 

Myh8 reverse 5’- GAG CAC ATT CTT GCG GTC TT -3’ 

 

2. ChIP 

Table 2 Sequences of primers used for ChIP. 

Primer Sequence 

Myogenin forward 5’- TGG CTA TAT TTA TCT CTG GGT TCA -3’ 

Myogenin reverse 5’- GCT CCC GCA GCC CCT -3’ 

Myh3 forward 5’- CAG CTG GCC TTT CCT AAT TG -3’ 

Myh3 reverse 5’- CCC ATG TTC ACA GTG ACA GC -3’ 

Myh8 forward 5’- TAG TGT GTT GGG AAG GGA ATC T -3’ 

Myh8 reverse 5’- GCT CCT GTT GGA ACA AAT AAG G -3’ 

Desmin forward 5’- GCT TCC TAG CTG GGC CTT TCC -3’ 

Desmin reverse 5’- TTC ATC CCC CTA CTC ACA CC -3’ 

NeuroG1 forward 5’- CCT CCC GCG ACG ATA AAT -3’ 

NeuroG1 reverse 5’- CCT CAG GAC CCC TTA AGT ACG -3’ 
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3. Cloning primers 

Table 3 Sequences of primers used for cloning. 

Primer Sequence 

Ezh1α-XhoI-forward 5’- ATG AGG AAA ATG GAT ATA GCA -3’ 

Ezh1α-SalI-forward 5’- GTC GAC ATG AGG AAA ATG GAT ATA GCA 
AGT CCC CCA AC -3’ 

Ezh1α-NotI-reverse 5’- GCG GCC GCC TAG AAG ACG TCC GTT TCC 
CTC TCG ATG CCC ACA TAC -3’ 

Ezh1β-XhoI- forward 5’- CTC GAG ATG GAT ATA GCA AGT CCC CCA 
ACT TCC AAA TGC ATC AC-3’ 

Ezh1β-SalI- forward 5’- GTC GAC ATG GAT ATA GCA AGT CCC CCA 
ACT TCC AAA TG -3’ 

Ezh1β-NotI-reverse 5’- GCG GCC GCC TAA GGG GCA GGA GAA 
AAG AGT CTG GGC ACT CCA AG -3’ 

Eed3-XhoI-forward 5’- CTC GAG ATG TCC GAG AGG GAA GTG TCG 
ACT GCG CCG GCG GGA AC -3’ 

Eed3-EcoRI-forward 5’- GAA TTC AAT GTC CGA GAG GGA AGT GTC 
GAC TGC GCC GGC GGG AAC -3’ 

Eed4-XhoI-forward 5’- CTC GAG ATG GTG GCG GGG TCG CAC GCA 
CGC CCG CCT CGG CGG CTG -3’ 

Eed4-EcoRI-forward 5’- GAA TCC AAT GGT GGC GGG GTC GCA GCG 
ACG CCC GCC TCG GCG GCT G -3’ 

Eed3/4-NotI-reverse 5’- GCG GCC GCT TAT CGA AGT CGA TCC CAT 
CGC CAA ATG CTG GCA TCA TCG -3’ 

Suz12-EcoRI-forward 5’- GAA TTC AAT GGC GCC TCA GAA GCA CGG 
CGG TGG GGG AG -3’ 

Suz12-XhoI-reverse 5’- CTC GAG TCA GAG TTT TTG TTT CTT GCT 
CTG TT -3’ 

 
4. Sequencing primers: 

Table 4 Sequences of primers used for Sanger sequencing. 

Primer Sequence 

pGEX-5x-1 forward 5’- GGG CTG GCA AGC CAC GTT TGG TG -3’ 

pGEX-5x-1 reverse 5’- CCG GGA GCT GCA TGT GTC AGA GG -3’ 
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pJET1.2 forward 5’- GTA GCA TCA CGC TGT GAG TAA GTT C -3’ 

pJET1.2 reverse 5’- ACC TAC AAC GGT TCC TGA TGA GGT G -3’ 

pFastBac HT C forward 5’- TCT AGT GGT TGG CTA CGT ATA CTC C -3’ 

pFastBac HT C reverse 5’- TGT GGT ATG GCT GAT TAT GAT CCT C -3’ 
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APPENDIX C: Antibodies 

1. Western blotting 

Table 5 Primary antibodies and the corresponding secondary antibodies. 

Primary antibody Secondary antibody 

1:500 EED rabbit polyclonal antibody 
(PA5-72224, Invitrogen) to 5% BSA in 
TBTS 

1:5000 mouse anti-rabbit IgG-HRP (sc-
2357, SCBT) in 5% BSA in TBTS 

1:500 SUZ12 rabbit monoclonal 
antibody (D39F6, CST) to 5% BSA in 
TBTS 

1:5000 mouse anti-rabbit IgG-HRP (sc-
2357, SCBT) in 5% BSA in TBTS 

1:200 EZH1α goat antibody (182062) to 
5% BSA in TBTS 

1:5000 donkey anti-goat IgG-HRP: (sc-
2020, SCBT) in 0.1% TBTS 

1:1000 Anti-HA (3f10) monoclonal high 
affinity rat antibody (11867423001, 
Sigma) to 5% milk in TBTS 

1:5000 goat anti-rat IgG-HRP (A9037, 
Sigma) in 5% milk in TBTS 

1:1000 Anti-GST rabbit antibody 
(ab9085, abcam) to 5% BSA in TBTS 

1:5000 mouse anti-rabbit IgG-HRP (sc-
2357, SCBT) in 5% BSA in TBTS 
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