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ABSTRACT 

 

mTOR coordinates a variety of signals, including nutrient and oxygen availability, growth 

factors, and hormones, to stimulate cell growth and proliferation. This pathway is also frequently 

hyperactivated in neoplasia. Changes in gene expression, including those caused by epigenetic 

dysregulation, represent a hallmark of cancer. However, the role of mTOR in epigenetic 

reprogramming in the context of neoplasia remains largely unknown. In this study, we 

investigated the impact of modulation of mTOR signaling on histone methylation. We observed 

that constitutive activation of mTORC1 signaling caused by the loss of TSC2 is paralleled by the 

induction of H3K27me3, a histone methylation mark associated with gene repression. This was 

mediated via the 4E-BP1-EZH2 axis. Surprisingly, mTOR inhibition also induced an increase in 

H3K27me3 levels. Further investigation into the mechanism behind H3K27me3 induction 

following mTOR inhibition revealed that it appears to be independent of TSC2 status in the cell, 

cell cycle progression and H3K27me3 demethylation. Our findings also suggest that the level of 

the H3K27 writers, EZH1/2, could not fully explain H3K27me3 induction upon mTOR 

inhibition. Using a model of H3K27M mutant cells, we provide evidence that PRC2 may 

contribute to the induction of H3K27me3 following mTOR inhibition. Furthermore, cells with 

low H3K27me3 levels displayed reduced susceptibility to mTOR inhibition, indicating that 

H3K27me3 induction may play a partial role in mediating the anti-proliferative effects of mTOR 

inhibitors. Overall, our findings suggest that mTOR dysregulation triggers H3K27me3 induction, 

and H3K27me3 induction upon mTOR inhibition may contribute to some extent, to anti-

proliferative effects of mTOR inhibition. This discovery lays the groundwork for further research 

to establish the role of mTOR in epigenetic reprogramming in the context of neoplasia. 
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ABRÉGÉ 

 

La voie de mTOR coordonne une variété de signaux, y compris la disponibilité des nutriments, 

de l'oxygène, des facteurs de croissance, et des hormones. Cela afin de stimuler la croissance et 

la prolifération cellulaire. Cette voie est également fréquemment hyperactivée dans la néoplasie. 

Les changements dans l'expression génétique, y compris ceux causés par un dérèglement 

épigénétique, sont des caractéristiques du cancer. Cependant, le rôle de mTOR sur la 

reprogrammation épigénétique dans le contexte de la néoplasie reste largement inconnu. Dans 

cette étude, nous avons investigué l'impact de la modulation de la signalisation de mTOR sur la 

méthylation des histones. Nous avons observé que l'activation constitutive de la signalisation de 

mTORC1, causée par la perte de TSC2, est accompagnée par l'induction de H3K27me3, une 

marque de méthylation des histones associée à la répression génétique. Celle-ci était médiée par 

l'axe 4E-BP1-EZH2. Étonnamment, l'inhibition de mTOR a également entraîné une 

augmentation des niveaux de H3K27me3. Des investigations supplémentaires sur le mécanisme 

de l'induction de H3K27me3 après l'inhibition de mTOR ont révélé qu'elle semble être 

indépendante de l'état de TSC2 dans la cellule, de la progression du cycle cellulaire, et de la 

déméthylation de H3K27me3. Nos résultats suggèrent également que le niveau des enzymes 

EZH1/2 qui écrivent H3K27 ne pourrait pas expliquer entièrement l'induction de H3K27me3 lors 

de l'inhibition de mTOR. En utilisant un modèle de cellules mutantes H3K27M, nous fournissons 

des preuves que le complexe PRC2 pourrait contribuer à l'induction de H3K27me3 après 

l'inhibition de mTOR. De plus, les cellules présentant des niveaux bas de H3K27me3 ont montré 

une susceptibilité réduite à l'inhibition de mTOR. Ce qui indique que l'induction de H3K27me3 

peut jouer partiellement un rôle dans la médiation des effets antiprolifératifs des inhibiteurs de 
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mTOR. Dans l'ensemble, nos résultats suggèrent que la dysrégulation de mTOR déclenche 

l'induction de H3K27me3 et que l'induction de H3K27me3 lors de l'inhibition de mTOR peut 

contribuer, dans une certaine mesure, aux effets antiprolifératifs de l'inhibition de mTOR. Cette 

découverte pave la voie pour établir le rôle de mTOR sur la reprogrammation épigénétique dans 

la néoplasie. 
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CHAPTER 1. Literature review 

 

1. Mammalian/mechanistic Target of Rapamycin (mTOR) 

mTOR is a protein kinase that plays a crucial role in regulating cell growth and metabolism in 

response to changes in nutrient availability, energy status, and other signals (Saxton & Sabatini, 

2017; Zou et al., 2020). It is a member of the phosphatidylinositol 3-kinase-related kinase (PIKK 

family) (Keith & Schreiber, 1995) and is conserved across different species, from yeast to 

mammals (Tatebe & Shiozaki, 2017). The mTOR pathway is regulated by a number of upstream 

kinases and signaling molecules, including the PI3K/AKT and the AMPK pathway (Cantley, 

2002; González et al., 2020; Vanhaesebroeck et al., 2010). In response to various signals, these 

upstream pathways modulate mTOR activity, which in turn regulates downstream targets such as 

ribosomal protein S6 kinase (S6K), eukaryotic initiation factor 4E-binding protein (4E-BP), and 

AKT hereby influencing cell proliferation, growth and survival (Sabatini, 2017). In mammals, 

there are two complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). 

While both complexes contain the mTOR at their core, they are composed of other complex-

specific proteins (Papadopoli et al., 2019). mTORC1 is composed of  mTOR, regulatory-

associated protein of mTOR (RAPTOR), mLST8/GβL, PRAS40, and DEP domain-containing 

mTOR-interacting protein (DEPTOR) (Saxton & Sabatini, 2017). In contrast to mTORC1, 

mTORC2 is composed of mTOR, rapamycin-insensitive companion of mTOR (RICTOR), and 

various other subunits such as DEPTOR, mSIN1 and Protor1/2 (Saxton & Sabatini, 2017) (Fig 

1.1). Additionally, while mTORC1 regulates protein synthesis and autophagy in response to 

nutrient availability and stress signals, mTORC2 is involved in regulating multiple aspects of cell 

signaling, including survival, cytoskeletal dynamics, lipid homeostasis, and glucose metabolism. 
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Dysregulation of mTOR signaling has been implicated in a wide range of diseases, including 

cancer, metabolic disorders, and neurological disorders, making it an attractive target for drug 

development (Ciuffreda et al., 2010; Forbes et al., 2011; Inoki et al., 2005; Liu et al., 2009; Ma et 

al., 2010; Sawicka & Zukin, 2012; Zou et al., 2020). In fact, a class of drugs known as mTOR 

inhibitors, such as rapamycin and Ink128, is currently in the midst of clinical evaluation to treat 

some types of cancer and prevent organ rejection in transplant patients (Ali et al., 2022; de Fijter, 

2017). 
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Fig 1.1 mTOR signaling pathway 

The signaling pathways that regulate mTORC1 and mTORC2 are influenced by multiple inputs, 

including growth factors and hormones (e.g., insulin), amino acids, energetic status in the cell, 

and oxygen. These inputs are integrated into mTORC1 through complex mechanisms. When 

mTORC1 is active, it promotes cell growth and proliferation by stimulating anabolic processes 

such as protein, lipid, and nucleotide synthesis, as well as ribosome biogenesis, while inhibiting 

catabolic processes like autophagy and lysosome degradation (Saxton & Sabatini, 2017). 

Although the regulation of mTORC2 is not fully elucidated, there are clues pointing to 

interactions between mTORC1, mTORC2, and other signaling molecules (Saxton & Sabatini, 

2017). 

 

1.1. Upstream activators of mTOR signaling 

Upstream activators of mTOR signaling, which are factors or pathways that directly or indirectly 

modulate mTOR activity, work together in a coordinated manner to regulate the activity of 

mTOR complexes (Fig 1.1).  For example, insulin or insulin-like growth factor 1 (IGF-1) interact 

with their tyrosine kinase receptors (RTKs) on the plasma membrane, leading to activation of the 

phosphoinositide 3-kinase (PI3K)-phosphoinositide-dependent kinase 1 (PDK1)-AKT axis 

(Cohen et al., 1997; Hopkins et al., 2020; Ruderman et al., 1990). This signaling pathway is 

tightly regulated by the tumour suppressor protein phosphatase and tensin homolog (PTEN), 

which exerts negative control over the pathway (Neshat et al., 2001). The regulators that activate 

the mTORC1 pathway by way of the PI3K-PDK1-AKT axis achieve this by inhibiting the 

tuberous sclerosis complex (TSC), which is comprised of TSC1 and TSC2 (Inoki et al., 2002). 

This complex functions as a negative regulator of mTORC1 via GTPase-activating protein 
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(GAP) activity towards Ras homologue enriched in brain (RHEB) (Kwiatkowski & Manning, 

2005). TBC1D7, a member of the TBC1 domain family, associates with the TSC1-TSC2 

complex to modulate mTORC1 signaling. By interacting with TSC1-TSC2, TBC1D7 contributes 

to the regulation of mTORC1 signaling (Dibble et al., 2012). AKT activates mTORC1 by 

phosphorylating and inactivating the tumour suppressor TSC2, which bolsters the activity of 

RHEB (K. Inoki et al., 2003; Inoki et al., 2002).  

At the same time, amino acid availability is a major regulator of mTORC1 (Takahara et al., 

2020). When amino acids are introduced, the Rag GTPases undergo a change that causes them to 

enter their active nucleotide-bound state. Specifically, RagA or B becomes GTP-bound, while 

RagC or D becomes GDP-bound. In their active state, the Rag GTPases can bind Raptor, which 

enables them to attract mTORC1 to the lysosomal surface (Sancak et al., 2008). This is where 

RHEB is thought to be located, and since RHEB is a direct activator of mTORC1 (Saucedo et al., 

2003), the association between mTORC1 and RHEB results in the activation of mTORC1 

(Sancak et al., 2008). In addition, the Ras-Raf-MEK-ERK axis, activated by RTKs, regulates the 

activity of mTORC1 by phosphorylating TSC2, and leading to dissociation of the TSC1-TSC2 

complex (Ma et al., 2005; Roux et al., 2004). Additionally, cellular energy status, as sensed by 

AMPK, can modulate mTOR signaling. When cellular energy is low, AMPK is activated, 

inhibiting mTORC1 both directly, through the phosphorylation of Raptor (Gwinn et al., 2008), as 

well as indirectly through the phosphorylation and activation of TSC2 (Ken Inoki et al., 2003). 

The tumour suppressor liver kinase B1 (LKB1) negatively regulates the activity of mTORC1 

through activation of AMPK (Shaw et al., 2004; Stein et al., 2000; Woods et al., 2003). When 

DNA damage or hypoxia occurs, the protein called regulated in development and DNA damage 

response (REDD1) is induced. REDD1 then promotes the dissociation of inhibitory 14-3-3 
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proteins from TSC2, which ultimately results in the inhibition of mTORC1 (Dennis et al., 2014; 

DeYoung et al., 2008).  

mTORC2 is primarily activated by insulin and other growth factors through PI3K. The latter is 

facilitated by the mSIN1 subunit which inhibits mTORC2 in the absence of insulin but activates 

it when insulin is present by binding to PIP3 (Dalle Pezze et al., 2012; P. Liu et al., 2015). AKT 

interacts with mTORC2. The phosphorylation of SIN1 at T86 by AKT results in an increase in 

mTORC2 kinase activity. This, in turn, leads to the phosphorylation of the hydrophobic motif of 

AKT (S473) by mTORC2, which ultimately triggers the full activation of AKT (G. Yang et al., 

2015). mTORC2 promotes mTORC1 signaling through AKT-dependent phosphorylation of 

TSC2 and other effectors (Jacinto et al., 2006). However, mTORC2 is also regulated by 

mTORC1 through a negative feedback loop involving S6K-mediated degradation of IRS-1 and 

phosphorylation of GRB10 (Harrington et al., 2004; Hsu et al., 2011; Shah et al., 2004; Yu et al., 

2011). The interconnectivity between mTORC1 and mTORC2 suggests cooperation between the 

two complexes in mediating metabolic processes, and potential drug targets in their feedback 

loops. 

 

1.2. Functions of the mTOR signaling pathway 

mTORC1 and mTORC2 are structurally and functionally divergent complexes (Loewith et al., 

2002; Sarbassov et al., 2004). mTORC1 plays a pivotal role in regulating several cellular 

processes that influence cell growth and proliferation. These processes include protein synthesis, 

glucose and lipid metabolism, and nucleotide synthesis, as well as catabolic processes such as 

autophagy and lysosomal degradation (Saxton & Sabatini, 2017). mTORC2 is thought to 

regulate cytoskeleton organization, cell metabolism and survival via phosphorylating and 
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modulating activity of AGC protein kinases such as AKT and SGK1 (Saxton & Sabatini, 2017) 

(Fig 1.1).  

1.2.1. Roles of mTORC1 

1.2.1.1. Protein synthesis and ribosome biogenesis 

mTORC1 plays a key role in regulating protein synthesis by controlling the activity of several 

downstream targets that are involved in the initiation, elongation, and termination phases of 

protein synthesis (Nandagopal & Roux, 2015). One of the key downstream targets of mTORC1 

is the ribosomal protein S6K. When mTORC1 is activated, it phosphorylates S6K, which then 

phosphorylates several factors implicated in translation including ribosomal proteins like 

ribosomal protein S6 (rpS6) (Shima et al., 1998) and other factors such as eIF4B (Eukaryotic 

translation initiation factor 4B) (Holz et al., 2005). eIF4B is essential for recruiting ribosomes to 

the translation initiation complex and promoting the RNA helicase activity of eukaryotic 

translation initiation factor 4A (eIF4A), which unwinds mRNA for initiation of codon scanning 

(Ma & Blenis, 2009; Pelletier & Sonenberg, 2019). S6K1 not only phosphorylates PDCD4, an 

inhibitor of eIF4A helicase, but also facilitates its degradation, thus bolstering unwinding of 

secondary structures in 5’UTRs by eIF4A during ribosome scanning (Dorrello et al., 2006). It 

was also suggested that S6Ks may increase efficiency of translation of spliced mRNAs by 

interacting with an S6K1-specific interactor S6K1 Aly/REF-like substrate (SKAR), a component 

of exon-junction complexes (Ma et al., 2008). S6Ks also phosphorylate eEF2 kinase (eEF2K) at 

S366, causing a decrease in eEF2K activity towards eukaryotic translation elongation factor 2 

(eEF2), which results in eEF2 dephosphorylation, and increase in its activity and elongation rates 

(Browne & Proud, 2004; Redpath et al., 1996; Wang et al., 2001).  
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Another important downstream target of mTOR is the 4E-BP family, which includes three 

members in mammals: 4E-BP1, 4E-BP2, and 4E-BP3. Of these, 4E-BP1 is the most extensively 

studied and best-characterized to date (Gingras, Raught, Gygi, et al., 2001; Heesom & Denton, 

1999). 4E-BP1 can be phosphorylated at the NH2-terminal sites (Thr37/46 in human 4E-BP1) by 

mTOR which are required for subsequent modification of the sites adjacent to the eIF4E-binding 

site (Ser65/Thr70) (Gingras et al., 1999; Mothe-Satney et al., 2000). 4E-BPs bind to the 

eukaryotic initiation factor 4E (eIF4E), which binds 5’ mRNA cap (Gingras, Raught, Gygi, et al., 

2001). When 4E-BPs bind to eIF4E, they compete with eIF4G and prevent eIF4G from binding 

to eIF4E. This, in turn, inhibits the formation of the eIF4F complex, which plays a key role in 

cap-dependent translation (Gingras, Raught, & Sonenberg, 2001). Given this inhibitory role of 

4E-BPs on mRNA translation, the inhibition of cell proliferation by 4E-BPs is achieved by 

specifically blocking the translation of mRNAs that encode proteins responsible for promoting 

proliferation and driving cell cycle progression, including cyclin D3 (Dowling et al., 2010).  

mTORC1 plays a crucial role in regulating ribosome biogenesis, which is the process of creating 

ribosomes, the cellular machinery responsible for protein synthesis. mTORC1 achieves this 

effect through phosphorylation and activation of downstream targets, such as S6K1 and 

transcription initiation factor 1A (TIF-1A) (Iadevaia et al., 2014). For example, S6K1 

phosphorylates the carboxy-terminal activation domain of the nucleolar transcription factor UBF 

to regulate 45S ribosomal gene transcription (Hannan et al., 2003). In addition, the 

mTORC1/S6K1 axis plays a role in activating TIF-1A, an essential component of the RNA 

polymerase I (Pol I) complex responsible for driving rRNA transcription (Mayer et al., 2004). 

Overall, mTORC1 coordinates the different steps of protein synthesis and ribosome biogenesis 
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by regulating the activity of several downstream targets such S6Ks and 4E-BPs, leading to an 

increase in the rate of protein synthesis and cell growth. 

1.2.1.2. Regulation of metabolism 

The regulation of cellular metabolism is a pivotal function of mTORC1, as it helps to maintain a 

balance between anabolic and catabolic processes in response to varying levels of nutrients, 

energy, and oxygen availability (Saxton & Sabatini, 2017). One of the key functions of mTORC1 

in metabolism is the regulation of glucose metabolism. mTORC1 can positively control the 

expression of transcription factors HIF1α and c-Myc (Dodd et al., 2015; K. Düvel et al., 2010; 

West et al., 1998). These transcription factors, in turn, can up-regulate the expression of several 

genes related to glucose uptake and glycolysis such as GLUT1, a glucose transporter, and 

phosphofructokinase (PFK), an enzyme involved in the glycolytic pathway (Buller et al., 2008; 

Minchenko et al., 2003). This leads to enhanced glucose uptake and glycolysis, thereby 

promoting increased flux through the glycolytic pathway, ultimately resulting in higher 

production of ATP, reducing equivalents, and building blocks for macromolecular synthesis. This 

aids in the integration of nutrients into new biomass by switching glucose metabolism from 

oxidative phosphorylation to glycolysis (Lunt & Vander Heiden, 2011). 

mTORC1 also regulates lipid metabolism by promoting the synthesis of fatty acids and 

cholesterol, and by inhibiting lipolysis and fatty acid oxidation (Lamming & Sabatini, 2013). 

This is achieved through the activation of several downstream targets, such as sterol regulatory 

element binding proteins (SREBPs) (K. Düvel et al., 2010; Timothy R. Peterson et al., 2011), the 

peroxisome proliferator-activated receptor gamma (PPARγ) (Angela et al., 2016), and Lipin1 (T. 

R. Peterson et al., 2011). Although the activation of SREBPs is traditionally associated with low 

levels of sterols, recent studies have shown that mTORC1 signaling can also activate SREBPs 
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through two distinct mechanisms. Firstly, S6K1 is involved in activating SREBP (K. Düvel et al., 

2010). Secondly, mTORC1 signaling can inhibit Lipin1 phosphorylation, which, in turn, 

suppresses SREBPs in the absence of mTORC1 signaling (Timothy R. Peterson et al., 2011). 

mTORC1-mediated activation of SREBPs facilitates increased flux via the oxidative pentose 

phosphate pathway (PPP), generating NADPH and other intermediary metabolites necessary for 

cell growth and proliferation (Katrin Düvel et al., 2010; Shimomura et al., 1998). 

Furthermore, mTORC1 regulates serine biosynthesis and one-carbon pathway metabolism 

through transcriptional regulation, post-translational modifications, and SAMTOR-mediated 

sensing of SAM levels (Zeng et al., 2019). To this end, mTORC1 can activate transcription 

factors such as ATF4 to promote the expression of enzymes involved in serine biosynthesis and 

one-carbon metabolism (Adams, 2007; Ben-Sahra et al., 2016). Additionally, mTORC1 interacts 

with SAMTOR, which acts as a sensor for SAM levels. When SAM levels are high, SAMTOR 

dissociates from mTOR, allowing mTOR to become active and promote serine biosynthesis and 

one-carbon metabolism (Gu et al., 2017).  

Recent research has demonstrated that mTORC1 is involved in promoting the synthesis of 

nucleotides necessary for DNA replication and ribosome biogenesis in rapidly growing and 

dividing cells (Saxton & Sabatini, 2017). To achieve this, mTORC1 enhances the expression of 

MTHFD2, a vital component of the mitochondrial tetrahydrofolate cycle, through ATF4-

dependent pathways. MTHFD2 is responsible for supplying one-carbon units needed for purine 

synthesis (Ben-Sahra et al., 2016). Furthermore, S6K1 activates carbamoyl-phosphate synthetase 

(CAD), a critical enzyme involved in the de novo pyrimidine synthesis pathway, through 

phosphorylation (Ben-Sahra et al., 2013; Robitaille et al., 2013). Collectively, these mechanisms 
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highlight the role of mTORC1 in regulating these metabolic pathways, which play an 

indispensable role in cellular growth. 

1.2.1.3. Repression of catabolic processes 

mTORC1 has been traditionally associated with promoting anabolic processes such as protein 

synthesis, lipid synthesis, and nucleotide synthesis. However, recent studies have also shown that 

mTORC1 can regulate catabolic processes, including autophagy and lysosomal degradation. 

Autophagy is a process by which cells degrade and recycle damaged or unnecessary cellular 

components, such as misfolded proteins, damaged organelles, and intracellular pathogens 

(Mizushima & Komatsu, 2011). mTORC1 inhibits autophagy by phosphorylating and inhibiting 

Unc-51-like autophagy activating kinase 1 (ULK1) (Kim et al., 2011), which is required for the 

initiation of autophagy, and Atg13, which is a key regulator of autophagosome formation 

(Popelka & Klionsky, 2017). In addition, another proposed mechanism for mTORC1-mediated 

regulation of ULK1 involves the inhibition of ULK1 stability through phosphorylation of 

autophagy/beclin 1 regulator 1 (AMBRA1) by mTORC1 (Nazio et al., 2013). 

mTORC1 also inhibits the activity of transcription factor EB (TFEB) that promotes the 

expression of genes involved in lysosomal biogenesis and function (Martina et al., 2012). On the 

other hand, mTORC1 promotes lysosomal degradation by regulating the activity of lysosomal 

enzymes and the trafficking of lysosomes to different subcellular compartments (Puertollano, 

2014). mTORC1 regulates lysosomal enzymes through the activation of TFEB, which promotes 

the expression of genes involved in lysosomal function (Martina et al., 2012; Martina & 

Puertollano, 2013; Settembre et al., 2012). In addition, mTORC1 promotes the trafficking of 

lysosomes to the perinuclear region of the cell, where they can efficiently degrade cellular 

components (Hong et al., 2017). Overall, the function of mTORC1 in catabolism is to maintain a 
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balance between anabolic and catabolic processes in response to changes in nutrient availability 

and energy status. The role of mTORC1 in catabolism is complex and context-dependent, and its 

dysregulation has been implicated in several diseases, including neurodegenerative disorders, 

metabolic disorders, and cancer (Sabatini, 2017). Thus, understanding the regulation of 

mTORC1 in catabolism is important for the development of new therapeutic strategies to treat 

these diseases. 

1.2.2. Roles of mTORC2 

One of the key functions of mTORC2 is the regulation of cell survival and metabolism through 

the phosphorylation of several downstream targets, including AKT and serum- and 

glucocorticoid-regulated kinase 1 (SGK1) (García-Martínez & Alessi, 2008; Ikenoue et al., 2008; 

Sarbassov et al., 2005). AKT and SGK1 play critical roles in regulating cell survival, 

metabolism, and growth, by activating several downstream pathways, including the insulin 

signaling pathway and the regulation of ion transporters (Lang et al., 2006; Sugiyama et al., 

2019). mTORC2 also plays a role in the regulation of the actin cytoskeleton, which is important 

for cell movement and shape change through the phosphorylation of AGC kinases including 

AKT, SGK1 and PKC (Jacinto et al., 2004; Senoo et al., 2019). Additionally, mTORC2 has been 

implicated in the regulation of glucose and lipid metabolism, although its precise role is still not 

fully understood. It has been suggested that mTORC2 may regulate glucose metabolism through 

the activation of AKT (Hagiwara et al., 2012; Yuan et al., 2012). In addition, it has been shown 

that mTORC2 primarily inhibits apoptosis through the AKT-mediated phosphorylation of 

Foxo1/3, Caspase 3, BCL2 associated agonist of cell death (BAD), and Bcl-2 interacting 

mediator of cell death (BIM) (Datta et al., 1997; Zhang et al., 2011; Zhou et al., 2000; Zhu et al., 

2008). Overall, the task of mTORC2 is to regulate cell survival, metabolism, and cytoskeletal 
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organization through the phosphorylation of several downstream targets, mainly AKT and SGK1. 

Although its precise role in metabolism is still not fully understood, it is clear that mTORC2 

plays a critical role in the regulation of cellular processes that are essential for normal cellular 

function and development. 

 

1.3. mTOR inhibitors 

1.3.1. Rapamycin and rapalogs 

Rapamycin is a natural product that was first isolated from a soil sample collected on Easter 

Island in the 1970s (Sehgal et al., 1975). It is a macrolide compound that has immunosuppressive 

and antifungal properties (Abraham & Wiederrecht, 1996; Sehgal et al., 1975). It works by 

binding to FKBP12, which then associates with a specific domain on mTORC1 called the 

FKBP12-rapamycin binding domain (FRB). This binding event induces a conformational change 

in mTORC1 that inhibits its kinase activity (Abraham & Wiederrecht, 1996). Rapalogs are a 

class of drugs that are derived from the natural product rapamycin, and some examples of 

rapalogs include sirolimus, everolimus, and temsirolimus (Kuerec & Maier, 2023).  

One of the limitations of rapamycin and rapalogs is that they are specific inhibitors of mTORC1 

and do not inhibit mTORC2 activity (Feldman et al., 2009; Thoreen et al., 2009). In certain 

situations, this phenomenon can trigger a compensatory enhancement in mTORC2 signaling, 

which can paradoxically support cell survival and inhibit apoptosis (Tabernero et al., 2008). This 

could potentially elucidate why rapalogs primarily exhibit cytostatic effects on tumours, rather 

than cytotoxic effects (Rozengurt et al., 2014; Tabernero et al., 2008). Moreover, rapamycin does 

not fully inhibit all mTORC1 outputs, whereby it blocks the phosphorylation of S6Ks but not 4E-

BPs (Choo et al., 2008) (Fig 1.2). Nonetheless, rapamycin and its rapalog derivatives remain an 
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important class of drugs in the treatment of cancer and other diseases, and ongoing research is 

focused on developing more effective mTOR inhibitors. For example, Everolimus, categorized 

as a rapalog, is employed in combination therapy for various chemoresistant cancers due to the 

frequent activation of the mTOR pathway in these cases (Forbes et al., 2011; Houghton, 2010). 

Several non-randomized studies conducted in HER2-positive trastuzumab-resistant metastatic 

breast cancer (mBC) have demonstrated the anti-tumor efficacy of including everolimus 

alongside standard chemotherapy and trastuzumab (Forbes et al., 2011; Jerusalem et al., 2011). 

1.3.2. Active-site mTOR inhibitors, the second generation of mTOR inhibitors 

Active-site mTOR inhibitors (asTORis) are drugs that directly inhibit the kinase activity of 

mTOR, by targeting its catalytic site (Liu et al., 2009; Yea & Fruman, 2013). These inhibitors 

bind to the ATP-binding pocket of mTOR, preventing the enzyme from phosphorylating 

downstream targets and reducing mTOR signaling. Unlike rapamycin, asTORi can inhibit all 

known outputs of both mTORC1 and mTORC2, leading to a more complete inhibition of mTOR 

signaling (Fig 1.2). Some examples of asTORi include Torin1, Ink128, AZD8055, and OSI-027 

(Zheng & Jiang, 2015). To that effect, Ink128 has been used in various in vivo models including 

animal models of cancer, where it has demonstrated antitumour activity (Gökmen-Polar et al., 

2012; Slotkin et al., 2015). Furthermore, Ink128 has been evaluated in clinical trials for the 

treatment of various types of malignancies, including solid tumours and lymphomas (Hsieh et al., 

2012; Li et al., 2015; Pui et al., 2008). While Ink128 demonstrated cytotoxic effects (Hsieh et al., 

2012), other reports have indicated its cytostatic effect (Janes et al., 2013), suggesting the 

potential for combining mTOR-targeted therapies with other anti-cancer agents. Furthermore, 

asTORis can also inflict off-target effects on other kinases and cellular processes, and their 

clinical development is still ongoing (Pallet & Legendre, 2013). 
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1.3.3. Third generation of mTOR inhibitors 

The newer class of drugs, known as the third generation of mTOR inhibitors, is designed 

particularly to target cancer cells that have become resistant due to mutations in the FRB/kinase 

domain of the mTOR protein or compounds that selectively inhibit mTORC1 without affecting 

mTORC2 (Lee et al., 2021; Rodrik-Outmezguine et al., 2016). The first class includes RapaLink-

1, a bivalent mTOR inhibitor that targets two drug-binding pockets: an allosteric site and a 

kinase site, in order to overcome resistance to existing first and second generation inhibitors 

(Rodrik-Outmezguine et al., 2016). The latter class includes a prototype inhibitor called Bis-35x, 

which belongs to a group known as 'bi-steric inhibitors.” (Lee et al., 2021) It comprises a 

rapamycin-like central molecule connected chemically to an active site targeting inhibitor for the 

kinase. As a result, Bis-35x has demonstrated higher potency than other kinases in its capacity to 

block mTOR activity, while displaying selectivity towards mTORC1 (Lee et al., 2021) (Fig 1.2). 

In developing these inhibitors, overcoming resistance mechanisms that may emerge from 

acquired mutations within the cancer cells were foremost in mind, resulting in effective 

treatments (Rodrik-Outmezguine et al., 2016).  
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Fig 1.2. mTOR inhibitors 

The figure is adapted from (Saxton & Sabatini, 2017). The use of first generation mTOR 

inhibitor rapamycin, second generation inhibitor Ink128, and third generation inhibitor 

RapaLink-1 and Bis-35x has diverse impacts on cancer cell growth and survival. 
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2. Epigenetics  

Epigenetics refers to changes in gene expression or cellular phenotype that occur without altering 

the underlying DNA sequence (Bird, 2007). These changes can be inherited through cell division 

(Daxinger & Whitelaw, 2012; Morgan et al., 1999) and, in some cases, across generations, 

making epigenetic modifications an important mechanism for regulating gene expression and 

cellular functions (Berger et al., 2009). Epigenetic modifications can occur at various levels, such 

as DNA methylation, histone modifications, and via non-coding RNA molecules, and they can be 

influenced by a variety of factors, including environmental exposures, diet, and lifestyle 

(Alegría-Torres et al., 2011; Portela & Esteller, 2010). These modifications can lead to changes 

in gene expression and cellular behaviour that affect development, disease susceptibility, and 

aging (Zoghbi & Beaudet, 2016). Research in epigenetics has led to new insights into the 

mechanisms underlying various diseases, including cancer, cardiovascular disease, and 

neurodegenerative disorders (Cheng et al., 2019; Handy et al., 2011; Landgrave-Gómez et al., 

2015). Furthermore, epigenetic modifications can potentially be targeted by drugs, rendering 

them a promising area of study for the development of new therapies (Miranda Furtado et al., 

2019; Umehara, 2022). 

 

2.1. Epigenetic modifications 

2.1.1. DNA/RNA methylation 

DNA methylation is an epigenetic modification that involves the addition of a methyl group to 

the 5-carbon position of cytosine residues in the DNA molecule (Robertson, 2005). DNA 

methyltransferases (DNMTs) are responsible for transferring methyl group from S-

adenosylmethionine (SAM) to  cytosine (Chiang et al., 1996). The most common form of DNA 
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methylation occurs at CpG dinucleotides, which are regions of DNA where a cytosine nucleotide 

is followed by a guanine nucleotide (Bird, 1986). DNA methylation plays a crucial role in gene 

regulation (Illingworth & Bird, 2009; Weber et al., 2007). In general, DNA methylation is 

associated with gene repression, although the relationship between DNA methylation and gene 

expression can be complex and context-dependent (de Mendoza et al., 2022). In particular, DNA 

methylation at promoter regions of genes can block the binding of transcription factors and/or 

RNA polymerase, thereby preventing transcription. On the other hand, DNA methylation at gene 

bodies and enhancer regions can regulate gene expression by facilitating the binding of 

transcription factors and chromatin remodeling complexes (Jones, 2012; Weber et al., 2007). 

DNA methylation plays a major regulatory role in diverse cellular processes, such as embryonic 

development, transcriptional regulation, chromatin structure modulation, X chromosome 

inactivation, and chromosome stability maintenance (Brenet et al., 2011; Lee & Lee, 2012; Li et 

al., 2022; Lodde et al., 2009; Mohandas et al., 1981). Notably, DNA methylation has been 

implicated in a broad spectrum of diseases, including cancer and neurological disorders, 

underscoring its significance in maintaining normal cellular function. (Kaur et al., 2022; 

Robertson, 2005) 

The intricate process of RNA methylation pertains to the post-transcriptional modification 

procedure whereby a methyl group (-CH3) is added to the nucleotide enveloping RNA molecules 

(Zhou et al., 2020). One of the most prevalent forms of RNA methylation is N6-methyladenosine 

(m6A), frequently observed in numerous types of messenger RNA and select non-coding RNA 

varieties within eukaryotic organisms (Desrosiers et al., 1974). Diversifying the RNA 

methylation landscape are a few additional variations, such as N1-methyladenosine (m1A), 5-

methylcytosine (m5C), and ribose 2'-O-methylation (M. Zhang et al., 2021). The majority of 
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messenger RNA (mRNA) methylation, specifically the methylation of m6A, is carried out by the 

collaborative action of METTL3 and METTL14 within RNA methyltransferase complexes. 

METTL3 functions as the catalytic enzyme responsible for adding the methyl group, while 

METTL14 plays a role in facilitating the binding of the RNA substrate during the methylation 

process (Bokar et al., 1997; Śledź & Jinek, 2016; Wang et al., 2016). RNA methylation can be 

reversed by enzymes known as “erasers”, including Fat Mass and Obesity-Associated Protein 

(FTO) and AlkB Homolog 5 (ALKBH5) (Gerken et al., 2007; Zheng et al., 2013). Extensive 

research has focused on elucidating the multifaceted role of RNA methylation in a diverse range 

of biological processes, spanning from immune response and cell differentiation to development, 

gene translation, and DNA damage response (Chen et al., 2019; Han et al., 2019; Li et al., 2017; 

Weng et al., 2018; Xiang et al., 2017; Xing et al., 2020). This has led to the exploration of RNA 

methylation as a potential therapeutic target for diseases including cancer and neurological 

disorders. 

2.1.2. Histone modifications 

Histone modifications are a series of chemical changes that occur on the histone proteins, which 

play a role in packaging and organizing DNA within the nucleus of a cell (Y. Zhang et al., 2021). 

These modifications, including acetylation, methylation, phosphorylation, ubiquitination, and 

sumoylation, among others, can impact the structure and function of chromatin, which is the 

complex of DNA and histone proteins that make up chromosomes (Kouzarides, 2007). These 

modifications can dynamically influence gene expression by promoting or inhibiting the binding 

of transcription factors and other regulatory proteins to specific DNA regions (Dong & Weng, 

2013). Moreover, it has come to light that histone modifications can influence RNA splicing (de 

Almeida et al., 2011) and various DNA processes, including repair (Stucki et al., 2005) and 
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replication (Unnikrishnan et al., 2010). Thus, histone modifications serve as a crucial mechanism 

of epigenetic regulation, influencing the manipulation and expression of DNA within cells. 

2.1.2.1. Histone acetylation 

Histone acetylation is a frequently observed histone modification, through the addition of an 

acetyl group to lysine residues on proteins that are associated with chromosomal packaging.  

The status of histone acetylation is regulated by two opposing groups of enzymes, namely 

histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Berndsen & Denu, 2008; 

Haberland et al., 2009). The acetylation of histones leads to the relaxation of chromatin structure, 

which makes the DNA more accessible to regulatory proteins and transcription factors, resulting 

in increased gene expression (Brownell & Allis, 1996; Shahbazian & Grunstein, 2007). 

Moreover, the acetyl group on the histone creates a binding site for other proteins, such as 

bromodomain-containing proteins, which can recruit additional factors to the chromatin and 

further enhance transcription (Josling et al., 2012). However, histone acetylation is reversible and 

can be removed by the aforementioned HDACs, which remove the acetyl group from the lysine 

residue. This process results in a more condensed chromatin structure and decreased gene 

expression (Andrew J. Bannister & Tony Kouzarides, 2011). 

2.1.2.2. Histone methylation 

Histone methylation, a prominent post-translational modification, entails the addition of methyl 

groups primarily to lysine or arginine residues on histone proteins, and is recognized as a pivotal 

part of epigenetic reprogramming (Greer & Shi, 2012). This modification is carried out by 

enzymes called histone methyltransferases (HMTs), which transfer a methyl group from SAM to 

the lysine or arginine side chains of histone proteins. Histone methylation can be removed by 

enzymes called histone demethylases (HDMs), which remove the methyl group from the lysine 
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or arginine residues (Kouzarides, 2007). Lysines can be subject to mono-, di-, and trimethylation, 

and the specific site of lysine and the degree of methylation each dictate distinct functions (A. J. 

Bannister & T. Kouzarides, 2011). Certain histone methylation marks, such as histone H3 lysine 

4 (H3K4), histone H3 lysine 9 (H3K9) and histone H3 lysine 27 (H3K27) methylation, have 

been extensively studied and are known to be associated with specific transcriptional states, such 

as active, repressed, or poised (Black et al., 2012) (Fig 1.3). H3K4 methylation is widely 

regarded as a mark of transcriptional activation. While H3K4me1 is highly enriched at 

enhancers, H3K4me3 is commonly found  at active promoters near transcription start sites 

(TSSs) (Liang et al., 2004; Sims et al., 2003). On the other hand, gene repression is commonly 

linked to the methylation of H3K9 and H3K27 (Barski et al., 2007). Several studies have 

reported the association between H3K9 methylation and gene silencing, including the inactive X 

chromosomes in both female mice and humans, as well as developmentally regulated genes 

(Heard et al., 2001; Litt et al., 2001; Nakayama et al., 2001; Peters et al., 2002). H3K9me2/3 is 

typically regarded as a marker of heterochromatin, influenced by the lysine HMT SUV39H1/2 

and recognized by the chromodomain of heterochromatin protein-1 (HP1), thereby influencing 

the condensation of heterochromatic regions (Bannister et al., 2001; Rea et al., 2000). On the 

other hand, H3K9me1, primarily concentrated in the 5' UTR (Barski et al., 2007), is suggested to 

serve as a mediator between gene activation and repression by undergoing rapid methylation or 

demethylation (Black & Whetstine, 2011). Additionally, it has been observed that H3K9me3 is 

associated with the highly condensed centromeric (heterochromatic) regions of chromosomes 

(Peters et al., 2003). Mouse models with ablated modifiers for H3K4, H3K9, and H3K27 

methylation have revealed the indispensable roles of histone methyltransferases in the regulation 

of transcription, maintenance of genome integrity, and embryonic development (Dodge et al., 
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2004; O'Carroll et al., 2001; Peters et al., 2001; Rayasam et al., 2003). Therefore, understanding 

the regulation and function of histone methylation is essential for gaining insights into the 

mechanisms of gene expression and how they are perturbed in various diseases, including cancer, 

intellectual disability, and aging (Greer & Shi, 2012; Iwase & Shi, 2011; Peters et al., 2001; 

Pollina & Brunet, 2011). Furthermore, histone methylation is reversible and can be modified by 

various enzymes, rendering it a potential target for therapeutic interventions (Basavarajappa & 

Subbanna, 2021; Chen et al., 2020; Yang et al., 2021). 

 

 

Fig 1.3. Histone methylation 

The addition of methyl groups to histones can result in the formation of different histone 

methylation marks, such as H3K9me3 and H3K27me3, which are generally associated with gene 

repression. On the other hand, H3K4me3 is known to be involved in gene expression by 

facilitating the recruitment of transcription factors to promoter regions. Furthermore, a bivalent 

mark exists, merging the H3K27me3 modification associated with silencing and the H3K4me3 

signal linked to activation, ultimately resulting in poised transcription. 
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2.1.2.3. Other histone post-translational modifications 

Post-translational modifications, such as phosphorylation, sumoylation, ubiquitination and ADP-

ribosylation, can also take place on histone proteins (Andrew J. Bannister & Tony Kouzarides, 

2011). Histone phosphorylation involves the addition of a phosphate group to serine, threonine, 

or tyrosine residues on the histone protein (North et al., 2014). The latter is a dynamic process, 

with a well-established function observed during the cellular response to DNA damage. The 

addition of phosphate molecules onto histone H2A(X) causes vast areas within the chromatin to 

envelop the area where DNA damage has occurred. Such domains constitute a unique symbol for 

handling DNA damage response (van Attikum & Gasser, 2005). Histone sumoylation involves 

the addition of a small protein called small ubiquitin-like modifier (SUMO) to lysine residues on 

the histone protein (Nathan et al., 2006). This alteration impacts both the configuration of 

chromatin and the expression of genetic material. Additionally, it plays a prominent role in the 

management and maintenance of DNA repairing and replication processes (Ryu & Hochstrasser, 

2021). Histone ubiquitination refers to the addition of ubiquitin to specific lysine residues on 

histone proteins. Notably, this modification has been identified on H2A (K119) and H2B (K20 in 

human and K123 in yeast) (Goldknopf et al., 1975; West & Bonner, 1980). In the human 

polycomb complex, the BMI/RING1A protein is responsible for mediating the ubiquitylation of 

H2AK119, which is associated with transcriptional repression (Wang et al., 2004), whereas 

H2BK123ub1 mediated by RAD6 plays an important role in transcriptional initiation and 

elongation (J. Kim et al., 2009; J. S. Lee et al., 2007). Histones can be subjected to mono- and 

poly-ADP ribosylation at specific glutamate and arginine residues, a process mediated by 

enzymes called Poly (ADP-ribose) polymerases (PARPs) (Hassa et al., 2006). Though the 

precise functional consequences of this modification are not yet fully understood and necessitate 
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further research, it has been suggested that poly-ADP ribosylated histones are associated with a 

more relaxed chromatin state, and the interplay between PARPs and histone ADP ribosylation is 

thought to play a role in regulating chromatin structure (Krishnakumar & Kraus, 2010). Overall, 

these post-translational modifications add a layer of complexity to the regulation of gene 

expression and chromatin structure. 

 

3. Epigenetic modifications and related factors that are the subject of this thesis 

3.1. H3K27 methylation 

H3K27 methylation refers to the histone modification in which methyl groups are added to the 

lysine 27 residue of the histone H3 protein, resulting in H3K27me1, H3K27me2, and 

H3K27me3. This modification is associated with gene repression and plays an important role in 

development, differentiation, and cellular identity (Bernstein et al., 2006; Margueron et al., 2005; 

Pan et al., 2007; Simon & Kingston, 2009). H3K27 methylation is catalyzed by the Polycomb 

Repressive Complex 2 (PRC2), which includes the enzymatic subunit EZH2 (Cao et al., 2002). 

Histone methylation marks, such as H3K27me3, can be reversed by demethylases. To that end, 

two enzymes containing Jumonji domains, which possess demethylase activity specific for 

H3K27, have been identified. These enzymes are commonly referred to as ubiquitously 

transcribed tetratricopeptide repeat X (UTX, also known as KDM6A) and Jumonji domain-

containing protein 3 (JMJD3, also known as KDM6B) (Klose & Zhang, 2007; Y. Xiang et al., 

2007) (Fig 1.4). Recent research has suggested that the mTOR signaling pathway may regulate 

H3K27me3 levels, potentially through interactions with the PRC2 complex or other histone-

modifying enzymes by regulating SAM or a-KG levels (Harachi et al., 2020; Morita et al., 2013; 
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Smith et al., 2019). This implies that H3K27me3 may play a role in linking cellular nutrient and 

energy sensing pathways to epigenetic regulation of gene expression. 

 

 

Fig 1.4. Epigenetic modifiers of H3K27me3 

The addition of trimethylation to H3K27 is mediated by PRC2, while the removal of this 

methylation mark is catalyzed by KDM6A and KDM6B. 
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3.2. H3K27 methyltransferases – PRC2 

The term "Polycomb" originated from a drosophila mutant that exhibited abnormal body 

segmentation, indicating that Polycomb likely functions as a negative regulator of homeotic 

genes involved in segmentation (Lewis, 1978). Currently, the Polycomb group (PcG) refers to a 

group of genes that share similar phenotypic effects with the original Polycomb mutant when 

mutated or disrupted (Blackledge et al., 2015; Kassis et al., 2017). The Polycomb system is 

composed of two multi-protein complexes, PRC1 and PRC2. PRC1 is an E3 ubiquitin ligase that 

mono-ubiquitylates histone H2A at lysine 119 (H2AK119ub1), and PRC2 is a histone 

methyltransferase that can monomethylate, dimethylate or trimethylate histone H3 at lysine 27 

(H3K27me1, H3K27me2 or H3K27me3) (Piunti & Shilatifard, 2021). Mammalian PRC2 

contains four core subunits: Enhancer of zeste homolog 1/2 (EZH1/2), Suppressor of zeste 12 

homolog (SUZ12), Embryonic ectoderm development (EED) and Retinoblastoma-binding 

protein 4 or 7 (RBBP4/7) (Cao et al., 2002; Chen et al., 2018; Czermin et al., 2002; Pasini et al., 

2004; Piunti & Shilatifard, 2021). EZH1, a close homolog of EZH2, is a component of a 

noncanonical PRC2 complex (Shen et al., 2008). It is reported that the catalytic activity of PRC2 

is dependent on the SET domain of EZH1/2 (R. Margueron et al., 2008). However, EZH1/2 

alone does not exhibit detectable HMT activity, and the presence of both EED and SUZ12 is 

essential for the HMT activity of PRC2 (Cao & Zhang, 2004; R. Margueron et al., 2009; Pasini 

et al., 2004). In addition, RBBP4 is important in bridging PRC2 and chromatin together by 

directly binding to the nucleosome (Cao & Zhang, 2004; Nekrasov et al., 2005). The activity of 

PRC2 is regulated through multiple mechanisms, which include accessory components within 

PRC2, post-translational modifications, substrate availability, and histone modifications (Fig 

1.5). 
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Fig 1.5. The components of PRC2.1 and PRC2.2 and the regulators of these complexes 
 
PRC2 is composed of core members (EZH2, EED, SUZ12, and RBBP4) and facultative 

subunits, which form two distinct types of complexes known as PRC2.1 and PRC2.2. PRC2.1 

contains PCLs (PHF1, MTF2, or PHF19) and either EPOP or PALI1/2, whereas PRC2.2 includes 

AEBP2 and JARID2 in association with the core subunits. The enzymatic activity of the core 

complex is stimulated by high-affinity binding of EED to the H3K27me3 mark, which may also 

occur in PRC2.1 and PRC2.2, although this has not been confirmed. The activity of these 

complexes can be regulated by various factors, including other histone modifications, non-

coding RNAs, post-translational modifications, and substrate levels. 
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3.2.1. The regulation of PRC2 activity via its accessory components  

Proteomic analyses have uncovered the existence of two distinct subtypes of PRC2, referred to 

as PRC2.1 and PRC2.2. PRC2.1 is composed of one of the Polycomb-like proteins (PCLs), such 

as PHD finger protein 1 (PHF1), Metal response element binding transcription factor 2 (MTF2), 

or PHD finger protein 19 (PHF19), along with either PALI1/2 or Elongin BC and polycomb 

repressive complex 2-associated protein (EPOP). On the other hand, PRC2.2 includes Adipocyte 

enhancer-binding protein (AEBP2) and Jumonji- and AT-rich interaction domain containing 2 

(JARID2) (Yang & Li, 2020) (Fig 1.5). Although these additional subunits are not strictly 

essential for core PRC2 formation, their presence can impact PRC2 recruitment and catalytic 

activity (Højfeldt et al., 2019). For instance, deletion of individual PCLs had a mild effect on 

PRC2 recruitment, whereas triple knockout of PCL paralogues resulted in a significant reduction 

in PRC2 occupancy and H3K27me3 deposition (Healy et al., 2019).  

Studies have revealed that JARID2 and AEBP2, when interacting with the core subunits of 

PRC2, exhibit functional similarities to the histone tail of H3 (Kasinath et al., 2018). The 

methylation of JARID2 at Lys116 by PRC2 has been shown to allosterically stimulate the 

activity of PRC2, mimicking a similar allosteric activation that is promoted by the interaction 

between H3K27me3 and EED (Kasinath et al., 2018; Sanulli et al., 2015; Son et al., 2013). 

AEBP2 binds to the β-sheet-rich domain of SUZ12 and interacts with the region of RBBP4 that 

interacts with unmodified H3K4, potentially bypassing the inhibitory effect of H3K4me3 on 

PRC2 catalytic activity (Kasinath et al., 2018). AEBP2 also promotes PRC2 binding to 

nucleosomes in vitro, potentially enhancing the catalytic activity of the complex (H. Kim et al., 

2009).  
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EZHIP, also known as catalytic antagonist of Polycomb (CATACOM), is a tissue-specific 

facultative subunit that is found in both the PRC2.1 and PRC2.2 protein complexes. EZHIP has 

been found in fusion proteins with MBTD1 and functions as a catalytic antagonist of Polycomb  

(Jain et al., 2019; Ragazzini et al., 2019). While EZHIP does not affect the recruitment of PRC2 

to chromatin (Ragazzini et al., 2019), it inhibits PRC2 activity, albeit via a mechanism that has 

not been fully investigated (Hübner et al., 2019; Piunti et al., 2019). It has been proposed that the 

C-terminal region of EZHIP harbours a conserved sequence similar to the substitution of 

methionine for lysine at position 27 (K27M), thereby obstructing the catalytic function of PRC2 

(Hübner et al., 2019; Jain et al., 2019). However, alternative mechanism has also been proposed 

whereby EZHIP may reduce the interaction between the core subunit and facultative subunits 

(such as AEBP2 and JARID2), thus limiting their ability to stimulate PRC2 enzymatic activity 

(Ragazzini et al., 2019). Overexpression of EZHIP transgenes results in a genome-wide 

reduction in H3K27me3 (Jain et al., 2019), whereas removal of EZHIP leads to ectopic 

enrichment of H3K27me3 in chromatin, with minimal impact on SUZ12 deposition (Ragazzini 

et al., 2019). These studies portray an intricate interplay among the various components of 

PRC2, and that any changes or alterations in these components can impact the activity and 

function of PRC2. 

3.2.2. The regulation of PRC2 activity via post-translational modifications (PTMs) 

The regulation of PRC2 components involves several PTMs such as methylation, 

phosphorylation, acetylation, ubiquitination, sumoylation and O-GlcNAcylation (Yang & Li, 

2020). Recent advancements in research have unveiled that PRC2, in addition to its well-known 

role in catalyzing the methylation of H3K27, can also methylate a wide array of non-histone 

proteins, including its own subunits (Ardehali et al., 2017; He et al., 2012). EZH2 can be 
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automethylated and this automatic methylation occurs before the allosteric activation of PRC2, 

but is dispensable for the recruitment of PRC2 to chromatin (Lee et al., 2019; Wang et al., 2019).  

Phosphorylation is a prevalent PTM that regulates the catalytic activity and chromatin targeting 

of PRC2 subunits. Notably, phosphorylation of distinct sites on PRC2 subunits by various 

protein kinases can have different effects on PRC2 function (Li et al., 2020; Yang & Li, 2020). 

Firstly, EZH2 phosphorylation regulates PRC2 HMT activity. For example, AKT can 

phosphorylate EZH2 at the S21 site. When EZH2 S21 is phosphorylated by AKT, it displays 

lower catalytic activity, resulting in reduced global H3K27me3 levels  (Cha et al., 2005). 

Additionally, phosphorylation at specific sites, such as T372 by P38α and T345/T416 by cyclin-

dependent kinase 1/2 (CDK1/2), is imperative for the targeting of PRC2 to specific genomic loci 

(Kaneko et al., 2010; Palacios et al., 2010; C. C. Yang et al., 2015). Next, the binding of EZH2 to 

other components of PRC2 can be affected by its phosphorylation. For example, when EZH2 is 

phosphorylated at specific sites such as T311 by AMPK, Y244 by JAK3, or T487 by CDK1, it 

can disrupt its association with EED or SUZ12. As a result, the methyltransferase activity of 

PRC2 may decrease (Wan et al., 2018; Wei et al., 2011; Yan et al., 2016). Additionally, 

phosphorylation of EZH2 at various sites, such as T345 and T487 by CDK1, Y641 by JAK3, and 

T261 by CDK5, has been demonstrated to trigger subsequent ubiquitination and degradation of 

EZH2, revealing a regulatory mechanism for controlling EZH2 levels through phosphorylation-

mediated proteolysis (Sahasrabuddhe et al., 2015; Wu & Zhang, 2011). Fig 1.6 provides 

additional information on PTMs of EZH2.  

In addition to EZH2, other components of PRC2 can also undergo phosphorylation, which can 

impact PRC2 activity. For instance, SUZ12 can be phosphorylated by mitotic polo-like-kinase 1 

(PLK1) at specific sites such as S539, S541, and S546, leading to regulation of its binding to 
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EZH2. Furthermore, phosphorylation at these sites can also promote ubiquitin-mediated 

degradation of SUZ12, indicating that SUZ12 phosphorylation plays a role in the assembly of 

PRC2 (Zhang et al., 2015). Similarly, in Drosophila, phosphorylation of the N-terminus of ESC 

(a mammalian EED homologue) by casein kinases 1/2 (CK1/2) results in homodimerization. 

This phosphorylation event is crucial for the formation and stability of a larger PRC2 complex 

that includes PCLs and histone deacetylase RPD3 (Tie et al., 2005). Overall, different PTMs may 

have distinct effects on PRC2, with methylation likely regulating catalytic activity, ubiquitination 

potentially influencing stability and assembly, and phosphorylation bearing complex and 

context-dependent effects. As described, a single PTM such as phosphorylation can yield distinct 

consequences when present on various PRC2 subunits or even on different sites of the same 

subunit. 

 

 

 

 
 

Fig 1.6. EZH2 PTMs  

Figure from (Li et al., 2020). EZH2, a component of PRC2, undergoes different types of 

modifications (phosphorylation, O-GlcNAcylation, acetylation, methylation, ubiquitination), 
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shown in a plot with different colors. These modifications have various functions, indicating the 

diverse regulatory roles of EZH2 in gene expression and epigenetic regulation. 

 
 
3.2.3. The regulation of PRC2 activity via histone modifications and non-coding RNAs 

Histone modifications within the chromatin region play a major role in modulating the activity 

and binding of PRC2. For example, H3K27me3, a product of PRC2’s own catalytic activity, has 

been observed to interact with the aromatic cage of EED. This interaction leads to the allosteric 

activation of PRC2, which in turn facilitates further deposition of H3K27me3 (Hansen et al., 

2008; Raphael Margueron et al., 2009). Another example is the catalytic product of PRC1, 

H2AK119ub1, which can interact with JARID2 to facilitate PRC2 recruitment and H3K27me3 

deposition (Cooper et al., 2014; Cooper et al., 2016). Other histone modifications, including 

H3K4me3 mediated by the MLL/COMPASS family proteins (Shilatifard, 2012) and H3K36me3 

regulated by methyltransferase HYPB/Setd2 (Edmunds et al., 2008), can also impact the activity 

of PRC2 (Yang & Li, 2020). Specifically, H3K4me3 and H3K36me3 can inhibit the enzymatic 

activity of PRC2 in vitro (Schmitges et al., 2011). PRC2 facultative subunits PLCs can 

selectively bind to H3K36me3, thereby inhibiting PRC2 activity without affecting chromatin 

binding (Yuan et al., 2011). Moreover, PHF19, a component of PRC2.1, can bind to H3K36me3 

and interact with H3K36me3 demethylase NO66 (Brien et al., 2012) and KDM2B (Ballaré et al., 

2012), while PRC2 interacts with H3K4me3 demethylase RBP2 (JARID1A/KDM5A), 

facilitating the removal of H3K36me3 and H3K4me3, and promoting the deposition of 

H3K27me3 (Pasini et al., 2008). Overall, histone modifications have a significant impact on 

controlling the activity and binding affinity of PRC2 and are involved in the conversion of genes 

from an actively transcribing state to a state of polycomb-mediated repression. 
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3.2.4. The regulation of PRC2 activity via substrates 

SAM is widely recognized as the universal methyl donor for methyltransferases, which transfer 

its methyl group to produce S-adenosylhomocysteine (SAH) and a methylated substrate 

(Finkelstein, 1990). This methylation process creates a connection between the cellular 

metabolism that regulates SAM and SAH levels, which may influence the epigenetic status of 

cells through product inhibition of methyltransferases (Serefidou et al., 2019) (Fig 1.7). SAM 

and SAH levels are instrumental in regulating PRC2 activity (Fioravanti et al., 2018). As a result, 

several inhibitors of EZH2, a key component of PRC2, have been developed by targeting SAM 

or SAH (Duan et al., 2020). For example, the first EZH2 inhibitor, 3-deazaneplanocin A 

(DZNep), acts as an inhibitor of SAH hydrolase, indirectly inhibiting EZH2 by increasing SAH 

levels, which in turn represses SAM-dependent histone methyltransferase activity (Miranda et 

al., 2009). Additionally, several potent and highly selective inhibitors of EZH2 that compete with 

SAM have been developed, such as GSK126 (GSK2816126) (Michael T. McCabe et al., 2012). 

GSK126 can effectively inhibit both wild-type and Y641 mutant EZH2 with similar potency and 

exhibits high selectivity compared to EZH1 (150-fold increased potency) or other 

methyltransferases (>1000-fold selective for EZH2) (Michael T. McCabe et al., 2012). UNC1999 

represents the pioneering orally bioavailable inhibitor, demonstrating significant in vitro 

effectiveness against both wild-type and mutant forms of EZH2, along with EZH1 (Xu et al., 

2015).  
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Fig. 1.7. The effect of metabolites in histone methylation and demethylation  

Figure is adapted from (van der Knaap & Verrijzer, 2016). Histones are methylated by histone 

methyltransferases (HMTs), which require SAM as a substrate. The Jumonji C (JmjC) domain-

containing histone lysine demethylases (KDMs) use α-KG as a cofactor. Fumarate, succinate, 

and R-2HG act as competitive inhibitors. 

 

3.3. H3K27M mutation 

The H3K27M mutation, which is a genetic alteration that results in the substitution of 

methionine for lysine at position 27 of histone 3, has been associated with poor prognosis in 

mainly pediatric and adult cases of diffuse intrinsic pontine glioma (DIPG) (El-Hashash, 2021). 

This mutation most commonly occurs in the H3.1 (HIST1H3B/C) or H3.3 (H3F3A) histone gene 

in these tumours (Castel et al., 2015; Chan et al., 2013; Meyronet et al., 2017; Wu et al., 2012). 



 57 

The H3K27M mutation disrupts the normal function of PRC2 through an as-yet-unidentified 

molecular mechanism (Harutyunyan et al., 2020; Ashot S. Harutyunyan et al., 2019). In vitro 

studies have demonstrated that H3K27M strongly impacts the enzymatic activity of EZH2. This 

effect may be due to the high affinity binding of the enzyme to nucleosomes containing 

H3K27M, resulting in sequestration and inactivation of the PRC2 complex (Justin et al., 2016). 

This interference not only prevents the addition of trimethylation marks on mutant histones, but 

it also inhibits the "spreading" of H3K27me3 to wild-type histones across the genome. As a 

result, there is a global loss of H3K27me3 marks, accompanied by an increase in H3K27 

acetylation (H3K27ac), leading to aberrant gene activation (Harutyunyan et al., 2020; Ashot S. 

Harutyunyan et al., 2019). 

 

3.4. Functional roles of PRC2  

The malfunctioning of PRC2 is a common characteristic of various human conditions, such as 

developmental disorders and cancer (Liu & Liu, 2022). PRC2 plays a crucial role in the 

regulation of gene expression associated with pluripotency and differentiation (Margueron & 

Reinberg, 2011). During the process of lineage commitment, cells need to turn off genes that are 

not necessary for their particular cell type, and the PRC2 complex participates in this by 

inhibiting the expression of these genes (Boyer et al., 2006; Chamberlain et al., 2008; O'Carroll 

et al., 2001; Riising et al., 2014). Studies on mouse embryonic stem cells have shown that the 

removal of SUZ12, JARID2  or PCL2 impairs the ability of PRC2 to silence the pluripotency 

factors like NANOG and OCT4, indicating that PRC2 is necessary for proper repression of these 

factors during differentiation (Li et al., 2010; Pasini et al., 2007; Walker et al., 2011).  
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Dysregulation of PRC2 activity is associated with various diseases, including cancer (Celik et al., 

2018; Kleer et al., 2003; Varambally et al., 2002; Y. Wu et al., 2018). EZH2 demonstrates 

elevated expression and/or amplification of its locus in various cancer types, which correlates 

with an unfavorable prognosis (Barsotti et al., 2015; Shen et al., 2013; Varambally et al., 2002). 

Notably, EZH2 inactivation through loss-of-function mutation or PTM is also observed in 

myeloid malignancies and acute myeloid leukemia (Ito et al., 2018; Nakamura et al., 2014), 

Depending on the EZH2 status, EZH2 can have both anti-tumorigenic and pro-tumorigenic 

effects. PRC2-mediated H3K27me3 can also silence genes that are important for cell cycle 

regulation (Jacobs et al., 1999), DNA repair (Campbell et al., 2013), and apoptosis (Tan et al., 

2007), allowing cancer cells to proliferate uncontrollably and resist apoptosis. On the other hand,  

the loss of EZH2 results in a reprogramming of BCAA metabolism, promoting leukemic 

transformation (Gu et al., 2019). The H3K27M mutation, considered a molecular driver of 

diffuse intrinsic pontine glioma (DIPG) (Moch et al., 2016), plays an essential role in early 

development, cell proliferation, and neoplastic transformation, indicating the critical involvement 

of H3K27me3 in regulating these cellular functions (Ashot S. Harutyunyan et al., 2019; Kfoury-

Beaumont et al., 2022). 

Therefore, targeting H3K27me3 represents a promising therapeutic approach for cancer 

treatment, particularly for cancers that are driven by aberrant gene silencing (Duan et al., 2020; 

Wei Qi et al., 2017). However, clinical trials will be needed to determine the safety and efficacy 

of these therapies in humans, and to identify the most effective combinations of treatments for 

specific types of cancer (Huang et al., 2018). For instance, the FDA granted approval for the 

EZH2 inhibitor tazemetostat (Tazverik; Epizyme) designed for the treatment of follicular 

lymphoma (FL) and epithelioid sarcoma (ES) (Mullard, 2020). This drug has demonstrated its 



 59 

efficacy in the treatment of advanced solid tumors and lymphomas that carry EZH2-activating 

mutations, all while maintaining acceptable tolerability (Italiano et al., 2018; Ribrag et al., 2018). 

Currently, clinical trials are also underway to investigate other EZH2 inhibitors, such as CPI-

1205, PF-06821497, and Valemetostat Tosylate (M.-L. Eich et al., 2020; Mullard, 2020). In some 

cases, targeting H3K27me3 alone may not be sufficient to effectively treat neoplasia (M. L. Eich 

et al., 2020). Nevertheless, combining H3K27me3-targeted therapies with other treatments, such 

as chemotherapy or immunotherapy, may enhance their effectiveness (Duan et al., 2020). For 

example, a recent study showed that combining tazemetostat,with the immunotherapy drug 

pembrolizumab was effective in treating patients with advanced solid tumours (Shin et al., 2022). 

 

3.5. H3K27 demethylases – KDM6A/B 

H3K27 demethylation is catalyzed by two enzymes, KDM6A and KDM6B (Klose & Zhang, 

2007; Y. Xiang et al., 2007). KDM6A/B is a member of the JmjC domain-containing histone 

demethylase family (Hong et al., 2007) and specifically removes the H3K27me3 catalyzed by 

PRC2, resulting in the increase of gene expression by removing the repressive H3K27me3 mark 

from target genes (Agger et al., 2007; De Santa et al., 2007; M. G. Lee et al., 2007). During 

development, H3K27 demethylases help guide the differentiation of stem cells into different cell 

types by activating lineage-specific genes (Swigut & Wysocka, 2007). For instance, ectopic 

expression of JMJD3 results in a significant reduction of H3K27me3 levels and leads to the 

displacement of polycomb proteins in vivo and UTX directly binds to the HOXB1 locus and is 

necessary for its activation, which is consistent with the marked decrease in H3K27me3 levels 

associated with HOX genes during the process of differentiation (Agger et al., 2007).  
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KDM6A and KDM6B play complex roles in cancer initiation and progression, and their 

functions vary depending on the specific subtype of cancer and the context in which they are 

expressed. KDM6A is often mutated and inactivated in multiple cancer types such as multiple 

myeloma, non-small cell lung cancer and colorectal cancer (Ezponda et al., 2017; Q. Wu et al., 

2018; Zha et al., 2016). In breast cancer, however, KDM6A has been shown to have both low 

and high expression associated with poor prognosis (Taube et al., 2017; Xie et al., 2017; Yu et 

al., 2019). KDM6B was also shown to mediate carcinogenic and anti-cancer signaling pathways 

in a context-dependent manner. It can act as a tumour suppressor in some cancers by 

downregulating different transcriptional programs such as NEFM (Yang et al., 2019) and 

p15INK4B (R. Tokunaga et al., 2016), while it can act as an oncogene in other cancers by 

promoting proliferation (McLaughlin-Drubin et al., 2013; Ohguchi et al., 2017), survival (Zhang 

et al., 2016), migration, stem cell behavior, epithelial-to-mesenchymal transition (EMT) (Tang et 

al., 2016; Wang et al., 2021), drug resistance (D’Oto et al., 2021; Wang et al., 2018), and tumour 

microenvironment (Nagarsheth et al., 2016; Park et al., 2016).  

Given the foregoing, and the fact that overexpression of KDM6 demethylases is observed in 

various cancers (Yang Xiang et al., 2007; Xie et al., 2017), targeting KDM6A and KDM6B with 

enzymatic inhibitors constitutes a potentially attractive therapeutic strategy (Morozov et al., 

2017; Zhang et al., 2020). Since KDM6A/B requires Fe (II) as a cofactor and α-ketoglutarate (α-

KG) as a co-substrate for catalyzing reactions, most inhibitors of KDM6 demethylases work by 

binding competitively with α-KG at the active site of the JmjC domain and chelating the Fe (II) 

residue (Tricarico et al., 2020) (Fig 1.7). Notably, in a specific subset of human cancers such as 

paragangliomas (PGLs) and renal cell carcinomas, loss-of-function mutations in succinate 

dehydrogenase (SDH) and fumarate hydratase (FH) are reported (Burnichon et al., 2010; Castro-
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Vega et al., 2014; Moch et al., 2016). These mutations result in the accumulation of fumarate and 

succinate, which share structural similarity with α-KG and subsequently inhibit various α-KG-

dependent dioxygenases, including KDM6A and KDM6B (Cervera et al., 2009; Smith et al., 

2007; Xiao et al., 2012).  

 

4. Rationale 

Although the role of mTOR in various biological processes – such as protein synthesis, 

metabolic regulation, and autophagy – has been widely investigated, its impact on epigenetic 

reprogramming remains largely unknown. Histone methylation, unlike other epigenetic 

modifications such as DNA methylation or histone acetylation, is a complex and dynamic 

process that occurs at multiple sites on the histone tail and bears diverse effects on gene 

expression. Studying histone methylation can provide valuable insights into the impact of 

epigenetic regulation on cellular processes and may offer new therapeutic approaches for 

diseases like cancer, where histone methylation dysregulation is common.  

Recent studies reported that mTOR may govern histone methylation through its regulation of 

epigenetic modifiers such as EZH2, SUZ12 and G9a (Arjamand Mushtaq et al., 2023; Smith et 

al., 2019). For instance, c-Src oncogene has been shown to alleviate energy stress, thereby 

allowing for sustained activation of mTORC1, which in turn increases the translation of mRNAs 

that encode the subunits of the PRC2, EZH2 and SUZ12 in a 4E-BP1-dependent manner (Smith 

et al., 2019). Although the precise mechanism by which mTOR regulates G9a is not yet fully 

understood, it has been observed that in cells treated with fatty acids, AMPK is suppressed 

thereby leading to mTORC1 activation, that is paralleled by the increase in levels of G9a 

(Arjamand Mushtaq et al., 2023). 
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The mTOR pathway regulates metabolism in response to various stimuli, such as nutrients, 

energy status or insulin, which result in the production of metabolites that play a role in histone 

methylation (Laribee, 2018). Among these metabolites, SAM and α-KG have been identified as 

important regulators of histone methylation (van der Knaap & Verrijzer, 2016). Given that SAM 

and α-KG are produced through the serine-glycine-one-carbon pathway, the activation of this 

pathway by mTORC1 through the ATF4-MTHFD2 axis underscores its significance in histone 

methylation (Ben-Sahra et al., 2016; Cheng et al., 2014; Katrin Düvel et al., 2010). Moreover, 

the role of mTOR in citric acid cycle (CAC) is critical, and inhibiting mTOR has been found to 

alter the levels of CAC intermediates, including a-KG, 2HG, succinate, and fumarate (Batsios et 

al., 2019; Drusian et al., 2018; Morita et al., 2013). These metabolites are known to participate in 

the demethylation process (van der Knaap & Verrijzer, 2016), suggesting that mTOR may 

influence histone demethylation by regulating metabolite levels. 

Based on the known functions of mTOR in regulating cellular metabolism and epigenetic 

enzymes, we hypothesized that mTOR may affect cell proliferation by modulating histone 

methylation. To test this hypothesis, we focused on three well-studied histone methylation marks, 

viz. H3K4me3 as an active mark, and H3K9me3 and H3K27me3 as repressive marks. Our study 

aimed to achieve the following three aims: 

 

Aim 1: Investigate the impact of mTORC1 hyperactivation on histone methylation using TSC2-

null MEFs, which possess constitutively active mTORC1 (Results presented in section 3.1). 

Aim 2: Examine the impact of mTOR inhibition on histone methylation and elucidate the 

underlying mechanisms involved in regulating histone methylation upon mTOR inhibition 

(Results presented in sections 3.2-3.5). 
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Aim 3: Determine the functional role of histone methylation in responses to mTOR inhibitors 

(Results presented in section 3.6). 
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CHAPTER 2. Experimental Procedures 

 

1. Cell lines and reagents 

TSC2 wild type and knockout mouse embryonic fibroblasts (MEFs) were obtained from Dr. 

Masahiro Morita. HEK293T was obtained from ATCC. Cells were cultured in Dulbecco 

modified eagle medium (DMEM) supplemented with 10% heat-inactivated FBS, 1% 

penicillin/streptomycin, and 2 mM l-glutamine (Wisent Bio). The breast cancer cell lines from 

MMTV-PyMT (mouse mammary tumour virus-polyoma middle tumour-antigen)/4E-BP 1/2-null 

mice were obtained from Predrag Jovanovic in Dr. Ursini-Siegel’s lab. Cells from Jovanovic 

were cultured in DMEM medium supplemented with 2.5% heat-inactivated fetal bovine serum 

(FBS), 100 UI/ml penicillin/streptomycin, 50 ug/ml gentamicin and 1% mammary epithelial 

growth supplement made in house.  MCF7 and HCT116 were obtained from ATCC. MCF7 and 

HCT116 were cultured in RPMI-1640 and DMEM respectively, supplemented with 10% heat-

inactivated FBS, 1% penicillin/streptomycin, and 2 mM l-glutamine. Inducible Raptor and Rictor 

knockout MEFs were provided from Dr. Masahiro Morita (Cybulski et al., 2012). Cells were 

treated with 5 uM of 4-hydroxytamoxifen (4-OHT) for at least three days. The tumor-derived 

cell line DIPG13, carrying the H3K27M mutation, and a paired set of DIPG13 H3K27M-KO 

cells was provided from Dr. Nada Jabado's lab (A. S. Harutyunyan et al., 2019). Cells maintained 

in Neurocult NS-A proliferation media supplemented with bFGF (10 ng/ml), rhEGF (20 ng/ml), 

and heparin (0.0002%) on plates coated in poly-L-ornithine (0.01%) and laminin (0.01 mg/ml). 

For all cells other than DIPG13, 0.05% Trypsin-EDTA was utilized to dislodge the cells from the 

plate. By contradistinction, accutase was used to detach DIPG13 cells from the plate. Cells were 

grown in a humidified environment at 37 °C with 5% CO2. Reagents are listed in Table 1. 
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2. Lentiviral packaging and infection  

The transfection of lentiviral constructs was performed using jetPRIME transfection agent 

according to the manufacturer's protocol (Polyplus transfection). Briefly, HEK293T cells were 

co-transfected with 3 µg of target shRNA-containing plasmid (human shEZH1, human shEZH2, 

mouse shEzh2, and shScramble), 2 µg of psPAX2 packaging plasmid, and 1 µg of pMD2.G 

plasmid. The media was changed 24 h later and collected 48 h post-transfection. The virus-

containing media were filtered through a 0.45 µm filter (ThermoFisher Scientific) and mixed 

with fresh media at a 1:1 ratio before adding to pre-seeded target cells. To enhance transduction 

efficiency, 4 µg/ml of polybrene (MilliporeSigma) was added to the cells. The cells were 

infected in two rounds, with a single infection per day. After 24 h of last infection, selection was 

performed using 2 µg/ml of puromycin (Bio Basic) to collect cells expressing the desired 

shRNAs. The list of reagents is described in Table 1. The shRNAs employed in this study were 

obtained from Sidong Huang's lab, and their detailed information is as follows:  

Mouse shEzh2 #1: TRCN0000039040 

Mouse shEzh2 #2: TRCN0000304506 

Human shEZH1 #1: TRCN0000002441 

Human shEZH1 #2: TRCN0000002439 

Human shEZH2 #1: TRCN0000040074 

Human shEZH2 #2: TRCN0000018365 

Non-mammalian shRNA control plasmid DNA (shScramble): SHC002 (MilliporeSigma) 

 

3. Western blotting 
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Cells were washed with ice-cold PBS twice and lysed with RIPA (1% NP40, 0.1% SDS, 50 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 1 mM PMSF, 1 mM DTT, 1X 

PhosSTOP and 1X proteinase inhibitor cocktail). The lysates were sonicated with a probe 

sonicator (Fisher Scientific Sonic Dismembrator Model 500) for 4 sec x 2 times at 30% power 

and clarified at 4 °C (10 min at 16,000 g). Protein concentrations in the supernatants were 

determined using BCA™ kit (ThermoFisher Scientific). Samples were boiled in 5× Laemmli 

buffer at 95 °C for 5 min, proteins were separated by SDS-PAGE and transferred using wet mini-

transfer system omniBLOT Complete Systems (Cleaver scientific) onto nitrocellulose 

membranes. In most cases, membranes were blocked in 3% skim milk w/v in TBST buffer (0.1% 

Tween 20 in 1× TBS) and then incubated with primary antibodies, which were prepared in 3% 

BSA in TBST at 4 °C. Membranes were washed with TBST (3 × 10 min) and incubated for 1 h 

with HRP-conjugated secondary antibodies, which were prepared in 5% skim milk/TBST. After 

washing the membranes with TBST (3 × 15 min), specific protein bands were revealed 

by chemiluminescence using ECL™ (BioRad) reagent on the Azure 600 (Azure Biosystems). 

The list of antibodies is described in table 2.  

 

4. Cell proliferation assay 

For cell proliferation curves, cells were seeded in 6-well plates and incubated overnight. The 

media were replaced with treatment media containing 100 nM Ink128, 50 nM rapamycin or 

DMSO as a negative control. In every 24 h, treatment media were aspirated, and the cells were 

trypsinized. Complete media were added to stop the trypsinization. Samples were collected, 

stained with trypan blue to exclude dead cells, and counted using an automated cell counter 

(Invitrogen). Data was analyzed using Graphpad Prism 9 software. 
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For the IC50 curves, cells were seeded in technical duplicates in 6-well plates and incubated 

overnight. The media were replaced with treatment media containing Ink128 at increasing 

concentrations for 72 hours. DMSO served as a control for the treatment. After 72 h, cells were 

collected and counted using a countess automated cell counter (Invitrogen). IC50 curves were 

plotted, and the numerical values were computed using Graphpad Prism 9 software. 

 

5. LC-MS 

SAM and SAH levels at steady state were measured by employing LC-MS/MS at the 

Metabolomics Core Facility of the Goodman Cancer Research Centre. After treatment of mTOR 

inhibitors for 48 h, cells were washed in ammonium formate three times, then quenched in cold 

50% methanol (v/v) and acetonitrile. Cells were lysed following bead beating at 30 Hz for 2 min. 

Cellular extracts were partitioned into aqueous and organic layers following dichloromethane 

treatment and centrifugation. Aqueous supernatants were dried down using a refrigerated speed-

vac. Dried samples were subsequently resuspended in 50 μl of water. 5 μl of sample was injected 

onto an Agilent 6470 Triple Quadrupole (QQQ)-LC-MS/MS for targeted metabolite analysis of 

SAM and SAH. The liquid chromatography was performed using a 1290 Infinity ultra-

performance binary LC system (Agilent Technologies, Santa Clara, CA, USA), with the 

following parameters: column and autosampler temperatures were 10 °C and 4 °C, respectively; 

flow rate of 0.6 ml/min with a Intrada Amino Acid column 3 μm, 3.0×150mm (Imtakt Corp, 

JAPAN). The gradient started at 100% mobile phase B (0.3% formic acid in acetonitrile) with a 

3 min gradient to 27% A (100 mM ammonium acetate in 80% water / 20% ACN), followed by a 

19.5 min gradient to 100% A. This was followed by a 5.5 min hold time at 100% mobile phase 

A, a 1 min gradient to 100% mobile phase B, and a subsequent re-equilibration time (7 min) 
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before subsequent injection. The mass spectrometer was equipped with an electrospray 

ionization (ESI) source, and the samples were analyzed in positive mode. For each quantitated 

metabolite, multiple reaction monitoring (MRM) transitions were optimized using standards. 

Transitions for quantifier and qualifier ions were as follows: SAM (399.1 → 136.1 and 399.1 → 

97) and SAH (385.1 → 136 and 385.1 → 250.1). Relative concentrations were determined by 

comparing the sample area under the curve to external calibration curves prepared in water. No 

adjustments were made for ion suppression or enhancement. The data were analyzed using 

MassHunter Quant (Agilent Technologies). 

 

6. GC-MS  

After treatment of mTOR inhibitors for 48 h, the plates were quickly placed on ice. Cells were 

washed three times with chilled isotonic saline solution. Subsequently, 300 µL of 80% methanol 

pre-chilled to −20 °C was added to the cells. Cells were scraped from the wells and transferred to 

microcentrifuge tubes pre-chilled to −20 °C. 300 µL more of the 80% methanol was added to the 

leftover cells in the wells, and then scraped, collected, and pooled with the previously collected 

300 µL fraction. The cell suspensions were lysed using a Diagenode Bioruptor sonicator 

(Diagenode Inc.) at 4 °C. The sonication was performed for 10 m with a 30-sec on-off cycle, 

using the high-power setting. The process was repeated three times to ensure complete recovery 

of metabolites. After centrifugation (16,000 g, 4 °C), the cell debris was discarded, and the 

supernatants were transferred to pre-chilled tubes. Subsequently, the supernatants were dried 

overnight at 4 °C in a CentriVap cold trap (Labconco) to remove the solvent. Dried pellets were 

dissolved in 30 µL of pyridine containing methoxyamine-HCl (10 mg·ml−1) (MilliporeSigma) 

using a sonicator and vortex. Samples were incubated for 30 min at 70 °C and then transferred to 
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GC-MS injection vials containing 70 µL of N-tert-butyldimethylsilyl-N-methyltrifluoroacet-

amide (MTBSTFA). Sample mixtures were further incubated at 70 °C for 1 h. For GC–MS 

analysis, a volume of one microlitre was injected for each sample. GC–MS methods were 

conducted as previously described (Gravel et al., 2016). Data analyses were executed using 

Agilent ChemStation and MassHunter software (Agilent). Each metabolite was normalized to the 

peak intensity of myristic acid-D27, and cell numbers were derived from cells seeded in parallel 

and identical conditions to those collected for GC-MS steady-state analysis. Data were expressed 

as fold change relative to vehicle (DMSO)-treated cells. 

 

7. Isolation of RNA and RT-PCR analysis 

Total RNA was extracted from cells using Trizol following the manufacturer’s 

instructions. cDNA was made from purified total RNA using SensiFAST™ cDNA Synthesis Kit 

(#BIO-65053, Bioline) as per manufacturer’s protocol. The qPCR was conducted using 

SensiFAST™ SYBR® Lo-ROX kit (#BIO-98050, Bioline) on the AB7300 machine and 

analyzed using the 7300 system sds Software (Applied Biosystems); reaction was controlled for 

the absence of genomic DNA amplification. Each experiment was orchestrated in independent 

triplicate. Primers were designed using Primer3 (https://primer3.ut.ee/) for human genes. Primers 

for reactions are outlined as below. 

b-actin  F         CGGCTACAGCTTCACCACCACG  

b-actin  R        AGGCTGGAAGAGTGCCTCAGGG  

EZH1 F CACCACATAGTCAGTGCTTCCTG 

EZH1 R AGTCTGACAGCGAGAGTTAGCC 

EZH2 F CCAAGAGAGCCATCCAGACT 
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EZH2 R GGGAGGAGGTAGCAGATGTC 

KDM6A F TCAAGGTCTCAGATCCAAAGCT 

KDM6A R GTTCTTCTTTTGTCCGCCCA 

KDM6B F ACCCTCGAAATCCCATCACA 

KDM6B R GCTCTCACAAGGCCAGATCT 

 

8. RNA sequencing and processing 

Total RNA was extracted according to the Sigma RNA Extraction Kit (#RTN350-1KT, Sigma) 

protocol. RNA was sent to SickKids Genome centre for poly(A) RNA library preparation, using 

the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina and sequencing of 50 M 

100-bp paired-end reads per replicate on the Illumina NovaSEq 6000 platform. The analysis of 

RNA-seq was done by Dr. Benjamin Lebeau as described in (Lebeau et al., 2022). 

 

9. ChIP sequencing preparation 

To ensure accurate normalization of the ChIP-seq data for H3K27me3, we incorporated a Spike-

in technique. This involved adding a small amount of external chromatin to the experimental 

samples before conducting the ChIP reaction, which allowed us to standardize the signal from 

the experimental samples to the control signal in the final sequencing data (Egan et al., 2016).  

The cells were grown to 70-80% confluency before being fixed in 4% formaldehyde for 10 min 

and stored at -80 °C. The resulting pellets were resuspended in 1 ml of ChIP-buffer, which 

contained 0.25% NP-40, 0.25% Triton X100, 0.25% Sodium Deoxycholate, 0.005% SDS, 50 nM 

Tris (pH 8), 100 mM NaCl, 5 mM EDTA, 1X PMSF, 2 mM NaF, and 1X cOmplete protease 

Inhibitor. The samples were then sonicated using a probe sonicator (Fisher Scientific Sonic 
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Dismembrator Model 500) with 5 cycles at 20% power, 5 cycles at 25% power, and 5 cycles at 

30% power. Each cycle lasted 10 sec, and the samples were kept on ice between each cycle to 

prevent overheating. The resulting lysates were then spun at high speed in a microcentrifuge for 

30 min, and the protein concentration was measured using the BCA assay. The samples were 

diluted to a protein concentration of 2 mg/ml in ChIP-buffer. Then, 50 µl/ml of Protein G Plus-

Agarose Suspension Beads were added to the samples for a 3-h incubation period to preclear 

them. 2% of the sample was collected as input and stored at -20 °C until DNA purification. For 

H3K27me3 ChIP, the remaining mixture was supplemented with 20 ng of spike-in chromatin 

and 2 ug of spike-in antibody. The mixture was then subjected to addition of the specific target 

antibodies and washed beads. Immunoprecipitation was carried out overnight at 4 °C with the 

mixture of samples, beads, and primary antibody (see table 1 and 2). 

 The resulting beads were washed once with Wash1, Wash2, and Wash3 [0.10% SDS, 1% Triton 

X-100, 2 mM EDTA, 20 mM Tris (pH 8), with 150/200/500 mM NaCl for Wash1, Wash2, 

Wash3 respectively], followed by a wash with Wash LiCl [0.25 M LiCl, 1% NP-40, 1% Sodium 

Deoxycholate, 1 mM EDTA, 10 mM Tris (pH 8)], and two washes with TE buffer [10 mM Tris 

(pH 8), 1 mM EDTA]. The beads were then resuspended in elution buffer [1% SDS, 0.1 M 

NaHCO3], and the samples were de-crosslinked overnight at 65 °C. 20 µg of Proteinase K was 

added for 1 h at 42 °C. DNA was then purified using a BioBasic DNA collection column 

(#SD5005, BioBasic), and DNA concentration was assessed via the Picogreen assay (#P7589, 

Invitrogen). ChIPed DNA was sent to SickKids Genome centre for sequencing.  

 

10. ChIP sequencing processing 
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The analysis of ChIP-seq was executed by Dr. Benjamin Lebeau from Dr. Michael Witcher’s 

lab. Quality control of reads and sequencing was assessed by FastQC (Babraham 

Bioinformatics). Adapters and low-quality reads were removed by Trimmomatics using the 

following parameters: ILLUMINACLIP:$Adapters:2:30:10 SLIDINGWINDOW:4:30 

LEADING:30 TRAILING:30.   

Alignment on hg19 human genome was performed using bowtie2 using “-end-to-end --phred33” 

parameters, and reads were directly sorted and converted to bam format by samtools. As 

sequencing was performed on different lanes to increase the depth, related reads on separate 

lanes were merged together by samtools, and the quality of mapping was checked by samstat. 

Multiple filtering steps – including removal of low-quality aligned reads and reads aligned to 

mitochondria chromosome or any chromosome other than chr1-22,X,Y – were performed. Multi-

mapped reads were also excluded.    

For visualization and some downstream analyses, sorted bam files were first indexed by “picard 

BuildBamIndex” and then converted to bed files using “bedtools”, bamtobed function. 

DEEPTOOLS package was used for heatmap, coverage, and PCA profiles. BigWig files for IGV 

peak visualization were generated by DEEPTOOLS, bamCoverage function by excluding black 

regions, “--ignoreDuplicates, --binSize 1000 --normalizeUsingRPKM --effectiveGenomeSize 

2462481010” parameters. For Spiked-In samples, the --scaleFactor was calculated for each 

sample and added to the code.    

Heatmaps, profile plot and tracks were generate using deepTools and samtools (6, 17). Heatmaps 

and Profile plot were generated using 3kb regions centered around the differential peakset 
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identified by DiffBind and bigwig from MACS2. Both the computeMatrix and plotHeatmaps 

were run with default parameter; yMax, zMax and colors were adjusted in each condition to 

better represent the results.  

To visualize ChIP-seq and RNA-seq dot plots and their correlation, dot plots were made by 

combining the RNA-Seq Log2FC between stimul. (veh) and mTOR-inhibited conditions and the 

Log2FC from DiffBind of any called peak annotated on that gene (+/- 1.5kb) or at the promoter 

regions, using clusterProfiler. Spearman correlation on the dot plot were performed using the 

ChIP-Seq Log2FC and RNA-Seq Log2FC of every peak colocalization with a gene.  

 

11. Nuclear fractionation 

Cytosolic, soluble nuclear and insoluble nuclear proteins were isolated using a commercial kit 

(#ab219177, Abcam) following the manufacturer’s instructions. Briefly, cells were washed twice 

in ice-cold phosphate-buffered saline (PBS) and lysed with cytosolic extraction buffer. After 

incubation on ice, nuclei were pelleted by centrifugation at 13,000 g for 1 min at 4 °C, and 

cytosolic proteins transferred to a clean microfuge tube. Nuclei were lysed using soluble nuclear 

lysis buffer, sonicated, and incubated on ice for 15 min, vortexing every 5 min. Insoluble 

material was pelleted by centrifugation at 13,000 g for 10 min at 4 °C, and the soluble nuclear 

fraction transferred to a clean microfuge tube. Isolated protein fractions were stored at −20 °C. 

Each buffer was supplemented with 100× protease inhibitor cocktail and DTT supplied with the 

kit. 

 

12. Flow cytometry for cell cycle and H3K27me3 analysis 
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The cells were harvested by trypsinization and subsequently washed twice with PBS. To render 

cells permeable, 70% ethanol was added dropwise while vortexing, and then the cells were 

stored at -20 °C until needed. After that, the cells were centrifuged at 900 g, washed once with 

cold PBS, and pelleted at 500 g. Next, the cells were washed with PBSA-T (5% BSA/0.1% 

Triton-100/PBS) at room temperature. The cells were then incubated with H3K27me3 antibody 

in PBSA-T for 1 h at room temperature, followed by washing with PBS and incubation with 

secondary anti-Rat Goat Alexa Fluor 488 and 2 μg/ml DAPI analysis in PBSA-T for 30 min 

before analysis. A BD Fortessa (BD Biosciences) was used to collect a minimum of 10,000 

events. Tables 1 and 2 outline the reagents and antibodies that were used, respectively. 

 

13. Immunofluorescence 

MCF7 cells were plated onto #1.5 coverslips of 12–15mm diameter in 24 or 12 well plates. Cells 

were allowed to recover for 24 h, followed by selected treatments. Coverslips were then washed 

with PBS twice, fixed with 2% paraformaldehyde/PBS for 20 min at room temperature, washed 

twice with PBS, and then followed by a 20 min fixation in 0.3% Triton-100/PBS solution. The 

coverslips underwent two washes with PBS and were then blocked with PBSA-T at room 

temperature for 1 h. Selected primary antibodies were then incubated for 1 h at room temperature 

or overnight at 4 °C. Coverslips were washed twice with PBS and incubated with the fluorescent 

secondary antibody with 2 ug/ml DAPI in PBSA-T for 1 h at room temperature. Coverslips were 

washed twice in PBS, once in ddH2O and then mounted with Fluoromount-G (Invitrogen). 

Images were acquired with an LSM800 confocal microscope (Carl Zeiss AG) and analysed as 

previously described (Findlay et al., 2018). In brief, we measured the mean fluorescence 

intensity (MFI) of H3K9me3 foci relative to the background signal of the nucleus. Each data 
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point represents a normalized signal on a per cell basis. Images were analysed using the open-

source Java ImageJ/Fiji program. Nuclei were first identified, by thresholding on DAPI 

fluorescence followed by analysing particles larger than 75 µm2. H3K9me3 foci were counted 

using the Find Maxima feature and Measure function. At least 100 cells were analysed per 

experiment. Tables 1 and 2 outline the reagents and antibodies that were employed, respectively. 

 

14. Micrococcal nuclease (MNase) assay  

The following protocol was obtained from Dr. Benjamin Lebeau in Dr. Michael Witcher's lab. 

MCF7 cells were washed twice with ice-cold PBS and collected by scraping. The cell 

suspensions were then centrifuged at 300 g at 4° C for 10 min to pellet the cells. After discarding 

the supernatant, the pellet was washed with 1 ml of ice-cold PBS and spun down again at 300 g 

at 4 °C for 10 min. The pellet was then resuspended in 1 ml of NP-40 lysis buffer (0.5% NP-40, 

10 mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCl2, 0.5 mM PMSF, and 1 mM DTT) and incubated 

for 5 min on ice. The nuclei were pelleted at 120 g at 4 °C for 10 min, and the supernatant was 

discarded. The nuclei were then resuspended in HeLa dialysis buffer (HDB) with CaCl2 (20 mM 

HEPES pH 7.5, 50 mM KCl, 10% glycerol, 1 mM CaCl2, 0.2 mM EDTA, 0.5 mM PMSF, and 1 

mM DTT), and 10 µl of input was collected. Next, 10 U of MNase was added to 100 µl of 

resuspended nuclei, and the mixture was incubated for 2, 5, 15, and 60 min. After each time 

point, 10 µl of sample was taken in a new tube containing 1 µl of 0.1 M EDTA to stop the 

MNase activity. To the mixture, 89 µl of HDB with EDTA (20 mM HEPES pH 7.5, 50 mM KCl, 

10% glycerol, 0.01 M EDTA, 0.5 mM PMSF, and 1 mM DTT) was added to bring the volume 

up to 100 µl. Then, 90 µl of WSN buffer (30 µl of water, 20 µl of 10% SDS, and 40 µl of 5 M 

NaCl) and 5 µl of 20 µg/µl RNase were added, and the mixture was incubated at 37 °C for 20 
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min. After incubation, 5 µl of 20 µg/µl Proteinase K was added, and the mixture was incubated 

at 65 °C for 1 h. To extract DNA, PB buffer was added to the mixture and transferred to a 

column (#SD5005, BioBasic). After centrifugation at 13,000 rpm for 1 min, the flowthrough was 

discarded, and PE buffer was added. After centrifugation at 13,000 rpm for 1 min, the column 

was moved to a clean tube. The DNA was eluted with 30 µl of nuclease-free water by 

centrifuging at 13,000 rpm for 1 min. Finally, the eluted DNA was analyzed on a 1% agarose gel 

with RedSafe and detected using the Azure 600 instrument (Azure Biosystems). Table 1 outlines 

the reagents that were used. 

 

15. Immunoprecipitation 

The cells were grown in a 15cm cell culture dish and washed twice with ice-cold PBS before 

being scraped. The cells were then lysed using lysis buffer containing 50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 0.5% NP-40, 2 mM EDTA, 0.5 mM DTT, 1 mM PMSF and 1x EDTA-free 

cOmplete protease inhibitor cocktail (Roche Applied Science). The protein concentration was 

determined via BCA assay, and 1 mg of protein was diluted in lysis buffer. Protein G agarose 

beads were washed with lysis buffer. To pre-clear the lysates, they were incubated with protein 

G agarose beads, followed by centrifugation to pellet the beads. Immunoprecipitation was 

performed using anti-EZH2 rabbit polyclonal antibody or rabbit IgG as a control, according to 

the manufacturer's protocol, with 1-h incubation. The washed beads were then added to the tube 

and incubated for 1 h with rotation. The mixture was washed three times with the buffer, and the 

beads were resuspended in 2X SDS loading buffer. Total cell lysates and immunoprecipitates 

were separated by SDS-PAGE and analyzed by Western blotting. Tables 1 and 2 outline the 

reagents and antibodies that were employed, respectively. 
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Table 1. The list of reagents 

Name Cat. Company 

16% Formaldehyde Solution 28908 Thermofisher 

4-hydroxytamoxifen  H7904 MilliporeSigma 

Accutase A6964 MilliporeSigma 

alpha-ketoglutarate (a-KG) 75890 MilliporeSigma 

bFGF, ACF 78134.1 StemCell Technologies 

cOmplete protease inhibitor 04693116001 Roche 

cOmplete, EDTA-free 11873580001 Roche 

DAPI D9542 MilliporeSigma 

Dimethyl ketoglutarate (DMKG) 349631-5G MilliporeSigma 

DMEM 319-005-CL Wisent 

DMSO 67-68-5 BioBasic 

Fluoromount-G™ Mounting Medium 0-4958-02 Invitrogen 

Gentamycin sulfate 450-135-XL Wisent 

GSK126 HY-13470 MedChemExpress 

GSKJ4 SML0701 MilliporeSigma 

Heparin 0.2% 07980 StemCell Technologies 

Ink128 S2811 Selleckchem 

L-Glutamine 609-065-EL Wisent 

Laminin 100X (EHS murine sarcoma) L2020 MilliporeSigma 

Neurocult NS-A Basal Medium kit 

(human) 

05751 StemCell Technologies 
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Paraformaldehyde P6148 Thermofisher 

PB buffer  19066 Qiagen 

PBS 311-425-CL Wisent 

PE buffer 19065 Qiagen 

PhosphoSTOP 04906837001 Roche 

Poly-L-ornithine 0.01% P4957 MilliporeSigma 

Polybrene 107689 MilliporeSigma 

Protein G Plus-Agarose Suspension IP04-1.5ML MilliporeSigma 

Proteinase K 39450-01-6 Sigma 

Rapamycin 1292 Tocris Bioscience 

RedSafe  21141 FroggaBio 

rhEGF 78006 StemCell Technologies 

RPMI1640 350-000-CL Wisent 

Trizol 15596018 Ambion 

UNC0642 HY-13980 MedChemExpress 

UNC1999 HY-15646 MedChemExpress 
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Table 2. The list of antibodies 

Antibody Cat. Company 

4E-BP1 9644 Cell Signaling Technologies 

AKT 4691 Cell Signaling Technologies 

Amersham ECL Mouse IgG, HRP-

linked whole Ab (from sheep) 

NA931 Cytiva 

Anti-IgG Donkey Polyclonal 

Antibody (HRP (Horseradish 

Peroxidase)) 

95017-556L Cytiva 

Anti-Rat Goat Alexa Fluor 488 A-11070 ThermoFisher Scientific 

b-actin  A1978 MilliporeSigma 

EED ab4469 Abcam 

EZH1 42088 Cell Signaling Technologies 

EZH2 5246 Cell Signaling Technologies 

G9a (EHMT2) 3306 Cell Signaling Technologies 

GLP (EHMT1) 35005 Cell Signaling Technologies 

H2A ab18255 Abcam 

H2AK119Ub 8240 Cell Signaling Technologies 

H3  ab1791 Abcam 

H3K27me2 9728 Cell Signaling Technologies 

H3K27me3 9733 Cell Signaling Technologies 

H3K4me3 07-473 MilliporeSigma 

H3K9me2 4658 Cell Signaling Technologies 



 80 

H3K9me3  39161 Active Motif 

KDM6A 33510 Cell Signaling Technologies 

KDM6B PA5-72751 ThermoFisher Scientific 

Normal Rabbit IgG 10500C Cell Signaling Technologies  

p-4E-BP1 (S65) 9456 Cell Signaling Technologies 

p-AKT (S473) 4060 Cell Signaling Technologies 

p-rpS6 (S240/244)  2215 Cell Signaling Technologies 

Raptor 09-217 MilliporeSigma 

RBBP4 9067 Cell Signaling Technologies 

Rictor 2114 Cell Signaling Technologies 

rpS6  sc-74459 Santa Cruz Biotechnologies 

Spike-in Antibody 61686 Active Motif 

Spike-in Chromatin 53083 Active Motif 

SUZ12 3737 Cell Signaling Technologies 

TSC2 4308 Cell Signaling Technologies 

α-tubulin T5168 MilliporeSigma 
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CHAPTER 3. Results 

 

1. Investigating the impact of mTORC1 hyperactivation on histone methylation using 

TSC2-null MEFs, which possess constitutively active mTORC1. 

 

1.1. Selective induction of H3K27me3 is observed upon constitutive mTORC1 activation. 

In our investigation into the role of mTOR activation on histone methylation, we utilized TSC2-

null MEFs as a model for constitutive activation of mTORC1 signaling (Hongbing Zhang et al., 

2003). TSC2 is known to possess GAP activity towards RHEB, a small GTPase from the Ras 

family, and TSC2 acts as an antagonist of the mTOR signaling pathway by facilitating GTP 

hydrolysis of RHEB (Inoki et al., 2002). As expected, we observed increased mTORC1 activity 

in TSC2-null cells, as indicated by elevated levels of phosphorylated rpS6 (S240/244) and 4E-

BP1 (S65), as compared to wile-type (WT) cells (Fig 2.1A). To investigate the effect of TSC2 on 

histone methylation, we compared the commonly studied histone methylation marks, namely 

H3K4me3, H3K9me3, and H3K27me3 between TSC2 WT and KO cells. Our results showed 

that TSC2-null cells exhibited a specific increase in H3K27me3, a type of histone methylation 

known to be linked to gene suppression, as compared to WT cells. In contrast, the levels of other 

histone methylation marks such as H3K4me3 and H3K9me3 were largely unaffected by the 

TSC2 status in the cell. (Fig 2.1A) 
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Fig 2.1. Constitutively active mTORC1 via TSC2 KO induces H3K27me3 selectively 

A. Levels of the indicated proteins in TSC2 WT and KO MEFs were determined by Western 

blotting. β-actin served as a loading control.   



 83 

1.2. Constitutive mTORC1 activation elevates H3K27me3 through the 4E-BP1/EZH2 axis. 

Given that mTORC1 is known to promote EZH2 protein synthesis (Smith et al., 2019), we 

investigated the EZH2 protein level and found that TSC2-null cells exhibited the higher level of 

EZH2 than WT cells (Fig 2.2A). To examine whether the increase in EZH2 was mediated by the 

mTORC1/4E-BP1 axis as reported (Smith et al., 2019), we used breast cancer cells from 

MMTV-PyMT/Eif4ebp1/2-null mice. We introduced into these cells either of two types of 

genetic constructs, viz. empty vector (EV) or human 4E-BP1, thereby gauging the impact of 4E-

BP1 on EZH2 and H3K27me3. Our results showed that cells rescued by 4E-BP1 displayed 

reduced levels of H3K27me3 compared to cells lacking 4E-BP1/2 (Fig 2.2B). This change in 

H3K27me3 was accompanied by corresponding changes in EZH2 expression. (Fig 2.2B). In 

conclusion, these results confirm that mTORC1 increases EZH2 protein synthesis by 

phosphorylating and inactivating 4E-BPs. 

To further determine whether EZH2 is the primary regulator of H3K27me3 induction resulting 

from mTORC1 hyperactivation, we employed shRNAs to specifically suppress Ezh2 expression 

in both TSC2 WT and KO cells. Our findings demonstrated that Ezh2 knockdown successfully 

reduced EZH2 levels in both TSC2 WT and KO cells, which was associated with a decrease in 

H3K27me3 levels (Fig 2.2C). Additionally, we observed that the elevation of H3K27me3 

displayed in TSC2 KO cells was abolished upon knockdown of Ezh2 (Fig 2.2C). We also 

conducted experiments to examine the impact of pharmacological inhibition of EZH2 using 

GSK126, an EZH2 inhibitor, on H3K27me3 levels. Our results showed that treating the cells 

with GSK126 led to a reduction in H3K27me3 levels in a dose-dependent manner (Fig 2.2D). 

Importantly, when TSC2-null cells were treated with concentrations of GSK126 higher than 2 

uM, they did not display higher levels of H3K27me3 compared to WT cells (Fig 2.2D), which 
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suggests that EZH2 is the main regulator of H3K27me3 induction resulting from mTORC1 

hyperactivation.  
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Fig 2.2. Constitutive mTORC1 activation elevates H3K27me3 through the 4E-BP1/EZH2 

axis 

(A) Levels of the indicated proteins in TSC2 WT and KO MEFs were determined by Western 

blotting. β-actin served as a loading control. (B) Levels of the indicated proteins in Eif4ebp1/2 

DKO cells infected with EV and human 4E-BP1 were assessed by Western blotting. β-actin 

served as a loading control. (C) Levels of the indicated proteins in TSC2 WT and KO MEFs 
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infected with a scrambled (shSCR) or Ezh2-specific shRNA (shEzh2) were determined by 

Western blotting. β-actin served as a loading control. (D) Levels of the indicated proteins in 

TSC2 WT and KO MEFs treated with the EZH2 inhibitor (GSK126) in different doses for 48 h 

were determined by Western blotting. β-actin served as a loading control. 
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2. mTOR inhibition induces hypermethylation of H3K27 

 

2.1. mTOR inhibition induces an increase in H3K27me3 levels independent of TSC2  

Since mutations in upstream regulators such as PI3KCA, PTEN, and TSC2 often result in high 

mTOR activity in cancer, the mTOR pathway is being explored as a possible target for anti-

tumour therapy (Ho et al., 2017; Li et al., 1997; Liu et al., 2009; Mehta et al., 2011; Samuels & 

Waldman, 2010). Therefore, our study aimed to investigate the effects of mTOR inhibitors in 

TSC2 WT and KO MEFs on histone methylation. Following overnight serum starvation, we 

treated cells with Ink128, a commonly used asTORi, in the presence of 10% FBS for durations of 

4, 24 and 48 h. Our findings confirmed higher mTORC1 activity in TSC2-null cells and 

demonstrated a decrease in mTOR activity, as indicated by reduced levels of p-rpS6 and p-4E-

BP1 at all time points (Fig 2.3A) following Ink128 treatment. H3K27me3 levels were unaffected 

by acute mTOR inhibition (4 h), but increased with prolonged mTOR inhibition (24h and 48 h) 

in both TSC2 WT and KO cells (Fig 2.3A). Importantly, the elevation of H3K27me3 levels 

occurred independently of TSC2 status in the cell (Fig 2.3A). Furthermore, we examined the 

expression of EZH2, which was initially higher in TSC2-null cells compared to WT cells but 

decreased after 24 h of Ink128 treatment (Fig 2.3A), which is likely due to regulation through the 

mTORC1/4E-BP1 axis. These findings suggest that the mechanism by which mTOR inhibition 

influences H3K27me3 may be distinct from mTORC1 activation. Consequently, we conducted 

further investigations to explore the impact of mTOR inhibition on histone methylation. 

To examine the impact of mTOR inhibition on histone methylation, we utilized three methods of 

mTOR inhibition in cancer cells (MCF7-breast cancer and HCT116-colorectal cancer) 

harbouring PI3K mutations. These methods included the use of an allosteric mTOR inhibitor 
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(rapamycin), an asTORi (Ink128), or serum starvation, which restricts growth factors and leads 

to mTOR inhibition (Pirkmajer & Chibalin, 2011). As previously described, cells were treated 

with mTOR inhibitors or serum starvation with 10 % FBS after overnight serum starvation. The 

efficient inhibition of mTOR was presented by decreased phosphorylation of rpS6 and/or 4E-

BP1 at both 24 h and 48 h time points in both cell lines (Fig 2.3B-C). In addition, our results 

validated the hypotheses that rapamycin treatment indeed induces AKT signaling through 

phosphorylation at the S473 site of AKT (Wan et al., 2007) and that inhibition of 4E-BP1 

phosphorylation by rapamycin is not as effective as Ink128, as previously reported (Choo et al., 

2008) (Fig 2.3B-C). Upon assessing the efficacy of mTOR signaling inhibition, we subsequently 

examined the impact on histone methylation marks. Our findings revealed that mTOR inhibition 

resulted in increased levels of H3K9me3 and H3K27me3, two repressive histone methylation 

marks, while H3K4me3 remained unchanged in MCF7 (Fig 2.3B). Unlike MCF7, mTOR 

inhibition resulted in a slight induction of H3K27me3 in HCT116 cells, but its impact on histone 

methylation was subtle (Fig 2.3C). Therefore, we chose MCF7 as our primary cell model for 

further research because we can observe a similar effect of mTOR inhibition on H3K27me3 as in 

MEFs. 
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Fig 2.3. mTOR inhibition elevates H3K9me3 and H3K27me3, but not H3K4me3 

(A) TSC2 WT and KO MEFs were serum-starved overnight and then stimulated with 10% FBS 

in the presence of Ink128 (100 nM) for the indicated periods. Levels of the indicated proteins 
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were monitored by Western blotting. The intensity of EZH2 and H3K27me3 was quantified by 

ImageJ and normalized to the intensity of β-actin and H3, respectively. (B-C) MCF7 (B) and 

HCT116 (C) cells were serum-starved overnight and then stimulated with 10% FBS in the 

presence of Ink128 (100 nM) or rapamycin (50 nM) for the indicated periods. Serum starvation 

was employed as a method to inhibit mTOR. Levels of the indicated proteins were monitored by 

Western blotting. The relative intensity of histone methylation marks was quantified by ImageJ 

and normalized to the intensity of H3. 
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2.2. mTOR inhibition is not paralleled by significant alterations in H3K9me3 levels. 

H3K9me3 is considered to be a marker for heterochromatin that recruits other epigenetic 

modifications to maintain closed chromatin structure (Becker et al., 2016), thus rendering this 

histone modification important for assessing the role of mTOR in chromatin compaction. To 

confirm whether mTOR inhibition regulates chromatin formation, we utilized the MNase assay, a 

commonly used technique for studying nucleosome occupancy and assessing chromatin 

accessibility (Tsompana & Buck, 2014) to determine the formation of mono/di-nucleosomes in 

response to mTOR inhibition. These experiments showed that there was no significant change in 

mono/di-nucleosome formation following mTOR inhibition, indicating that mTOR inhibition 

does not alter chromatin accessibility in our model (Fig 2.4A). Given the absence of any 

discernible changes in chromatin compaction subsequent to mTOR inhibition, we proceeded to 

examine the impact of mTOR inhibition on H3K9me3 using alternative approaches, including 

immunofluorescence (IF) and ChIP-seq. Considering that H3K9me3 is typically situated at the 

nuclear periphery, albeit with a few focal points in the centre of the nucleus (Ugarte et al., 2015) 

(Fig 2.4B), we employed IF to quantify the number of H3K9me3 foci and measure the mean 

fluorescence intensity (MFI). We observed that Ink128 treatment did not affect the number of 

H3K9me3 foci, whereas serum starvation and rapamycin treatment led to a slight decrease in the 

foci number (Fig 2.4C). Furthermore, the MFI of H3K9me3 normalized to DAPI intensity was 

lower in mTOR-inhibited cells compared to the control cells (Fig 2.4D). Additionally, we 

conducted ChIP-seq to examine the enrichment of H3K9me3 in response to mTOR inhibition, 

and generated a profile plot of H3K9me3 in each treatment. Our analysis showed that mTOR 

inhibition did not lead to a substantial change in H3K9me3 levels (Fig 2.4E). Overall, in our 

model, the inhibition of mTOR did not exhibit a significant effect on chromatin accessibility, and 
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the changes in H3K9me3 following mTOR inhibition were observed differently with various 

detection methods. This suggests that a more suitable detection method should be employed to 

draw conclusions regarding the effect of mTOR inhibition on H3K9me3. 
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Fig 2.4. No discernible change in chromatin accessibility or H3K9me3 levels following 

mTOR inhibition 

(A) MCF7 cells were exposed to mTOR inhibitors or subjected to serum starvation for either 24 

or 48 h. Following treatment, the nuclei were digested with MNase for the specified time 

intervals, and the genomic DNA was extracted and resolved on a 1.2% agarose gel. (B) 

Representative confocal images of IF staining for H3K9me3 (green) and for DAPI (blue) in 

MCF7 cells following mTOR inhibition for 48 h. Cells were treated, fixed, stained, and imaged 

via confocal microscopy. (C-D) Quantification of H3K9me3 foci (C) and the mean fluorescence 

intensity (MFI) (D). Bars represent mean ± SD. *P< 0.05, ****P< 0.0001, one-way ANOVA 

with Dunnett’s post-test compared to Stimul. (veh). (E) The normalized average read peak 

density profiles (+/− 1.5kb) for H3K9me3 in MCF7.  
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2.3. ChIP-seq analysis confirmed the induction of H3K27me3, which was found to involve 

both mTORC1 and mTORC2. 

Since upon mTOR inhibition we observed consistent alterations in H3K27me3, but not 

H3K4me3 or H3K9me3, we shifted our focus to H3K27me3. We firstly confirmed the impact of 

mTOR inhibition on H3K27me3 enrichment by performing ChIP-seq. According to the profile 

plot of H3K27me3, mTOR inhibition led to a greater enrichment of H3K27me3 compared to the 

control group (Fig 2.5A-B), which is in line with our previous findings (Fig 2.3B-C). In parallel 

with ChIP-seq, RNA-seq was conducted to assess the impact of H3K27me3 alteration on the 

transcriptome. Given that H3K27me3 is a repressive mark, we observed a negative correlation 

between the two datasets; however, the correlation was found to be very weak (Fig 2.5C-D). This 

may indicate that the effect of H3K27 hypermethylation following mTOR inhibition on gene 

expression is subtle. 

In order to gain a deeper understanding of the involvement of mTORC1 and mTORC2 in the 

regulation of H3K27me3, we utilized inducible knockout MEFs deficient in either the mTORC1-

specific component Raptor (iRapKO) or the mTORC2-specific component Rictor (iRicKO) 

obtained from Dr. Morita (Cybulski et al., 2012). Generating stable knockdown cells of Raptor or 

Rictor is challenging due to each specific component’s essential role in cell proliferation (Saxton 

& Sabatini, 2017). Complete knockdown of Raptor or Rictor results in slow cell proliferation, 

and prolonged culture can lead to the emergence of inefficiently “knocked down” cells (Fish & 

Kruithof, 2004). To overcome this, we utilized an inducible knockout system to investigate the 

effect of Raptor and Rictor. 

To induce Raptor or Rictor knockout, cells were treated with 4-Hydroxytamoxifen (4-OHT) for 

at least three days, and then serum-starved for 6 hours and stimulated by FBS for 30 min to 
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confirm mTOR signaling. While we were not able to achieve complete knockout of Raptor or 

Rictor, we did observe a reduction in Raptor, p-rpS6, and p-4E-BP1 in Raptor knockdown cells 

(Fig 2.5E) and a decrease in Rictor and p-AKT S473 levels in Rictor knockdown cells, 

confirming successful knockdown (Fig 2.5F). We also found that both iRapKO and iRicKO cells 

showed increased levels of H3K27me3 compared to control cells (Fig 2.5E-F). This suggests that 

ablation of both mTORC1 and mTORC2 leads to an elevation of H3K27me3. Collectively, the 

induction of global H3K27me3 levels upon mTOR inhibition was confirmed through ChIP-seq 

analysis, and both mTORC1 and mTORC2 are involved in H3K27me3 alteration. 
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Fig 2.5. ChIP-seq analysis confirms the increase of global H3K27me3 enrichment following 

mTOR inhibition, shown to be mediated by both mTORC1 and mTORC2  

(A-B) The normalized average read peak density profiles for H3K27me3 with SEM (A) and 

heatmap plots of ChIP-seq signal intensity for H3K27me3 (B) in MCF7 treated as indicated. (C-

D) Correlation between ChIP-seq and RNA-seq data across all regions (C) and specifically in the 

promoter region (D). (E-F) Levels of the indicated proteins in iRapKO (E) and iRicKO MEFs (F) 

were determined by Western blotting. b-actin was used as a loading control. 
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3. The alteration in H3K27me3 is mediated by H3K27me3 demethylases or PRC2. 

 

3.1. The induction of H3K27me3 upon mTOR inhibition cannot be attributed to changes in 

the cell cycle. 

In light of the facts that new histone modifications are incorporated into chromatin during cell 

division (Ma et al., 2015) and that mTOR inhibition results in G1/S arrest (Dowling et al., 2010), 

we conducted an investigation to determine whether the observed increase in H3K27me3 upon 

mTOR inhibition may be mediated by cell cycle progression. To examine this, we treated cells 

with either mTORi or serum starvation, and used DAPI staining to detect DNA content, as well 

as an antibody probe for H3K27me3. Using flow cytometry, we observed that both serum 

starvation and mTORi treatment induced G1/S arrest as reported (Fig 2.6A) (Dowling et al., 

2010). Additionally, we observed increased levels of H3K27me3 following mTOR inhibition 

(Fig 2.6B), which is consistent with our previous findings. We then evaluated the intensity of 

H3K27me3 in each phase of the cell cycle and discovered that H3K27me3 did not significantly 

change between the different cell cycle phases (Fig 2.6C). This indicates that the changes 

observed in H3K27me3 are not caused by the effects of mTOR inhibition on the cell cycle. 
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Fig 2.6. The alteration of H3K27me3 is not mediated by the cell cycle changes following 

mTOR inhibition. 

(A) Flow cytometric cell cycle profile of MCF7 cells upon mTOR inhibition for 48 hours. (B) 

The overall mean fluorescent intensity of H3K27me3 was detected by flow cytometry. ns: no 

significancy, *P< 0.05, one-way ANOVA with Dunnett’s post-test compared to Stimul. (DMSO). 

(C) The mean fluorescent intensity of H3K27me3 in each cell phase. Bars represent mean ± SD. 
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3.2. The hypermethylation of H3K27 in response to mTOR inhibition is solely attributed to 

the involvement of H3K27 demethylases or PRC2. 

 

H3K27 methylation can be regulated by writers and erasers. KDM6A and KDM6B are primary 

demethylases of H3K27me3 (Swigut & Wysocka, 2007), while EZH2 is the catalytic subunit of 

PRC2 that mediates H3K27me3 deposition (Guo et al., 2021). Prior to a detailed investigation, 

we aimed to determine if these two mechanisms are exclusively responsible for H3K27 

hypermethylation following mTOR inhibition. To validate this hypothesis, we employed 

GSK126 as an EZH2 inhibitor and GSKJ4 as a KDM6A/B inhibitor. As depicted in Figure 2.7, 

we observed a significant decrease in H3K27me3 levels upon treatment with GSK126 and an 

increase in H3K27me3 levels upon treatment with GSKJ4 in cells treated with the vehicle 

(DMSO). Interestingly, even in the presence of mTOR inhibitors, GSKJ4 treatment resulted in a 

slight induction of H3K27me3 (Fig 2.7). Furthermore, GSK126 effectively countered the impact 

of mTOR inhibition on H3K27me3 by reducing its levels (Fig 2.7). Upon simultaneous 

inhibition of both demethylases and EZH2, we did not observe notable alterations in H3K27me3 

levels following mTOR inhibition (Fig 2.7). These findings suggest that PRC2 or demethylases 

exclusively contribute to H3K27 hypermethylation in response to mTOR inhibition. 
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Fig 2.7. The increase in H3K27me3 following mTOR inhibition is exclusively caused by the 

involvement of PRC2 or demethylases 

MCF7 cells were treated with GSKJ4, GSK126, or both, in the presence of mTOR inhibitors for 

48 h. Phosphorylation and expression levels of indicated proteins were monitored by Western 

blotting. b-actin served as a loading control. 
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4. The H3K27 hypermethylation upon mTOR inhibition occurs independently of 

demethylation processes. 

 

4.1. Changes in the levels and localization of KDM6A and KDM6B cannot explain mTORi-

induced changes in H3K27me3.  

As previously stated, upon mTOR inhibition, the induction of H3K27me3 can be achieved 

exclusively through the involvement of demethylases or PRC2. Initially, we assessed the 

expression levels and protein abundance of KDM6A and KDM6B. The expression levels of both 

demethylases were elevated upon mTOR inhibition (Fig 2.8A). Furthermore, in comparison to 

the control, only the KDM6A protein level exhibited a slight increase with Ink128 treatment, 

while the protein level of KDM6B remained unaltered (Fig 2.8B). This suggests that the 

observed H3K27 hypermethylation following mTOR inhibition cannot be attributed to a change 

in KDM6A/6B protein levels. We then investigated the localization of KDM6A/B, since the 

activity of epigenetic modifiers is influenced by localization (Feinberg et al., 2016). Interestingly, 

we found that mTOR inhibition did not affect the localization of either KDM6A or KDM6B (Fig 

2.8C). Collectively, these findings imply that the changes in the levels/localization of KDM6A 

and KDM6B cannot account for the alterations in H3K27me3 induced by mTOR inhibitors. 
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Fig 2.8. The levels and nuclear localization of demethylases are not sufficient to explain the 

hypermethylation of H3K27 that occurs in response to mTOR inhibition 

(A) Expression levels of KDM6A and KDM6B in MCF7 following mTOR inhibitor treatment or 

serum starvation for 48 h. Stimulation (veh) is used as a control of treatment. Bars represent 

mean ± SD. (B) Levels of the indicated proteins in MCF7 upon mTOR inhibition were 

determined by Western blotting. The relative intensity of KDM6A and KDM6B was measured 

using ImageJ and normalized by the intensity of β-actin, which served as a loading control. (C) 

Immunoblot analysis of cytoplasmic and nuclear extracts from MCF7 cells treated with mTORi 

for 48 h. α-tubulin and H3 served as loading controls of cytoplasmic and nuclear proteins, 

respectively. 
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4.2. The alterations in a-KG levels are not responsible for the H3K27 hypermethylation 

caused by mTOR inhibition. 

As KDM6A and KDM6B are part of the JmjC domain-containing KDMs, which react with α-

ketoglutarate (α-KG) (Franci et al., 2014), we investigated the impact of metabolites on their 

activity by measuring the levels of metabolites. Since succinate, fumarate and 2HG are 

structurally related to α-KG, those metabolites are considered as inhibitors of α-KG-dependent 

dioxygenases, indicating their involvement in demethylation processes (Chowdhury et al., 2011; 

van der Knaap & Verrijzer, 2016; Xiao et al., 2012). By using GC-MS, we assessed their levels at 

steady state. As a result, the levels of succinate, fumarate, and 2-HG were reduced after mTOR 

inhibition (Fig 2.9A). These results suggest that the reduced level of these metabolites did not 

appear to explain the H3K27 hypermethylation following mTOR inhibition. Furthermore, our 

findings indicated a decrease in α-KG levels following mTOR inhibition (Fig 2.9A). Our 

observation led us to formulate a hypothesis that α-KG could be the underlying factor 

responsible for the elevation in H3K27me3 levels following treatment with mTORi, since α-KG 

is a known facilitator of demethylation (Chung et al., 2020). To test this hypothesis, we 

conducted α-KG rescue experiments, where cells were treated with 5 mM α-KG in the presence 

of mTORi. We confirmed a corresponding increase in intracellular α-KG (Fig 2.9B), but the 

addition of α-KG did not impact H3K27me3 changes compared to control (no α-KG addition) 

(Fig 2.9C). To improve bioavailability of α-KG, we conducted a rescue experiment using varying 

doses of dimethyl α-ketoglutarate (DMKG), a cell-permeable derivative of α-KG. However, our 

results showed that the addition of DMKG did not have any effect on H3K27me3 levels (Fig 

2.9D).  
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We considered the possibility that the lack of observed effects of α-KG on H3K27me3 could be 

attributed to the cells already possessing sufficient levels of α-KG before α-KG addition. To 

investigate this, cells were deprived of glutamine for 4 h and then treated with 5 mM DMKG or 

untreated for 48 h. Since normal media contains 4 mM glutamine, we also added 4 mM 

glutamine to confirm the effect of mTOR inhibition under normal conditions. Glutamine 

deprivation effectively reduced both glutamine and α-KG levels (Fig 2.9E-F). It is worth noting 

that when cells did not have enough glutamine, the mTOR inhibitors did not reduce α-KG levels 

as expected (Fig 2.9F). Consistent with previous findings, mTOR inhibition induced H3K27me3, 

as observed in lanes 1-3 in Fig 2.9G. Furthermore, glutamine deprivation elevated H3K27me3 

levels in vehicle-treated cells but not in mTOR-inhibited cells (Fig 2.9G). Despite observing a 

substantial increase in α-KG upon DMKG addition, DMKG addition had no effect on 

H3K27me3 levels in either control or mTOR-inhibited cells (Fig 2.9G). Taken together, our α-

KG/DMKG addition experiments led us to conclude that α-KG plays a role in the demethylation 

of H3K27me3. This conclusion is supported by our findings that glutamine deprivation reduces 

α-KG levels, which subsequently induces H3K27me3, consistent with previous reports (Pan et 

al., 2016). However, the addition of α-KG does not affect H3K27me3 levels, regardless of 

mTOR inhibition. Overall, our results suggest that the hypermethylation of H3K27 following 

mTOR inhibition is independent of the demethylation processes. 
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Fig 2.9. The H3K27 hypermethylation observed upon mTOR inhibition is not mediated by 

the cofactor of demethylases, α-KG 

(A) Quantification of levels at steady state of metabolites from MCF7 cells treated with mTOR 

inhibitors for 48 h. Metabolites were extracted, profiled by GC-MS, and normalized to cell 

numbers. Bars represent mean ± SD. ns: no significancy, *P< 0.05, **P<0.01, ****P< 0.0001, 

one-way ANOVA with Dunnett’s post-test compared to vehicle. (B) Quantification of levels at 

steady state of α-KG from MCF7 cells treated with 5 mM α-KG in the presence of mTORi for 48 

h in MCF7. Metabolites were extracted, profiled by GC-MS, and normalized to cell numbers. 

Bars represent mean ± SD. (C-D) Levels of the indicated proteins in MCF7 treated with 5 mM α-

KG (C) or indicated concentration of DMKG (D) in the presence of mTORi for 48 h were 

determined by Western blotting. b-actin served as a loading control. (E-F) Quantification of 

levels of glutamine (E) and α-KG (F) at steady state from MCF7 cells treated as indicated. 

Metabolites were extracted, profiled by GC-MS, and normalized to cell numbers. Bars represent 

mean ± SD. (G) Levels of the indicated proteins in MCF7 cells treated as described. b-actin 

served as a loading control. The band intensity was measured by ImageJ and normalized to + 

4mM Gln with veh condition.  
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5. The functional activity of PRC2 is crucial for H3K27 hypermethylation upon mTOR 

inhibition. 

 

5.1. EZH1 and EZH2 are involved in the mTORi-induced H3K27 hypermethylation but not 

via alterations in their levels. 

We conducted further research to determine whether PRC2, the enzyme responsible for adding 

methyl groups to H3K27, is responsible for the induction of H3K27 hypermethylation upon 

mTOR inhibition. We assessed the expression levels of EZH1 and EZH2, enzymes responsible 

for H3K27 methylation, upon mTOR inhibition. Our findings displayed that serum starvation 

and Ink128 treatment resulted in a decrease in EZH2 and an increase in EZH1 levels, when 

compared to control cells (Fig 2.10A). Of note, the effect of rapamycin on both EZH1 and EZH2 

was not as pronounced as the effect observed with Ink128 and serum starvation (Fig 2.10A).  

Furthermore, our results demonstrated corresponding changes in the protein levels of both EZH1 

and EZH2 compared to their expression levels (Fig 2.10B). This result is consistent with 

previous studies that suggest 4E-BP1 to be involved in the translational regulation of EZH2 

(Smith et al., 2019). As rapamycin has minimal effects on p-4E-BP1 (Choo et al., 2008), it does 

not significantly impact EZH2 protein levels (Fig 2.10B). It is reported that EZH1 may be 

upregulated to compensate for the reduction of EZH2 to maintain the PRC2 activity (Raphael 

Margueron et al., 2008; Shen et al., 2008). This implies that though mTOR inhibition reduces 

EZH2, the PRC2 activity can be maintained by increased EZH1. To confirm the significance of 

EZH1 and EZH2 in H3K27 hypermethylation under mTOR inhibition, we established HCT116 

cell lines with knockdowns of either EZH1 or EZH2. Our findings indicated that H3K27me3 

levels were reduced following knockdown of both EZH1 and EZH2 (Fig 2.10C-D). Furthermore, 
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when EZH1 or EZH2 was downregulated via shRNA, the induction of H3K27me3 by Ink128 

treatment was abolished (Fig 2.10C-D). This suggests that both EZH1 and EZH2 play roles in 

H3K27 hypermethylation in response to mTOR inhibition. A similar effect was observed when 

we treated cells with the EZH2 inhibitor (GSK126) or the EZH1/2 dual inhibitor (UNC1999). 

Both treatments were able to attenuate the increase in H3K27me3 levels induced by mTOR 

inhibition (Fig 2.10E). According to these findings, mTOR inhibition alters EZH1/2 that may be 

required to maintain PRC2 activity under mTOR inhibition.  
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Fig 2.10. EZH1 and EZH2 mediate H3K27me3 induction upon mTOR inhibition, but their 

levels do not fully explain this effect 
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(A) Expression levels of EZH1 and EZH2 in MCF7 cells following mTOR inhibitors’ treatment 

or serum starvation for 48 h. Stimulation (veh) was used as a treatment control. (B) Levels of the 

indicated proteins in MCF7 upon mTOR inhibition were determined by Western blotting. b-actin 

served as a loading control. (C) Levels of the indicated proteins in HCT116 infected with a 

scrambled (shSCR) or EZH1-specific shRNA (shEZH1) with vehicle or Ink128 (100 nM) were 

determined by Western blotting. β-actin served as a loading control. (D) Levels of the indicated 

proteins in HCT116 infected with a scrambled (shSCR) or EZH2-specific shRNA (shEZH2) with 

vehicle or Ink128 (100 nM) were determined by Western blotting. β-actin served as a loading 

control. (E) Levels of the indicated proteins in MCF7 with indicated concentrations of GSK126 

or UNC1999 in the presence of mTORi were determined by Western blotting. b-actin served as a 

loading control. 
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5.2. EZH2 activity is not regulated by substrate levels, binding to other PRC2 partners, or 

nuclear localization upon mTOR inhibition. 

It is possible that mTOR inhibition affects the activity of PRC2 instead of altering the EZH1/2 

protein levels. To further investigate this, we examined the steady state levels of SAM and SAH, 

which are critical substrates for methyltransferases and essential for their enzyme activity (Dillon 

et al., 2005). Our findings indicate that mTOR inhibition did not significantly affect the levels of 

either SAM or SAH (Fig 2.11A-B), nor did it alter the SAM/SAH ratio (Fig 2.11C). This 

suggests that the activity of H3K27me3 writers is not regulated by the availability of methyl 

donors in the case of mTOR inhibition. 

Multiple research studies have proposed that EZH2 phosphorylation influences the stability, 

activity, localization, and binding partners of PRC2 components (Li et al., 2020; Yang & Li, 

2020). Given that we have established that the protein level of EZH2 cannot account for the 

induction of H3K27me3 following mTOR inhibition, we proceeded to investigate whether 

inhibiting mTOR promotes the assembly of PRC2 with other components. Our findings revealed 

that treatment with Ink128 reduced the binding of core PRC2 components EED and SUZ12, but 

this change was likely due to a reduction in the corresponding protein levels after Ink128 

treatment, rather than directly affecting PRC2 assembly (Fig 2.11D). Though Ink128 treatment 

reduced binding between EZH2 and RBBP4, another core component of PRC2, without reducing 

RBBP4 level (Fig 2.11D), this is largely inconsistent with the induction of H3K27me3 upon 

mTOR inhibition. Therefore, it is unlikely that mTOR inhibition regulates PRC2 assembly to 

induce H3K27me3. 

We also examined the localization of EZH2, as it is crucial for its function as a methyltransferase 

(Thakar et al., 2021). Our findings indicated that Ink128 treatment resulted in a decrease in the 
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nuclear fraction of EZH2, while there was no significant change following rapamycin treatment 

(Fig 2.11E). However, this decrease was also accompanied by a reduction in the total level of 

EZH2, which is consistent with our earlier observations as shown in Fig 2.10B. These findings 

suggest that the increase in H3K27me3 levels observed upon mTOR inhibition is unlikely to be 

caused by changes in either PRC2 assembly or EZH2 localization. Hence, it is necessary to 

conduct additional research to understand PRC2 activity through alternative mechanisms. 

  



 114 

 

Fig 2.11. mTOR inhibition does not appear to have a direct regulatory effect on EZH2 

activity through mechanisms involving SAM, PRC2 assembly, or EZH2 localization 

(A-B) Quantification of SAM and SAH levels at steady state from MCF7 cells treated with 

mTOR inhibitors for 48 h. Metabolites were extracted, profiled by LC-MS, and normalized to 

cell numbers. ns: no significancy. Bars represent mean ± SD (C) The SAM/SAH ratio was 

calculated from Fig 2.11A-B. Bars represent mean ± SD (D) Immunoblot analysis of whole cell 

lysates and anti-EZH2 immunoprecipitates derived from MCF7 cells treated with 100 nM Ink128 
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for 24 h after overnight serum-starvation. b-actin served as a loading control. (E) Immunoblot 

analysis of cytoplasmic and nuclear extracts from MCF7 cells treated with mTORi for 48 h. α-

tubulin and H3 served as loading controls of cytoplasmic and nuclear proteins, respectively.  
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5.3. GLP and G9a are not mediators of the induction of H3K27me3 levels resulting from 

mTOR inhibition. 

Given that the H3K9 methyltransferases GLP (also known as euchromatic histone-lysine N-

methyltransferase 1; EHMT1) and G9a (also known as euchromatic histone-lysine N-

methyltransferase 2; EHMT2) are involved in PRC2-mediated H3K27me2 and H3K27me3 

(Meng et al., 2020; Mozzetta et al., 2014), we examined the level of GLP and G9a by Western 

blotting. Contrary to previous reports averring that mTOR inhibition induces G9a (A. Mushtaq et 

al., 2023), our findings indicated that the inhibition of mTOR did not lead to a conspicuous 

change in the level of G9a, despite reducing GLP levels (Fig 2.12A). To determine whether 

GLP/G9a activity plays a role in H3K27 hypermethylation upon mTOR inhibition, cells were 

treated with UNC0642, a GLP/G9a inhibitor, in the presence of mTORi or a vehicle (DMSO). 

We confirmed the efficacy of UN0642 by measuring H3K9me2 levels (Fig 2.12B) as GLP/G9a 

methylate H3K9me2, not H3K9me3. Our findings show that H3K27me2 and H3K27me3 levels 

were induced upon mTOR inhibition, whereas inhibition of GLP/G9a activity had no impact on 

either H3K27me2 or H3K27me3 levels (Fig 2.12B), suggesting that GLP/G9a are not involved 

in mTOR inhibition-induced H3K27me3 alterations. 
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Fig 2.12. The induction of H3K27me3 caused by mTOR inhibition is not mediated by either 

GLP or G9a 

(A) Levels of the indicated proteins in MCF7 upon mTOR inhibition were determined by 

Western blotting. b-actin served as a loading control. (B) Levels of the indicated proteins in 

MCF7 treated with indicated concentrations of UNC0642 in the presence of mTORi or a vehicle 

(DMSO) for 48 h were determined by Western blotting. b-actin served as a loading control.   
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6. The effect of mTOR inhibition on cell proliferation is partially mediated by induction of 

H3K27me3. 

 
6.1. Inhibition of mTOR or H3K27me3 modulation reduces cell proliferation. 

In order to investigate the consequences of H3K27me3 induction resulting from mTOR 

inhibition, we first examined the effect of mTOR inhibition on cell proliferation. Consistent with 

previous reports (Dowling et al., 2010), we found that mTOR inhibitors reduced cell 

proliferation in MCF7 and HCT116 cell lines, with Ink128 exhibiting a stronger effect than 

rapamycin (Fig 2.13A-B).  

We further investigated the impact of H3K27me3 alteration on cell proliferation. Firstly, we 

treated MCF7 cells with GSK126 to reduce H3K27me3 levels and observed a dose-dependent 

decrease in cell proliferation (Fig 2.13C). Secondly, we compared shEZH2 cells to control cells 

to examine the effect of EZH2 knockdown on cell growth and proliferation, and found that 

EZH2 knockdown impaired cell proliferation and growth (Fig 2.13D-E). Furthermore, we 

induced H3K27me3 by treating cells with GSKJ4 and found that cells treated with 5 uM GSKJ4 

displayed reduced cell proliferation (Fig 2.13F). Reduced cell proliferation was observed upon 

both H3K27me3 reduction and induction, emphasizing the significance of comprehending the 

role of H3K27me3 in a context-dependent manner. Overall, our findings confirm previous body 

of research demonstrating that blocking mTOR or modulating H3K27me3 levels result in 

decreased cell proliferation. 

 

  



 119 

 

Fig 2.13. Cell proliferation decreases upon mTOR inhibition or H3K27me3 modulation 

(A-B) Growth curves of the indicated cancer cell lines treated with vehicle (DMSO), 100 nM 

Ink128 or 50 nM rapamycin. Bars represent mean ± SD. (C) Cell counting from MCF7 cells 

treated with indicated concentrations of GSK126 for 72 h. Bars represent mean ± SD. **P<0.01, 

****P< 0.0001, one-way ANOVA with Dunnett’s post-test. (D) Cell counting from HCT116 

cells infected with lentiviruses expressing shScramble (control) or shEZH2 for 72 h. Bars 

represent mean ± SD. ****P< 0.0001, one-way ANOVA with Dunnett’s post-test. (E) Growth 

curves of HCT116 cells infected with lentiviruses expressing shScramble (control) or shEZH2. 

Points represent mean ± SD. (F) Cell counting from MCF7 cells treated with indicated 

concentrations of GSKJ4 for 72 h. Bars represent mean ± SD. ****P< 0.0001, one-way ANOVA 

with Dunnett’s post-test. 
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6.2. Cells with low H3K27me3 levels are less susceptible to the mTOR inhibitor. 

To investigate the effect of H3K27me3 induction on mTOR inhibition-mediated cell 

proliferation, we utilized a H3K27M model in which H3K27me3 cannot be induced due to a 

lysine-27-to-methionine substitution. We obtained the DIPG13 cell line which contains the 

heterozygous H3K27M mutation (Krug et al., 2019) and DIPG13 H3K27M-KO cells, where the 

K27M mutant allele was removed using the CRISPR/Cas9 system (Ashot S. Harutyunyan et al., 

2019). This allowed us to investigate the role of this mutation in a controlled and tumour-

relevant setting. First, we confirmed that DIPG13 H3K27M cells are deficient in H3K27me3. 

This was evidenced by the lack of detectable H3K27me3 signal in control H3K27M cells as 

compared to H3K27M-KO cells (Fig 2.14A). In line with observations in MCF7 and HCT116 

cells, our findings showed that Ink128 treatment induced H3K27me3 in DIPG13 H3K27M-KO 

cells, while the H3K27me3 signal was still not detectable in H3K27M cells (Fig 2.14A).  

To investigate the involvement of H3K27me3 in mTORi-mediated cell proliferation, we next 

compared the susceptibility of H3K27M and H3K27M-KO cells to Ink128. Importantly, the 

effects of Ink128 were attenuated in H3K27M cells as compared to H3K27M-KO cells (Fig 

2.14B). This suggests that H3K27me3 induction may contribute to the anti-proliferative effects 

of mTORi. 

We further investigated the impact of reducing H3K27me3 levels using an EZH2 inhibitor 

(GSK126) or EZH2 knockdown with or without Ink128 treatment. Our results revealed that cells 

treated with GSK126, leading to reduced H3K27me3 levels, exhibited decreased susceptibility to 

Ink128 (Fig 2.14C). Similarly, shEZH2 cells, which were previously established and have lower 

H3K27me3 levels, exhibited a reduced response to Ink128 compared to the control cells (shSCR) 
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(Fig 2.14D). Overall, these observations suggest the anti-proliferative effect of the mTOR 

inhibitor may, at least in part, dependent on H3K27me3. 
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Fig 2.14. The effects of mTOR inhibition on cell proliferation may be in part mediated by 

H3K27me3 induction 

(A) Levels of the indicated proteins in DIPG13 H3K27M and H3K27-KO cells were determined 

by Western blotting. DIGP13 cells were treated with Ink128 or vehicle (DMSO) for 48 h. b-actin 

served as a loading control. (B) DIPG13 cells were treated with indicated concentrations of 

Ink128 for 72 h. Points represent mean ± SD. Cell proliferation was measured using a cell 

counter, and IC50 was calculated by GraphPad. (C) MCF7 cells were treated with indicated 

concentrations of Ink128 in the presence of DMSO (vehicle) or 2 uM GSK126 for 72 h. Points 

represent mean ± SD. Cell proliferation was measured using a cell counter, and IC50 was 

calculated by GraphPad. (D) HCT116 cells infected with lentiviruses expressing shScramble 

(control) or shEZH2 were treated with indicated concentrations of Ink128 for 72 h. Points 
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represent mean ± SD. Cell proliferation was measured using a cell counter, and IC50 was 

calculated by GraphPad.  
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CHAPTER 4. Discussion and Conclusion 

 

1. Summary 

We investigated the role of mTOR on histone methylation. Using TSC2-null MEFs as a model of 

constitutive mTORC1 activation, we observed selective induction of H3K27me3, a histone 

methylation mark associated with gene repression. Our study confirmed that constitutive 

mTORC1 activation elevated H3K27me3 through the 4E-BP1/EZH2 axis, consistent with 

previous reports (Smith et al., 2019), and demonstrated the essential role of EZH2 in the 

hypermethylation of H3K27 resulting from constitutively active mTORC1. Surprisingly, 

independent of TSC2, mTOR inhibition led to an increase in H3K27me3 levels. Although we 

observed an elevation of H3K9me3 levels in MCF7 and HCT116 cells upon mTOR inhibition by 

Western blotting, we failed to reproduce these effects using IF or ChIP-seq. Thus, we turned our 

attention towards the induction of H3K27me3 following mTOR inhibition. Our results suggest 

that the inhibition of both mTORC1 and mTORC2 may be implicated in inducing H3K27me3. 

Notably, changes in H3K27me3 levels caused by mTOR inhibition did not appear to be 

secondary to the effects of mTOR on cell cycle. 

To understand how mTOR inhibition leads to H3K27me3 induction, we firstly investigated the 

expression and protein levels of demethylases, KDM6A and KDM6B. Our findings revealed that 

the observed H3K27 hypermethylation after mTOR inhibition could not be attributed to 

alterations in KDM6A/6B levels or changes in their nuclear localization. We also examined the 

impact of metabolites on KDM6A/6B demethylase activity. Though the α-KG level was also 

reduced upon mTOR inhibition, the addition of α-KG or DMKG did not affect H3K27me3 

changes compared to control (nor α-KG or DMKG addition). These findings suggest that the 
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induction of H3K27 hypermethylation upon mTOR inhibition appears to be independent of 

demethylation processes. 

To investigate the potential involvement of PRC2 in the H3K27me3 induction following mTOR 

inhibition, we examined the role of EZH1 and EZH2. Our findings revealed that both EZH1 and 

EZH2 may play a role in this process, with EZH2 being more potent than EZH1. Furthermore, 

our investigations showed that the decrease in EZH2 protein levels following mTOR inhibition 

did not account for the observed elevation in H3K27me3 levels. This implies that mTOR 

inhibition may regulate the activity of PRC2 rather than affect the protein levels of EZH1/2. 

Therefore, we examined the regulation of EZH2 activity through substrate levels, binding to 

other PRC2 partners, or nuclear localization, in the context of mTOR inhibition. Our results 

showed that mTOR inhibition did not affect the levels of SAM and SAH, which are critical 

substrates for methyltransferases. Additionally, inhibiting mTOR did not promote the assembly 

of EZH2 with other PRC2 components, and the decrease in nuclear fraction of EZH2 following 

mTOR inhibition was unlikely to be the cause of the observed increase in H3K27me3 levels. 

Other potential regulators of PRC2-mediated H3K27me3, viz. GLP/G9a, were examined, but did 

not appear to be responsible for the hypermethylation of H3K27me3 induced by mTOR 

inhibition. Overall, our study highlights the need for further research in order to fully understand 

the mechanism behind the increase in H3K27me3 levels observed upon mTOR inhibition. 

Lastly, we investigated the impact of mTOR inhibition and H3K27me3 on cell proliferation. 

Herein, using H3K27M mutant and EZH2 inhibited cells, we found that that cells with impeded 

H3K27me3 exhibited a decreased vulnerability to mTOR inhibition, indicating that H3K27me3 

induction may partially contribute to mTORi-induced cell proliferation. Collectively, mTOR 
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dysregulation induces H3K27me3, and when mTOR is inhibited, H3K27me3 induction 

contributes, to some extent, to mTORi-mediated cell proliferation (Fig 3.1). 

 

 

 
 
Fig 3.1. Schematic diagram illustrating mTORi-dependent regulation of cell proliferation 

via H3K27me3 induction 
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2. Further investigation is needed to elucidate the specific mechanism by which mTOR 

inhibition regulates PRC2. 

Our findings indicated that the induction of H3K27me3 by mTOR inhibitors is mediated through 

PRC2, as demonstrated by the reversal of this effect upon EZH2 inhibition or knockdown. Our 

hypothesis is supported by the observation that H3K27M mutated cells did not respond to Ink128 

treatment by inducing H3K27me3, while H3K27M-KO cells did, further reinforcing our idea. 

Whereas the precise mechanism by which the H3K27M mutation reduces H3K27me3 remains 

unclear, PRC2 is known to be involved in this regulation (Margueron & Reinberg, 2011). 

However, we still could not find how mTOR inhibition regulates PRC2 activity.  

As previously discussed, PRC2 is regulated in a number of ways, notably through its assembly 

and localization (Yang & Li, 2020). Therefore, it is possible that other mechanisms are involved 

in the hypermethylation of H3K27 following mTOR inhibition. For example, it is possible that 

the inhibition of mTOR leads to the regulation of other histone modifications that promote the 

H3K27me3 levels. PRC1-mediated H2AK119ub1 is known to contribute to H3K27me3-

mediated gene silencing, as evidenced by the reliance of PRC2 binding and H3K27me3 

deposition on PRC1 catalytic activity (Dobrinić et al., 2021). Moreover, H2BS36 

phosphorylation mediated by nuclear S6K1 facilitates the recruitment of EZH2 to H3, leading to 

H3K27 methylation (Yi et al., 2016). However, in our study, treatment with mTOR inhibitors 

resulted in the reduction of p-rpS6, a downstream target of S6K. It is possible that mTOR 

inhibition may be involved in the translocation of S6K1, but this remains contextually uncertain. 

Since the involvement of nuclear mTOR has been established (Audet-Walsh et al., 2017; 

Chaveroux et al., 2013; Torres & Holz, 2021), it is plausible that nuclear mTOR interacts with 
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H3K27me3 modifiers or histones themselves to trigger H3K27me3 induction upon mTOR 

inhibition. 

Inhibition of mTOR can lead to the induction of H3K27me3 by regulating other transcriptional 

factors like c-MYC. In cells with BRAFV600E mutation, which is the most common genetic 

alteration in the MAPK/Erk pathway, hyperactivation of MAPK/Erk signaling occurs, leading to 

tumorigenesis and increased H3K27me3 levels (Qu et al., 2017). In this model, c-MYC, a 

downstream key effector of BRAFV600E, plays a crucial role in H3K27 hypermethylation by 

regulating PRC2 components at both transcriptional and post-transcriptional levels, by repressing 

miR-26a, miR-200b, and miR-155 (Qu et al., 2017). However, previous reports indicate that 

inhibition of mTORC1 leads to a decrease in c-MYC mRNA translation (Csibi et al., 2014). 

Furthermore, our findings suggest that c-MYC may not play a role in the mTOR-mediated 

regulation of H3K27me3, as evidenced by the significant decrease in PRC2 components, such as 

EZH2 and SUZ12, with asTORi (Ink128) treatment (Fig 2.11D). 

PRC2 can also be regulated by HOTAIR, a long non-coding RNA transcribed from the HOXC 

gene cluster on chromosome 12 (Rinn et al., 2007). HOTAIR is known to recruit PRC2 to 

specific genomic sites, leading to the addition of H3K27me3 (Tsai et al., 2010). While some 

studies have shown that HOTAIR activates the PI3K/AKT/mTOR pathway in breast cancer (Li 

et al., 2019; Sadeghalvad et al., 2022), it is not clear whether mTOR plays a role in regulating 

HOTAIR.  

Our study primarily focused on the activity of EZH2. The effects of mTOR inhibition may be 

however mediated by other components of PRC2. PRC2 consists of core components such as 

SUZ12, EED, and RBBP4, as well as accessory components like JARID2, AEBP2, EPOP, and 

PCLs, all of which are supposed to be implicated in regulating PRC2 outputs (Yang & Li, 2020). 
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While we observed a reduction in the level of SUZ12 and EED following Ink128 treatment in 

Fig 2.11D, we did not investigate their activity or that of other components such as JARID2, 

AEBP2, EPOP and PCLs. Therefore, it may be warranted to study the regulation of PRC2 

components to determine the mechanism by which mTOR inhibition induces H3K27 

hypermethylation.  

 

3. Discrepancies in results reported by other research groups 

Consistent with the findings of the Brown group (Spangle et al., 2016), we observed no changes 

in H3K4me3 levels upon mTOR inhibition. However, in contrast to other studies (Harachi et al., 

2020; Ni et al., 2022), we observed a induction in H3K27me3 levels upon mTOR inhibition. The 

Shibata group reported that mTORC1 upregulates the protein level of EZH2 in human 

glioblastoma, while mTORC2 regulates the production of SAM (Harachi et al., 2020). This 

cooperative regulation results in H3K27 hypermethylation, which promotes tumour cell survival 

both in vitro and in vivo xenografted mouse tumour models (Harachi et al., 2020). It has also 

been reported that loss of Raptor reduces H3K27me3 in β-cells by decreasing EED, a core 

subunit of PRC2 (Ni et al., 2022). Our findings differ from these reports. While we also observed 

a reduction in EZH2 when asTORi (Ink128) was employed, we found that mTOR inhibition led 

to an increase in H3K27me3 levels, independent of EZH2 protein levels.  

We propose that the different effects of mTOR inhibition on H3K27me3 may be due to the 

context under which these phenomena are studied. Our research examined the induction of 

H3K27me3 following mTOR inhibition in MEFs, breast cancer, colorectal cancer, and DIPG, but 

we have not yet examined it in pancreatic β-cells or glioblastoma. Therefore, it is necessary to 

test different models to generalize the effect of mTOR inhibition on H3K27me3. 
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Furthermore, we believe that the discrepancies between our results and those presented in 

previous reports may be attributed to differences in the duration of mTOR inhibition. 

Specifically, we utilized inducible knockout systems that require more time to deplete Raptor or 

Rictor, whereas previous studies used siRNA to target these proteins (Harachi et al., 2020). 

Additionally, we observed changes in histone methylation after at least 24 h of treatment 

following overnight serum starvation, which implies that mTOR had been inhibited for 

approximately 40 h. Given the complex interplay between mTOR signaling and other pathways, 

it is possible that different results may be obtained when altering H3K27me3 levels. It is also 

worth noting that we used Ink128 and serum starvation as alternative methods to inhibit mTOR, 

which are more potent in inhibiting phosphorylation of 4E-BP1 and mTORC2, whereas previous 

studies employed rapamycin as an mTOR inhibitor.  

 

4. The intricate nature of mTOR signaling and its interplay with other signaling pathways 

As mentioned earlier, the mTOR signaling pathway is intricately interconnected with other 

signaling molecules such as AMPK and AKT. While we did not assess AMPK activity in our 

model, there is evidence suggesting that mTOR inhibitors increase AMPK activity (Dagon et al., 

2012; Ling et al., 2020). Based on previous research indicating that mTOR inhibitors may affect 

AMPK activity, we considered the possibility that AMPK could play a role in the induction of 

H3K27me3 following mTOR inhibition. The Wei group found that AMPK-null cells exhibit 

elevated levels of H3K27me3 compared to WT cells, which is attributable to AMPK-mediated 

phosphorylation of EZH2 at the T311 site (Wan et al., 2018). Phosphorylation of EZH2 at T311 

disrupts the binding between EZH2 and SUZ12, resulting in a reduction of H3K27me3 levels 

(Wan et al., 2018). Considering that the activation of AMPK is known to inhibit mTOR signaling 
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(Gwinn et al., 2008), our observation of increased H3K27me3 levels in mTOR-inhibited cells 

contrasts with the expected outcome in AMPK-null cells. Furthermore, we found that mTOR 

inhibition did not alter the binding of EZH2 with SUZ12, indicating that AMPK-mediated 

phosphorylation of EZH2 at the T311 site is unlikely to be involved in mTORi-induced 

H3K27me3. In our study, we employed rapamycin and Ink128 to inhibit mTOR. As illustrated in 

Fig 2.3B-C, long-term rapamycin treatment increases AKT S473 phosphorylation, while Ink128 

reduces it. Nevertheless, we found that both treatments induce H3K27me3, thereby suggesting 

that AKT is not likely to play a role in the induction of H3K27me3 following mTOR inhibition.  

 

5. An interdependent relationship between H3K27me3 modifiers and mTOR signaling 

Recent studies have suggested that there is a reciprocal relationship between H3K27me3 and 

mTOR signaling. As we observed, mTOR can modulate H3K27me3-associated enzymes like 

EZH2, thereby influencing H3K27me3 levels. Conversely, the modifiers of H3K27me3 have the 

potential to regulate mTOR signaling by impacting the expression of key signaling molecules 

including TSC2 (Wei et al., 2015), PTEN (Jarome et al., 2018), IGF1R and MYC (Kosalai et al., 

2019). For instance, EZH2 activates the mTOR pathway via repressing TSC2 (Wei et al., 2015). 

In male rats, retrieval of contextual fear memory leads to an increase in H3K27me3 levels 

through upregulation of Ezh2, resulting in transcriptional silencing of the Pten gene, a potent 

inhibitor of AKT-mTOR-dependent signaling in the hippocampus (Jarome et al., 2018). The 

authors revealed that knockdown of Ezh2 attenuates the increases in AKT and mTOR 

phosphorylation following retrieval, which can be restored by simultaneous reduction of Pten, 

suggesting that H3K27me3 regulates AKT-mTOR phosphorylation by repressing PTEN (Jarome 

et al., 2018). Furthermore, EZH2 directly binds to the IGF1R promoter along with MYC and 
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upregulates IGF1R expression, leading to downstream PI3K-mTOR activation (Kosalai et al., 

2019). In addition, KDM6A directly binds to DEPTOR, a negative regulator of mTORC1 and 

mTORC2, leading to diminished activity of both complexes resulting in attenuated tumour 

progression in liver cancer (Revia et al., 2022). Altogether, the interaction between H3K27me3 

modifiers and mTOR signaling is complex and relies on the specific circumstances, underscoring 

the importance of considering this interplay when evaluating the effect of mTOR dysregulation 

on H3K27me3. 

 

6. Potential mechanisms by which H3K27me3 mediates the anti-proliferative effects of 

mTOR inhibitors 

mTOR regulates cell proliferation via several mechanisms such as regulating cell cycle 

progression, apoptosis, and autophagy (Zou et al., 2020). mTOR inhibition induces cell cycle 

arrest at the G1/S phase (Decker et al., 2003; Dowling et al., 2010; Hleb et al., 2004; Jiang et al., 

2003; Takuwa et al., 1999). Furthermore, mTOR has dual roles in apoptosis, serving both as an 

inhibitor and an inducer of programmed cell death in a context-dependent manner (Chatterjee et 

al., 2016). While rapamycin derivative CCI-779 induced cell proliferation and reduced apoptosis 

in prostate cancer (Neshat et al., 2001), rapalogs (everolimus and temsirolimus) trigger the 

activation of the death receptor pathway and cause apoptosis in colon cancer cells (He et al., 

2016). In addition, mTOR is a pivotal regulator of autophagy. It inhibits autophagy via several 

factors such as TFEB (Napolitano et al., 2018), AMBRA1, and ULK1 (Kim et al., 2011; Nazio et 

al., 2013). However, the relationship between autophagy and cell death is intricate and not yet 

fully comprehended (Denton & Kumar, 2019). Although autophagy can induce cell death in 

some cases (Dasari et al., 2017; Elgendy et al., 2011; Liu et al., 2013), it can also function as a 
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protective mechanism, safeguarding cells from stress and harm (Degenhardt et al., 2006; Deretic, 

2011).  

It is noteworthy that PRC2 is involved in many mTOR-regulated biological functions (Parreno et 

al., 2022). EZH2 is downstream of the pRB-E2F pathway, which plays a critical role in 

regulating progression through the mammalian cell cycle (A. P. Bracken et al., 2003). In 

addition, suppressing EZH2 in cholangiocarcinoma cells leads to elevated apoptosis and a halt in 

the G1 phase of the cell cycle by upregulating p16 and p21. This, in turn, facilitates the 

progression of cholangiocarcinoma cells (Nakagawa et al., 2013). Furthermore, it has been 

reported that EZH2 inhibits autophagy via activating mTORC1 signaling in a TSC2-dependent 

manner (Wei et al., 2015). Given that both mTOR inhibitors and EZH2 inhibitors induce cell 

cycle arrest (Dowling et al., 2010; T. P. Liu et al., 2015), it is unlikely to observe a beneficial 

effect on cell proliferation from EZH2 inhibition following mTOR inhibition. Both mTOR 

inhibition and EZH2 inhibition have been shown to induce autophagy (T. P. Liu et al., 2015; 

Zullo et al., 2014), and it is plausible that the induction of autophagy by mTOR inhibitors and 

EZH2 inhibitors could promote cell proliferation considering that autophagy provides fuel and 

support for the growth of cancer cells (Yun & Lee, 2018). 

Differentiating the role of mTOR in H3K27me3 modulation from its involvement in translation 

and metabolic regulation is essential (Papadopoli et al., 2019). To achieve this, it would be 

valuable to identify the specific targets of mTOR inhibitor-induced H3K27me3 and manipulate 

those targets using gene-editing tools. Although the correlation between RNA-seq and ChIP-seq 

was very weak, we were able to identify a few genes whose RNA levels correlated with 

H3K27me3 changes (referred to as target genes). To validate these findings, we will begin with 

ChIP-qPCR and RT-qPCR. Additionally, we plan to treat cells with an EZH2 inhibitor or a 
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demethylase inhibitor to observe how gene expression responds to H3K27me3 modulation. To 

distinguish changes resulting from mTOR's involvement in translation and metabolic regulation, 

we will select certain genes whose RNA levels were not correlated with H3K27me3 alterations 

but are known to be regulated by mTOR. We will then conduct the same validation experiments 

as we will for the target genes. Lastly, after validating the target genes, we will manipulate their 

levels to investigate whether these genes are responsible for mediating the anti-proliferative 

effects of mTOR inhibitors. 

 

7. Insight into pre-clinical strategies of mTOR and EZH2 inhibition in cancer 

mTOR is considered to be an attractive target for cancer treatment, especially for cancers with 

high mTOR signaling caused by genetic or metabolic abnormalities (Hua et al., 2019). In both in 

vitro and in vivo studies, rapamycin effectively inhibits mTORC1 activity, leading to reduced 

growth of cancer cells (Imrali et al., 2016; Semlali et al., 2022). Consequently, several inhibitors 

targeting mTOR have been developed and utilized as cancer therapies, with ongoing clinical 

trials exploring their efficacy (Hua et al., 2019). Despite initially promising results, mTOR 

inhibitors have not yet achieved their full therapeutic potential due to several reasons. Firstly, 

inhibiting mTOR triggers various feedback loops that activate upstream signaling pathways, 

ultimately enhancing the survival and metastasis of cancer cells (Tian et al., 2019). Additionally, 

mTORC1 suppresses autophagy, and using an mTOR inhibitor may induce autophagy, thereby 

promoting cancer cell survival, as observed with AZD8055 (Tao et al., 2018). Inhibition of 

mTOR also results in promoting plasticity and maintains stem-cell-like characteristics in breast 

cancer cells. This unexpected consequence can lead to the spread of a more aggressive form of 
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the disease (Jewer et al., 2020). In light of these factors, having a thorough understanding of the 

specific context is essential before contemplating the use of an mTOR inhibitor. 

H3K27me3 dysregulation is common in cancer. EZH2, a crucial component of PRC2, acts as an 

oncogene, and its abnormal overexpression and dysfunction have been observed in a range of 

solid tumours, including breast, ovarian, pancreatic, prostate, bladder, and renal cancers (Adrian 

P. Bracken et al., 2003; Curtis et al., 2012; Hinz et al., 2008; Lee & Choe, 2012; Rao et al., 2010; 

Saramäki et al., 2006). Additionally, demethylases such as KDM6A and KDM6B, which play a 

role in regulating H3K27me3, are frequently dysregulated in several cancer types (Dalgliesh et 

al., 2010; Robinson et al., 2012; Ryuma Tokunaga et al., 2016; van Haaften et al., 2009), 

although their biochemical regulation remains uncertain. The relationship between cancer and 

H3K27me3 levels is complicated and can vary depending on the specific type of cancer, given 

the complex regulation of H3K27me3 through both methyltransferases and demethylases (Das & 

Taube, 2020).  

Specifically, H3K27M mutations are present in almost 80% of DIPGs (Gessi et al., 2015), which 

results in global hypomethylation of H3K27 by inhibiting PRC2 (Mohammad et al., 2017). Since 

approximately 50% of DIPGs have been found to harbour amplifications in the signaling 

pathway involving RTK/PI3K/AKT/mTOR, the latter’s downstream effector pathway 

PI3K/AKT/mTOR has been targeted with single agents (Paugh et al., 2011). Although rapamycin 

and everolimus were found to be ineffective against DIPG cells in a screening study (Grasso et 

al., 2015), two clinical trials (NCT02133183 and NCT02142803) are currently underway to 

investigate the efficacy of Ink128, in treating adult glioblastoma by targeting and suppressing 

mTORC1/2 while also being able to penetrate the brain. As of yet, there have been no clinical 

studies conducted with Ink128 specifically for pediatric brain tumours. Not only mTOR 
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inhibition, but EZH2 inhibition has also gained significant attention as a potential modality to 

treat DIPGs. Cells with H3K27M mutation show a decrease in H3K27me3 levels throughout the 

genome by blocking the activity of PRC2 (Mohammad et al., 2017). However, some genes still 

maintain H3K27me3 marks due to a remaining PRC2 activity. This remaining activity is 

necessary for the growth of DIPG tumours expressing H3K27M (Mohammad et al., 2017). 

Therefore, inhibiting EZH2 could be a promising therapeutic approach for treating these 

tumours. Our research suggests that the effectiveness of mTOR inhibitors in reducing cell growth 

may be less significant in DIPG patients who harbour the H3K27M mutation, in comparison to 

those who lack the mutation. This finding should be considered when evaluating treatment 

alternatives for these patients, particularly given the attention towards using mTOR inhibitors 

and EZH2 inhibitors to treat gliomas. 

Pursuant to our proposal that mTORi-induced H3K27me3 plays a role in mediating the anti-

proliferative effect of mTOR inhibition, it is possible that cancers with high levels of H3K27me3 

would be more responsive to mTOR inhibitors. Notably, EZH2 gain-of-function (GOF) 

mutations have been identified in several cancers, including lymphoma and melanoma (Hodis et 

al., 2012; Souroullas et al., 2016; Yap et al., 2011). Previous studies have shown that all reported 

GOF mutation sites on EZH2 are located within the SET domain, which leads to an increase in 

global H3K27me3 levels (M. T. McCabe et al., 2012; Morin et al., 2010). Several GOF 

mutations on EZH2, such as Y111N, F120L, and Y661D, have been reported to cause drug 

resistance to SAM-competitive EZH2 inhibitors without affecting the enzymatic activity (Baker 

et al., 2015; Gibaja et al., 2016). To address this issue, EED inhibitors have been developed to 

block PRC2 allosterically and effectively inhibit PRC2 with EZH2 inhibitor-resistant mutations 
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(Ma et al., 2022; W. Qi et al., 2017). Our results propose that mTOR inhibitors may be more 

effective against cancers with EZH2 GOF mutations compared to those without such mutations.  

 

8. Limitations and future studies 

The research we conducted was limited to using TSC2-null MEFs as a representation of 

constitutively activated mTORC1. Additionally, these MEFs lack p53, which prevented the early 

senescence of TSC2 KO MEFs (H. Zhang et al., 2003). As a result, we were unable to determine 

the significance of p53 in this particular model. Therefore, it is necessary to confirm our findings 

in other models with high mTORC1 activity such as overexpressing RagA and RagC, which are 

GTPase that activate mTORC1 in response to amino acids (Kim et al., 2008; Sancak et al., 

2008). Moreover, it is crucial to account for both mTORC1 and mTORC2 activation when 

examining the effect of mTOR on histone methylation. However, the mechanism to selectively 

activate mTORC2 remains unclear, necessitating further investigation into its regulation. 

To improve the validity of our findings, it would be helpful to examine the effect of mTOR on 

H3K27me3 within the same cellular context. One approach could involve using comparable non-

transformed and transformed cells, such as MCF-10A and MCF7 cells (Spink et al., 2006) or 

NMuMG and NMuMG–NT2197 cells (Ursini-Siegel et al., 2008), instead of relying on two 

different models (TSC2-null MEFs for mTORC1 activation and cancer cells for mTOR 

inhibition) for comparison. 

We measured the levels of histone methylation using Western blotting, ChIP-seq, IF, and flow 

cytometry. As observed with H3K9me3, the results can vary depending on the detection 

methods. Therefore, it is crucial to employ multiple methods to assess alterations in histone 

methylation. Furthermore, ChIP assays often yield low signals compared to controls, resulting in 
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inconclusive data. Consequently, alternative methods for detecting histone methylation, such as 

mass spectrometry and CUT&RUN, should be considered. 

There are two naturally occurring forms of 2HG: R-2HG and S-2HG. However, standard 

analytical techniques for detecting 2HG are unable to distinguish between the signals of R-2HG 

and S-2HG because they are identical in their physical and chemical properties (Cheng et al., 

2015). As a result, the sum of the two metabolites is typically measured (Gross et al., 2010; 

Wang et al., 2013). The IDH mutant enzyme is solely responsible for producing R-2HG (Dang et 

al., 2009), which is regarded as an oncometabolite that promotes tumourigenesis by inhibiting a-

KG-dependent dioxygenases through epigenetic alterations (Chowdhury et al., 2011; Xu et al., 

2011). Due to this constraint of the analytical methods, we were unable to determine whether the 

measured 2HG level was R-2HG or S-2HG. 

As epigenetic changes occur in the nucleus (Berger et al., 2009), it is important to consider not 

only the total levels of SAM and SAH but also their relative abundances. Since we used cell 

extracts, the metabolite levels reflect their total content, irrespective of subcellular localization. 

To gain a better understanding of the role of SAM and SAH, it would be beneficial to fractionate 

nuclear and cytoplasmic extracts and analyze them separately to measure SAM and SAH levels. 

This approach will help us determine whether alterations in the methyl donor pool play a role in 

the change in H3K27me3 levels. 

While we used various cancer types to observe the effects of mTOR inhibition on histone 

methylation, we did not test all cancer types, making it difficult to generalize the impact of 

mTOR inhibition in cancer. Moreover, the majority of experiments were conducted in cell line 

models, highlighting the need for better preclinical models such as mouse models to develop this 

research in a therapeutic setting. To confirm our results, we can employ xenograft models using 
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H3K27M and H3K27M-KO DIPG13 cells. After implanting the tumor, mice will be treated with 

Ink128, which can penetrate the blood–brain barrier in supratherapeutic concentrations. We will 

then compare their response to Ink128 by measuring tumor size and volume. Conversely, we can 

utilize mice with WT EZH2 and mice with EZH2 GOF mutations, characterized by high 

H3K27me3 levels, and treat them with an mTOR inhibitor to observe whether they exhibit 

increased sensitivity to the mTOR inhibitor. 

As depicted in Fig 2.3A and previously reported by other researchers (Spangle et al., 2016; Wan 

et al., 2018), changes in histone methylation occurred at a slower pace when compared to 

effectors in signal transduction such as p-rpS6 and p-4E-BP1. Despite the ability of Ink128 to 

rapidly inhibit mTOR activity within 4 h (Fig 2.3A), it is possible that the modulation of 

H3K27me3 following mTOR inhibition may involve indirect regulatory processes. To determine 

the kinetics of H3K27me3 alteration following mTOR inhibition, it will be necessary to monitor 

its level at multiple time points. Additionally, employing drugs that target AKT, AMPK, and 

MAPK/ERK signaling pathways will provide a more comprehensive understanding of their 

involvement in mTOR inhibition-induced H3K27 hypermethylation.  

While we found that EZH2 knockdown can reverse the effect of mTOR inhibition on 

H3K27me3, suggesting the involvement of PRC2, the mechanism by which PRC2 activity is 

regulated upon mTOR inhibition remains unclear. As previously mentioned, the activity of PRC2 

can be modulated by various factors, including its components, non-coding RNAs such as 

HOTAIR, post-translational modifications, and other histone modifications. In light of the 

various factors that can regulate PRC2 activity, it is essential to conduct an initial screening of 

related gene and protein levels. This can be achieved by utilizing publicly available data sets 

such as RNA-seq, proteomics, and phosphoproteomics data.  
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In our investigation of the impact of H3K27me3 in the context of mTOR dysregulation, we did 

not explore the role of mTORC1 hyperactivation further. This was because TSC2 KO cells did 

not demonstrate alterations in cell growth under normal serum conditions (10% FBS) compared 

to TSC2 WT cells, despite their high mTORC1 activity (Hongbing Zhang et al., 2003). As a 

result, we opted not to explore the impact of mTORC1 hyperactivation on cell proliferation, as it 

did not produce any alterations in this model, unlike mTOR inhibition. 

Given that mTOR inhibitors can influence cell proliferation through various mechanisms as 

discussed earlier and that the regulation of EZH2 is gene-specific and context-dependent (Duan 

et al., 2020), it is essential to conduct a further analysis of ChIP-seq and RNA-seq data to 

differentiate the effect of mTOR on epigenetic regulation from other factors. This analysis will 

provide insights into how mTOR inhibitors and EZH2 inhibitors influence cell proliferation by 

assessing their impact on specific target genes.  

 

9. Concluding remarks 

The mTOR signaling pathway is involved in multiple biological processes, including cell 

proliferation, survival, metabolism, autophagy, and stemness (Papadopoli et al., 2019). Recently, 

it has been discovered that mTOR regulates epigenetic modifiers or the production of SAM or α-

KG, which affects the epigenetic landscape (Morita et al., 2013; Smith et al., 2019; Wan et al., 

2017; Zeng et al., 2019). In our study, we investigated the contribution of mTOR to histone 

methylation, and observed that mTORC1 hyperactivation induces H3K27me3 through the 4E-

BP1/EZH2 axis, while mTOR inhibition also leads to increased H3K27me3 levels. We 

determined that the induction of H3K27me3 is not driven by cell cycle progression, 

demethylation processes, or alterations in EZH1/2 protein levels, but rather by the activity of 
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EZH2, underscoring the importance of PRC2 in this mechanism. Additionally, our results 

demonstrated that the induced H3K27me3 may contribute a role in the inhibition of cell 

proliferation mediated by mTOR inhibition. These findings establish a basis for future 

investigations focused on elucidating the involvement of mTOR in epigenetic alterations in 

cancer. 

 
 
 

 

  



 142 

CHAPTER 5. Bibliography 

 

Abraham, R. T., & Wiederrecht, G. J. (1996). Immunopharmacology of rapamycin. Annu Rev 
Immunol, 14, 483-510. https://doi.org/10.1146/annurev.immunol.14.1.483  

Adams, C. M. (2007). Role of the transcription factor ATF4 in the anabolic actions of insulin and 
the anti-anabolic actions of glucocorticoids. J Biol Chem, 282(23), 16744-16753. 
https://doi.org/10.1074/jbc.M610510200  

Agger, K., Cloos, P. A. C., Christensen, J., Pasini, D., Rose, S., Rappsilber, J., Issaeva, I., 
Canaani, E., Salcini, A. E., & Helin, K. (2007). UTX and JMJD3 are histone H3K27 
demethylases involved in HOX gene regulation and development. Nature, 449(7163), 
731-734. https://doi.org/10.1038/nature06145  

Alegría-Torres, J. A., Baccarelli, A., & Bollati, V. (2011). Epigenetics and lifestyle. 
Epigenomics, 3(3), 267-277. https://doi.org/10.2217/epi.11.22  

Ali, E. S., Mitra, K., Akter, S., Ramproshad, S., Mondal, B., Khan, I. N., Islam, M. T., Sharifi-
Rad, J., Calina, D., & Cho, W. C. (2022). Recent advances and limitations of mTOR 
inhibitors in the treatment of cancer. Cancer Cell International, 22(1), 284. 
https://doi.org/10.1186/s12935-022-02706-8  

Angela, M., Endo, Y., Asou, H. K., Yamamoto, T., Tumes, D. J., Tokuyama, H., Yokote, K., & 
Nakayama, T. (2016). Fatty acid metabolic reprogramming via mTOR-mediated 
inductions of PPARγ directs early activation of T cells. Nature Communications, 7(1), 
13683. https://doi.org/10.1038/ncomms13683  

Ardehali, M. B., Anselmo, A., Cochrane, J. C., Kundu, S., Sadreyev, R. I., & Kingston, R. E. 
(2017). Polycomb Repressive Complex 2 Methylates Elongin A to Regulate 
Transcription. Molecular Cell, 68(5), 872-884.e876. 
https://doi.org/https://doi.org/10.1016/j.molcel.2017.10.025  

Audet-Walsh, É., Dufour, C. R., Yee, T., Zouanat, F. Z., Yan, M., Kalloghlian, G., Vernier, M., 
Caron, M., Bourque, G., Scarlata, E., Hamel, L., Brimo, F., Aprikian, A. G., Lapointe, J., 
Chevalier, S., & Giguère, V. (2017). Nuclear mTOR acts as a transcriptional integrator of 
the androgen signaling pathway in prostate cancer. Genes Dev, 31(12), 1228-1242. 
https://doi.org/10.1101/gad.299958.117  

Baker, T., Nerle, S., Pritchard, J., Zhao, B., Rivera, V. M., Garner, A., & Gonzalvez, F. (2015). 
Acquisition of a single EZH2 D1 domain mutation confers acquired resistance to EZH2-
targeted inhibitors. Oncotarget, 6(32), 32646-32655. 
https://doi.org/10.18632/oncotarget.5066  

Ballaré, C., Lange, M., Lapinaite, A., Martin, G. M., Morey, L., Pascual, G., Liefke, R., Simon, 
B., Shi, Y., Gozani, O., Carlomagno, T., Benitah, S. A., & Di Croce, L. (2012). Phf19 
links methylated Lys36 of histone H3 to regulation of Polycomb activity. Nature 
Structural & Molecular Biology, 19(12), 1257-1265. https://doi.org/10.1038/nsmb.2434  

Bannister, A. J., & Kouzarides, T. (2011). Regulation of chromatin by histone modifications. 
Cell Research, 21(3), 381-395. https://doi.org/10.1038/cr.2011.22  

Bannister, A. J., & Kouzarides, T. (2011). Regulation of chromatin by histone modifications. 
Cell Res, 21(3), 381-395. https://doi.org/10.1038/cr.2011.22  

https://doi.org/10.1146/annurev.immunol.14.1.483
https://doi.org/10.1074/jbc.M610510200
https://doi.org/10.1038/nature06145
https://doi.org/10.2217/epi.11.22
https://doi.org/10.1186/s12935-022-02706-8
https://doi.org/10.1038/ncomms13683
https://doi.org/https://doi.org/10.1016/j.molcel.2017.10.025
https://doi.org/10.1101/gad.299958.117
https://doi.org/10.18632/oncotarget.5066
https://doi.org/10.1038/nsmb.2434
https://doi.org/10.1038/cr.2011.22
https://doi.org/10.1038/cr.2011.22


 143 

Bannister, A. J., Zegerman, P., Partridge, J. F., Miska, E. A., Thomas, J. O., Allshire, R. C., & 
Kouzarides, T. (2001). Selective recognition of methylated lysine 9 on histone H3 by the 
HP1 chromo domain. Nature, 410(6824), 120-124. https://doi.org/10.1038/35065138  

Barski, A., Cuddapah, S., Cui, K., Roh, T. Y., Schones, D. E., Wang, Z., Wei, G., Chepelev, I., 
& Zhao, K. (2007). High-resolution profiling of histone methylations in the human 
genome. Cell, 129(4), 823-837. https://doi.org/10.1016/j.cell.2007.05.009  

Barsotti, A. M., Ryskin, M., Zhong, W., Zhang, W. G., Giannakou, A., Loreth, C., Diesl, V., 
Follettie, M., Golas, J., Lee, M., Nichols, T., Fan, C., Li, G., Dann, S., Fantin, V. R., 
Arndt, K., Verhelle, D., & Rollins, R. A. (2015). Epigenetic reprogramming by tumor-
derived EZH2 gain-of-function mutations promotes aggressive 3D cell morphologies and 
enhances melanoma tumor growth. Oncotarget, 6(5), 2928-2938. 
https://doi.org/10.18632/oncotarget.2758  

Basavarajappa, B. S., & Subbanna, S. (2021). Histone Methylation Regulation in 
Neurodegenerative Disorders. Int J Mol Sci, 22(9). https://doi.org/10.3390/ijms22094654  

Batsios, G., Viswanath, P., Subramani, E., Najac, C., Gillespie, A. M., Santos, R. D., Molloy, A. 
R., Pieper, R. O., & Ronen, S. M. (2019). PI3K/mTOR inhibition of IDH1 mutant glioma 
leads to reduced 2HG production that is associated with increased survival. Scientific 
Reports, 9(1), 10521. https://doi.org/10.1038/s41598-019-47021-x  

Becker, J. S., Nicetto, D., & Zaret, K. S. (2016). H3K9me3-Dependent Heterochromatin: Barrier 
to Cell Fate Changes. Trends Genet, 32(1), 29-41. 
https://doi.org/10.1016/j.tig.2015.11.001  

Ben-Sahra, I., Howell, J. J., Asara, J. M., & Manning, B. D. (2013). Stimulation of de novo 
pyrimidine synthesis by growth signaling through mTOR and S6K1. Science, 339(6125), 
1323-1328. https://doi.org/10.1126/science.1228792  

Ben-Sahra, I., Hoxhaj, G., Ricoult, S. J. H., Asara, J. M., & Manning, B. D. (2016). mTORC1 
induces purine synthesis through control of the mitochondrial tetrahydrofolate cycle. 
Science, 351(6274), 728-733. https://doi.org/10.1126/science.aad0489  

Berger, S. L., Kouzarides, T., Shiekhattar, R., & Shilatifard, A. (2009). An operational definition 
of epigenetics. Genes Dev, 23(7), 781-783. https://doi.org/10.1101/gad.1787609  

Berndsen, C. E., & Denu, J. M. (2008). Catalysis and substrate selection by histone/protein 
lysine acetyltransferases. Curr Opin Struct Biol, 18(6), 682-689. 
https://doi.org/10.1016/j.sbi.2008.11.004  

Bernstein, B. E., Mikkelsen, T. S., Xie, X., Kamal, M., Huebert, D. J., Cuff, J., Fry, B., Meissner, 
A., Wernig, M., Plath, K., Jaenisch, R., Wagschal, A., Feil, R., Schreiber, S. L., & 
Lander, E. S. (2006). A bivalent chromatin structure marks key developmental genes in 
embryonic stem cells. Cell, 125(2), 315-326. https://doi.org/10.1016/j.cell.2006.02.041  

Bird, A. (2007). Perceptions of epigenetics. Nature, 447(7143), 396-398. 
https://doi.org/10.1038/nature05913  

Bird, A. P. (1986). CpG-rich islands and the function of DNA methylation. Nature, 321(6067), 
209-213. https://doi.org/10.1038/321209a0  

Black, Joshua C., Van Rechem, C., & Whetstine, Johnathan R. (2012). Histone Lysine 
Methylation Dynamics: Establishment, Regulation, and Biological Impact. Molecular 
Cell, 48(4), 491-507. https://doi.org/https://doi.org/10.1016/j.molcel.2012.11.006  

Black, J. C., & Whetstine, J. R. (2011). Chromatin landscape: methylation beyond transcription. 
Epigenetics, 6(1), 9-15. https://doi.org/10.4161/epi.6.1.13331  

https://doi.org/10.1038/35065138
https://doi.org/10.1016/j.cell.2007.05.009
https://doi.org/10.18632/oncotarget.2758
https://doi.org/10.3390/ijms22094654
https://doi.org/10.1038/s41598-019-47021-x
https://doi.org/10.1016/j.tig.2015.11.001
https://doi.org/10.1126/science.1228792
https://doi.org/10.1126/science.aad0489
https://doi.org/10.1101/gad.1787609
https://doi.org/10.1016/j.sbi.2008.11.004
https://doi.org/10.1016/j.cell.2006.02.041
https://doi.org/10.1038/nature05913
https://doi.org/10.1038/321209a0
https://doi.org/https://doi.org/10.1016/j.molcel.2012.11.006
https://doi.org/10.4161/epi.6.1.13331


 144 

Blackledge, N. P., Rose, N. R., & Klose, R. J. (2015). Targeting Polycomb systems to regulate 
gene expression: modifications to a complex story. Nat Rev Mol Cell Biol, 16(11), 643-
649. https://doi.org/10.1038/nrm4067  

Bokar, J. A., Shambaugh, M. E., Polayes, D., Matera, A. G., & Rottman, F. M. (1997). 
Purification and cDNA cloning of the AdoMet-binding subunit of the human mRNA 
(N6-adenosine)-methyltransferase. Rna, 3(11), 1233-1247.  

Boyer, L. A., Plath, K., Zeitlinger, J., Brambrink, T., Medeiros, L. A., Lee, T. I., Levine, S. S., 
Wernig, M., Tajonar, A., Ray, M. K., Bell, G. W., Otte, A. P., Vidal, M., Gifford, D. K., 
Young, R. A., & Jaenisch, R. (2006). Polycomb complexes repress developmental 
regulators in murine embryonic stem cells. Nature, 441(7091), 349-353. 
https://doi.org/10.1038/nature04733  

Bracken, A. P., Pasini, D., Capra, M., Prosperini, E., Colli, E., & Helin, K. (2003). EZH2 is 
downstream of the pRB-E2F pathway, essential for proliferation and amplified in cancer. 
Embo j, 22(20), 5323-5335. https://doi.org/10.1093/emboj/cdg542  

Bracken, A. P., Pasini, D., Capra, M., Prosperini, E., Colli, E., & Helin, K. (2003). EZH2 is 
downstream of the pRB-E2F pathway, essential for proliferation and amplified in cancer. 
The EMBO Journal, 22(20), 5323-5335. 
https://doi.org/https://doi.org/10.1093/emboj/cdg542  

Brenet, F., Moh, M., Funk, P., Feierstein, E., Viale, A. J., Socci, N. D., & Scandura, J. M. 
(2011). DNA methylation of the first exon is tightly linked to transcriptional silencing. 
PLOS ONE, 6(1), e14524. https://doi.org/10.1371/journal.pone.0014524  

Brien, G. L., Gambero, G., O'Connell, D. J., Jerman, E., Turner, S. A., Egan, C. M., Dunne, E. J., 
Jurgens, M. C., Wynne, K., Piao, L., Lohan, A. J., Ferguson, N., Shi, X., Sinha, K. M., 
Loftus, B. J., Cagney, G., & Bracken, A. P. (2012). Polycomb PHF19 binds H3K36me3 
and recruits PRC2 and demethylase NO66 to embryonic stem cell genes during 
differentiation. Nature Structural & Molecular Biology, 19(12), 1273-1281. 
https://doi.org/10.1038/nsmb.2449  

Browne, G. J., & Proud, C. G. (2004). A novel mTOR-regulated phosphorylation site in 
elongation factor 2 kinase modulates the activity of the kinase and its binding to 
calmodulin. Mol Cell Biol, 24(7), 2986-2997. https://doi.org/10.1128/mcb.24.7.2986-
2997.2004  

Brownell, J. E., & Allis, C. D. (1996). Special HATs for special occasions: linking histone 
acetylation to chromatin assembly and gene activation. Curr Opin Genet Dev, 6(2), 176-
184. https://doi.org/10.1016/s0959-437x(96)80048-7  

Buller, C. L., Loberg, R. D., Fan, M.-H., Zhu, Q., Park, J. L., Vesely, E., Inoki, K., Guan, K.-L., 
& Frank C. Brosius, I. (2008). A GSK-3/TSC2/mTOR pathway regulates glucose uptake 
and GLUT1 glucose transporter expression. American Journal of Physiology-Cell 
Physiology, 295(3), C836-C843. https://doi.org/10.1152/ajpcell.00554.2007  

Burnichon, N., Brière, J. J., Libé, R., Vescovo, L., Rivière, J., Tissier, F., Jouanno, E., 
Jeunemaitre, X., Bénit, P., Tzagoloff, A., Rustin, P., Bertherat, J., Favier, J., & Gimenez-
Roqueplo, A. P. (2010). SDHA is a tumor suppressor gene causing paraganglioma. Hum 
Mol Genet, 19(15), 3011-3020. https://doi.org/10.1093/hmg/ddq206  

Campbell, S., Ismail, I. H., Young, L. C., Poirier, G. G., & Hendzel, M. J. (2013). Polycomb 
repressive complex 2 contributes to DNA double-strand break repair. Cell Cycle, 12(16), 
2675-2683. https://doi.org/10.4161/cc.25795  

https://doi.org/10.1038/nrm4067
https://doi.org/10.1038/nature04733
https://doi.org/10.1093/emboj/cdg542
https://doi.org/https://doi.org/10.1093/emboj/cdg542
https://doi.org/10.1371/journal.pone.0014524
https://doi.org/10.1038/nsmb.2449
https://doi.org/10.1128/mcb.24.7.2986-2997.2004
https://doi.org/10.1128/mcb.24.7.2986-2997.2004
https://doi.org/10.1016/s0959-437x(96)80048-7
https://doi.org/10.1152/ajpcell.00554.2007
https://doi.org/10.1093/hmg/ddq206
https://doi.org/10.4161/cc.25795


 145 

Cantley, L. C. (2002). The phosphoinositide 3-kinase pathway. Science, 296(5573), 1655-1657. 
https://doi.org/10.1126/science.296.5573.1655  

Cao, R., Wang, L., Wang, H., Xia, L., Erdjument-Bromage, H., Tempst, P., Jones, R. S., & 
Zhang, Y. (2002). Role of histone H3 lysine 27 methylation in Polycomb-group 
silencing. Science, 298(5595), 1039-1043. https://doi.org/10.1126/science.1076997  

Cao, R., & Zhang, Y. (2004). SUZ12 is required for both the histone methyltransferase activity 
and the silencing function of the EED-EZH2 complex. Mol Cell, 15(1), 57-67. 
https://doi.org/10.1016/j.molcel.2004.06.020  

Castel, D., Philippe, C., Calmon, R., Le Dret, L., Truffaux, N., Boddaert, N., Pagès, M., Taylor, 
K. R., Saulnier, P., Lacroix, L., Mackay, A., Jones, C., Sainte-Rose, C., Blauwblomme, 
T., Andreiuolo, F., Puget, S., Grill, J., Varlet, P., & Debily, M. A. (2015). Histone 
H3F3A and HIST1H3B K27M mutations define two subgroups of diffuse intrinsic 
pontine gliomas with different prognosis and phenotypes. Acta Neuropathol, 130(6), 815-
827. https://doi.org/10.1007/s00401-015-1478-0  

Castro-Vega, L. J., Buffet, A., De Cubas, A. A., Cascón, A., Menara, M., Khalifa, E., Amar, L., 
Azriel, S., Bourdeau, I., Chabre, O., Currás-Freixes, M., Franco-Vidal, V., Guillaud-
Bataille, M., Simian, C., Morin, A., Letón, R., Gómez-Graña, A., Pollard, P. J., Rustin, 
P., Robledo, M., Favier, J., & Gimenez-Roqueplo, A. P. (2014). Germline mutations in 
FH confer predisposition to malignant pheochromocytomas and paragangliomas. Hum 
Mol Genet, 23(9), 2440-2446. https://doi.org/10.1093/hmg/ddt639  

Celik, H., Koh, W. K., Kramer, A. C., Ostrander, E. L., Mallaney, C., Fisher, D. A. C., Xiang, J., 
Wilson, W. C., Martens, A., Kothari, A., Fishberger, G., Tycksen, E., Karpova, D., 
Duncavage, E. J., Lee, Y., Oh, S. T., & Challen, G. A. (2018). JARID2 Functions as a 
Tumor Suppressor in Myeloid Neoplasms by Repressing Self-Renewal in Hematopoietic 
Progenitor Cells. Cancer Cell, 34(5), 741-756.e748. 
https://doi.org/10.1016/j.ccell.2018.10.008  

Cervera, A. M., Bayley, J. P., Devilee, P., & McCreath, K. J. (2009). Inhibition of succinate 
dehydrogenase dysregulates histone modification in mammalian cells. Mol Cancer, 8, 89. 
https://doi.org/10.1186/1476-4598-8-89  

Cha, T.-L., Zhou, B. P., Xia, W., Wu, Y., Yang, C.-C., Chen, C.-T., Ping, B., Otte, A. P., & 
Hung, M.-C. (2005). Akt-Mediated Phosphorylation of EZH2 Suppresses Methylation of 
Lysine 27 in Histone H3. Science, 310(5746), 306-310. 
https://doi.org/doi:10.1126/science.1118947  

Chamberlain, S. J., Yee, D., & Magnuson, T. (2008). Polycomb repressive complex 2 is 
dispensable for maintenance of embryonic stem cell pluripotency. Stem Cells, 26(6), 
1496-1505. https://doi.org/10.1634/stemcells.2008-0102  

Chan, K. M., Fang, D., Gan, H., Hashizume, R., Yu, C., Schroeder, M., Gupta, N., Mueller, S., 
James, C. D., Jenkins, R., Sarkaria, J., & Zhang, Z. (2013). The histone H3.3K27M 
mutation in pediatric glioma reprograms H3K27 methylation and gene expression. Genes 
Dev, 27(9), 985-990. https://doi.org/10.1101/gad.217778.113  

Chatterjee, S., Munshi, C., & Bhattacharya, S. (2016). Chapter 5 - The Role of mTOR, 
Autophagy, Apoptosis, and Oxidative Stress During Toxic Metal Injury. In K. Maiese 
(Ed.), Molecules to Medicine with mTOR (pp. 69-81). Academic Press. 
https://doi.org/https://doi.org/10.1016/B978-0-12-802733-2.00013-X  

Chaveroux, C., Eichner, L. J., Dufour, C. R., Shatnawi, A., Khoutorsky, A., Bourque, G., 
Sonenberg, N., & Giguère, V. (2013). Molecular and genetic crosstalks between mTOR 

https://doi.org/10.1126/science.296.5573.1655
https://doi.org/10.1126/science.1076997
https://doi.org/10.1016/j.molcel.2004.06.020
https://doi.org/10.1007/s00401-015-1478-0
https://doi.org/10.1093/hmg/ddt639
https://doi.org/10.1016/j.ccell.2018.10.008
https://doi.org/10.1186/1476-4598-8-89
https://doi.org/doi:10.1126/science.1118947
https://doi.org/10.1634/stemcells.2008-0102
https://doi.org/10.1101/gad.217778.113
https://doi.org/https://doi.org/10.1016/B978-0-12-802733-2.00013-X


 146 

and ERRα are key determinants of rapamycin-induced nonalcoholic fatty liver. Cell 
Metab, 17(4), 586-598. https://doi.org/10.1016/j.cmet.2013.03.003  

Chen, J., Zhang, Y. C., Huang, C., Shen, H., Sun, B., Cheng, X., Zhang, Y. J., Yang, Y. G., Shu, 
Q., Yang, Y., & Li, X. (2019). m(6)A Regulates Neurogenesis and Neuronal 
Development by Modulating Histone Methyltransferase Ezh2. Genomics Proteomics 
Bioinformatics, 17(2), 154-168. https://doi.org/10.1016/j.gpb.2018.12.007  

Chen, S., Jiao, L., Shubbar, M., Yang, X., & Liu, X. (2018). Unique Structural Platforms of 
Suz12 Dictate Distinct Classes of PRC2 for Chromatin Binding. Mol Cell, 69(5), 840-
852.e845. https://doi.org/10.1016/j.molcel.2018.01.039  

Chen, Y., Ren, B., Yang, J., Wang, H., Yang, G., Xu, R., You, L., & Zhao, Y. (2020). The role 
of histone methylation in the development of digestive cancers: a potential direction for 
cancer management. Signal Transduction and Targeted Therapy, 5(1), 143. 
https://doi.org/10.1038/s41392-020-00252-1  

Cheng, Q.-Y., Xiong, J., Huang, W., Ma, Q., Ci, W., Feng, Y.-Q., & Yuan, B.-F. (2015). 
Sensitive Determination of Onco-metabolites of D- and L-2-hydroxyglutarate 
Enantiomers by Chiral Derivatization Combined with Liquid Chromatography/Mass 
Spectrometry Analysis. Scientific Reports, 5(1), 15217. https://doi.org/10.1038/srep15217  

Cheng, S.-C., Quintin, J., Cramer, R. A., Shepardson, K. M., Saeed, S., Kumar, V., Giamarellos-
Bourboulis, E. J., Martens, J. H. A., Rao, N. A., Aghajanirefah, A., Manjeri, G. R., Li, Y., 
Ifrim, D. C., Arts, R. J. W., van der Veer, B. M. J. W., Deen, P. M. T., Logie, C., O’Neill, 
L. A., Willems, P., van de Veerdonk, F. L., van der Meer, J. W. M., Ng, A., Joosten, L. 
A. B., Wijmenga, C., Stunnenberg, H. G., Xavier, R. J., & Netea, M. G. (2014). mTOR- 
and HIF-1&#x3b1;&#x2013;mediated aerobic glycolysis as metabolic basis for trained 
immunity. Science, 345(6204), 1250684. https://doi.org/doi:10.1126/science.1250684  

Cheng, Y., He, C., Wang, M., Ma, X., Mo, F., Yang, S., Han, J., & Wei, X. (2019). Targeting 
epigenetic regulators for cancer therapy: mechanisms and advances in clinical trials. 
Signal Transduction and Targeted Therapy, 4(1), 62. https://doi.org/10.1038/s41392-019-
0095-0  

Chiang, P. K., Gordon, R. K., Tal, J., Zeng, G. C., Doctor, B. P., Pardhasaradhi, K., & McCann, 
P. P. (1996). S-Adenosylmethionine and methylation. Faseb j, 10(4), 471-480.  

Choo, A. Y., Yoon, S.-O., Kim, S. G., Roux, P. P., & Blenis, J. (2008). Rapamycin differentially 
inhibits S6Ks and 4E-BP1 to mediate cell-type-specific repression of mRNA translation. 
Proceedings of the National Academy of Sciences, 105(45), 17414-17419. 
https://doi.org/doi:10.1073/pnas.0809136105  

Chowdhury, R., Yeoh, K. K., Tian, Y. M., Hillringhaus, L., Bagg, E. A., Rose, N. R., Leung, I. 
K., Li, X. S., Woon, E. C., Yang, M., McDonough, M. A., King, O. N., Clifton, I. J., 
Klose, R. J., Claridge, T. D., Ratcliffe, P. J., Schofield, C. J., & Kawamura, A. (2011). 
The oncometabolite 2-hydroxyglutarate inhibits histone lysine demethylases. EMBO Rep, 
12(5), 463-469. https://doi.org/10.1038/embor.2011.43  

Chung, C., Sweha, S. R., Pratt, D., Tamrazi, B., Panwalkar, P., Banda, A., Bayliss, J., Hawes, D., 
Yang, F., Lee, H. J., Shan, M., Cieslik, M., Qin, T., Werner, C. K., Wahl, D. R., 
Lyssiotis, C. A., Bian, Z., Shotwell, J. B., Yadav, V. N., Koschmann, C., Chinnaiyan, A. 
M., Blüml, S., Judkins, A. R., & Venneti, S. (2020). Integrated Metabolic and 
Epigenomic Reprograming by H3K27M Mutations in Diffuse Intrinsic Pontine Gliomas. 
Cancer Cell, 38(3), 334-349.e339. https://doi.org/10.1016/j.ccell.2020.07.008  

https://doi.org/10.1016/j.cmet.2013.03.003
https://doi.org/10.1016/j.gpb.2018.12.007
https://doi.org/10.1016/j.molcel.2018.01.039
https://doi.org/10.1038/s41392-020-00252-1
https://doi.org/10.1038/srep15217
https://doi.org/doi:10.1126/science.1250684
https://doi.org/10.1038/s41392-019-0095-0
https://doi.org/10.1038/s41392-019-0095-0
https://doi.org/doi:10.1073/pnas.0809136105
https://doi.org/10.1038/embor.2011.43
https://doi.org/10.1016/j.ccell.2020.07.008


 147 

Ciuffreda, L., Di Sanza, C., Incani, U. C., & Milella, M. (2010). The mTOR pathway: a new 
target in cancer therapy. Curr Cancer Drug Targets, 10(5), 484-495. 
https://doi.org/10.2174/156800910791517172  

Cohen, P., Alessi, D. R., & Cross, D. A. (1997). PDK1, one of the missing links in insulin signal 
transduction? FEBS Lett, 410(1), 3-10. https://doi.org/10.1016/s0014-5793(97)00490-0  

Cooper, S., Dienstbier, M., Hassan, R., Schermelleh, L., Sharif, J., Blackledge, Neil P., 
De Marco, V., Elderkin, S., Koseki, H., Klose, R., Heger, A., & Brockdorff, N. (2014). 
Targeting Polycomb to Pericentric Heterochromatin in Embryonic Stem Cells Reveals a 
Role for H2AK119u1 in PRC2 Recruitment. Cell Reports, 7(5), 1456-1470. 
https://doi.org/10.1016/j.celrep.2014.04.012  

Cooper, S., Grijzenhout, A., Underwood, E., Ancelin, K., Zhang, T., Nesterova, T. B., Anil-
Kirmizitas, B., Bassett, A., Kooistra, S. M., Agger, K., Helin, K., Heard, E., & 
Brockdorff, N. (2016). Jarid2 binds mono-ubiquitylated H2A lysine 119 to mediate 
crosstalk between Polycomb complexes PRC1 and PRC2. Nature Communications, 7(1), 
13661. https://doi.org/10.1038/ncomms13661  

Csibi, A., Lee, G., Yoon, S. O., Tong, H., Ilter, D., Elia, I., Fendt, S. M., Roberts, T. M., & 
Blenis, J. (2014). The mTORC1/S6K1 pathway regulates glutamine metabolism through 
the eIF4B-dependent control of c-Myc translation. Curr Biol, 24(19), 2274-2280. 
https://doi.org/10.1016/j.cub.2014.08.007  

Curtis, C., Shah, S. P., Chin, S. F., Turashvili, G., Rueda, O. M., Dunning, M. J., Speed, D., 
Lynch, A. G., Samarajiwa, S., Yuan, Y., Gräf, S., Ha, G., Haffari, G., Bashashati, A., 
Russell, R., McKinney, S., Langerød, A., Green, A., Provenzano, E., Wishart, G., Pinder, 
S., Watson, P., Markowetz, F., Murphy, L., Ellis, I., Purushotham, A., Børresen-Dale, A. 
L., Brenton, J. D., Tavaré, S., Caldas, C., & Aparicio, S. (2012). The genomic and 
transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. Nature, 
486(7403), 346-352. https://doi.org/10.1038/nature10983  

Cybulski, N., Zinzalla, V., & Hall, M. N. (2012). Inducible raptor and rictor knockout mouse 
embryonic fibroblasts. Methods Mol Biol, 821, 267-278. https://doi.org/10.1007/978-1-
61779-430-8_16  

Czermin, B., Melfi, R., McCabe, D., Seitz, V., Imhof, A., & Pirrotta, V. (2002). Drosophila 
enhancer of Zeste/ESC complexes have a histone H3 methyltransferase activity that 
marks chromosomal Polycomb sites. Cell, 111(2), 185-196. 
https://doi.org/10.1016/s0092-8674(02)00975-3  

D’Oto, A., Fang, J., Jin, H., Xu, B., Singh, S., Mullasseril, A., Jones, V., Abu-Zaid, A., von 
Buttlar, X., Cooke, B., Hu, D., Shohet, J., Murphy, A. J., Davidoff, A. M., & Yang, J. 
(2021). KDM6B promotes activation of the oncogenic CDK4/6-pRB-E2F pathway by 
maintaining enhancer activity in MYCN-amplified neuroblastoma. Nature 
Communications, 12(1), 7204. https://doi.org/10.1038/s41467-021-27502-2  

Dagon, Y., Hur, E., Zheng, B., Wellenstein, K., Cantley, Lewis C., & Kahn, Barbara B. (2012). 
p70S6 Kinase Phosphorylates AMPK on Serine 491 to Mediate Leptin's Effect on Food 
Intake. Cell Metabolism, 16(1), 104-112. 
https://doi.org/https://doi.org/10.1016/j.cmet.2012.05.010  

Dalgliesh, G. L., Furge, K., Greenman, C., Chen, L., Bignell, G., Butler, A., Davies, H., Edkins, 
S., Hardy, C., Latimer, C., Teague, J., Andrews, J., Barthorpe, S., Beare, D., Buck, G., 
Campbell, P. J., Forbes, S., Jia, M., Jones, D., Knott, H., Kok, C. Y., Lau, K. W., Leroy, 
C., Lin, M. L., McBride, D. J., Maddison, M., Maguire, S., McLay, K., Menzies, A., 

https://doi.org/10.2174/156800910791517172
https://doi.org/10.1016/s0014-5793(97)00490-0
https://doi.org/10.1016/j.celrep.2014.04.012
https://doi.org/10.1038/ncomms13661
https://doi.org/10.1016/j.cub.2014.08.007
https://doi.org/10.1038/nature10983
https://doi.org/10.1007/978-1-61779-430-8_16
https://doi.org/10.1007/978-1-61779-430-8_16
https://doi.org/10.1016/s0092-8674(02)00975-3
https://doi.org/10.1038/s41467-021-27502-2
https://doi.org/https://doi.org/10.1016/j.cmet.2012.05.010


 148 

Mironenko, T., Mulderrig, L., Mudie, L., O'Meara, S., Pleasance, E., Rajasingham, A., 
Shepherd, R., Smith, R., Stebbings, L., Stephens, P., Tang, G., Tarpey, P. S., Turrell, K., 
Dykema, K. J., Khoo, S. K., Petillo, D., Wondergem, B., Anema, J., Kahnoski, R. J., Teh, 
B. T., Stratton, M. R., & Futreal, P. A. (2010). Systematic sequencing of renal carcinoma 
reveals inactivation of histone modifying genes. Nature, 463(7279), 360-363. 
https://doi.org/10.1038/nature08672  

Dalle Pezze, P., Sonntag, A. G., Thien, A., Prentzell, M. T., Gödel, M., Fischer, S., Neumann-
Haefelin, E., Huber, T. B., Baumeister, R., Shanley, D. P., & Thedieck, K. (2012). A 
dynamic network model of mTOR signaling reveals TSC-independent mTORC2 
regulation. Sci Signal, 5(217), ra25. https://doi.org/10.1126/scisignal.2002469  

Dang, L., White, D. W., Gross, S., Bennett, B. D., Bittinger, M. A., Driggers, E. M., Fantin, V. 
R., Jang, H. G., Jin, S., Keenan, M. C., Marks, K. M., Prins, R. M., Ward, P. S., Yen, K. 
E., Liau, L. M., Rabinowitz, J. D., Cantley, L. C., Thompson, C. B., Vander Heiden, M. 
G., & Su, S. M. (2009). Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. 
Nature, 462(7274), 739-744. https://doi.org/10.1038/nature08617  

Das, P., & Taube, J. H. (2020). Regulating Methylation at H3K27: A Trick or Treat for Cancer 
Cell Plasticity. Cancers (Basel), 12(10). https://doi.org/10.3390/cancers12102792  

Dasari, S. K., Bialik, S., Levin-Zaidman, S., Levin-Salomon, V., Merrill, A. H., Jr., Futerman, A. 
H., & Kimchi, A. (2017). Signalome-wide RNAi screen identifies GBA1 as a positive 
mediator of autophagic cell death. Cell Death Differ, 24(7), 1288-1302. 
https://doi.org/10.1038/cdd.2017.80  

Datta, S. R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., & Greenberg, M. E. (1997). Akt 
phosphorylation of BAD couples survival signals to the cell-intrinsic death machinery. 
Cell, 91(2), 231-241. https://doi.org/10.1016/s0092-8674(00)80405-5  

Daxinger, L., & Whitelaw, E. (2012). Understanding transgenerational epigenetic inheritance via 
the gametes in mammals. Nature Reviews Genetics, 13(3), 153-162. 
https://doi.org/10.1038/nrg3188  

de Almeida, S. F., Grosso, A. R., Koch, F., Fenouil, R., Carvalho, S., Andrade, J., Levezinho, H., 
Gut, M., Eick, D., Gut, I., Andrau, J.-C., Ferrier, P., & Carmo-Fonseca, M. (2011). 
Splicing enhances recruitment of methyltransferase HYPB/Setd2 and methylation of 
histone H3 Lys36. Nature Structural & Molecular Biology, 18(9), 977-983. 
https://doi.org/10.1038/nsmb.2123  

de Fijter, J. W. (2017). Cancer and mTOR Inhibitors in Transplant Recipients. Transplantation, 
101(1), 45-55. https://doi.org/10.1097/tp.0000000000001447  

de Mendoza, A., Nguyen, T. V., Ford, E., Poppe, D., Buckberry, S., Pflueger, J., Grimmer, M. 
R., Stolzenburg, S., Bogdanovic, O., Oshlack, A., Farnham, P. J., Blancafort, P., & Lister, 
R. (2022). Large-scale manipulation of promoter DNA methylation reveals context-
specific transcriptional responses and stability. Genome Biology, 23(1), 163. 
https://doi.org/10.1186/s13059-022-02728-5  

De Santa, F., Totaro, M. G., Prosperini, E., Notarbartolo, S., Testa, G., & Natoli, G. (2007). The 
Histone H3 Lysine-27 Demethylase Jmjd3 Links Inflammation to Inhibition of 
Polycomb-Mediated Gene Silencing. Cell, 130(6), 1083-1094. 
https://doi.org/10.1016/j.cell.2007.08.019  

Decker, T., Hipp, S., Ringshausen, I., Bogner, C., Oelsner, M., Schneller, F., & Peschel, C. 
(2003). Rapamycin-induced G1 arrest in cycling B-CLL cells is associated with reduced 

https://doi.org/10.1038/nature08672
https://doi.org/10.1126/scisignal.2002469
https://doi.org/10.1038/nature08617
https://doi.org/10.3390/cancers12102792
https://doi.org/10.1038/cdd.2017.80
https://doi.org/10.1016/s0092-8674(00)80405-5
https://doi.org/10.1038/nrg3188
https://doi.org/10.1038/nsmb.2123
https://doi.org/10.1097/tp.0000000000001447
https://doi.org/10.1186/s13059-022-02728-5
https://doi.org/10.1016/j.cell.2007.08.019


 149 

expression of cyclin D3, cyclin E, cyclin A, and survivin. Blood, 101(1), 278-285. 
https://doi.org/10.1182/blood-2002-01-0189  

Degenhardt, K., Mathew, R., Beaudoin, B., Bray, K., Anderson, D., Chen, G., Mukherjee, C., 
Shi, Y., Gélinas, C., Fan, Y., Nelson, D. A., Jin, S., & White, E. (2006). Autophagy 
promotes tumor cell survival and restricts necrosis, inflammation, and tumorigenesis. 
Cancer Cell, 10(1), 51-64. https://doi.org/10.1016/j.ccr.2006.06.001  

Dennis, M. D., Coleman, C. S., Berg, A., Jefferson, L. S., & Kimball, S. R. (2014). REDD1 
enhances protein phosphatase 2A-mediated dephosphorylation of Akt to repress 
mTORC1 signaling. Sci Signal, 7(335), ra68. https://doi.org/10.1126/scisignal.2005103  

Denton, D., & Kumar, S. (2019). Autophagy-dependent cell death. Cell Death & Differentiation, 
26(4), 605-616. https://doi.org/10.1038/s41418-018-0252-y  

Deretic, V. (2011). Autophagy in immunity and cell-autonomous defense against intracellular 
microbes. Immunol Rev, 240(1), 92-104. https://doi.org/10.1111/j.1600-
065X.2010.00995.x  

Desrosiers, R., Friderici, K., & Rottman, F. (1974). Identification of Methylated Nucleosides in 
Messenger RNA from Novikoff Hepatoma Cells. Proceedings of the National Academy 
of Sciences, 71(10), 3971-3975. https://doi.org/doi:10.1073/pnas.71.10.3971  

DeYoung, M. P., Horak, P., Sofer, A., Sgroi, D., & Ellisen, L. W. (2008). Hypoxia regulates 
TSC1/2-mTOR signaling and tumor suppression through REDD1-mediated 14-3-3 
shuttling. Genes Dev, 22(2), 239-251. https://doi.org/10.1101/gad.1617608  

Dibble, C. C., Elis, W., Menon, S., Qin, W., Klekota, J., Asara, J. M., Finan, P. M., 
Kwiatkowski, D. J., Murphy, L. O., & Manning, B. D. (2012). TBC1D7 is a third subunit 
of the TSC1-TSC2 complex upstream of mTORC1. Mol Cell, 47(4), 535-546. 
https://doi.org/10.1016/j.molcel.2012.06.009  

Dillon, S. C., Zhang, X., Trievel, R. C., & Cheng, X. (2005). The SET-domain protein 
superfamily: protein lysine methyltransferases. Genome Biology, 6(8), 227. 
https://doi.org/10.1186/gb-2005-6-8-227  

Dobrinić, P., Szczurek, A. T., & Klose, R. J. (2021). PRC1 drives Polycomb-mediated gene 
repression by controlling transcription initiation and burst frequency. Nat Struct Mol Biol, 
28(10), 811-824. https://doi.org/10.1038/s41594-021-00661-y  

Dodd, K. M., Yang, J., Shen, M. H., Sampson, J. R., & Tee, A. R. (2015). mTORC1 drives HIF-
1α and VEGF-A signalling via multiple mechanisms involving 4E-BP1, S6K1 and 
STAT3. Oncogene, 34(17), 2239-2250. https://doi.org/10.1038/onc.2014.164  

Dodge, J. E., Kang, Y. K., Beppu, H., Lei, H., & Li, E. (2004). Histone H3-K9 methyltransferase 
ESET is essential for early development. Mol Cell Biol, 24(6), 2478-2486. 
https://doi.org/10.1128/mcb.24.6.2478-2486.2004  

Dong, X., & Weng, Z. (2013). The correlation between histone modifications and gene 
expression. Epigenomics, 5(2), 113-116. https://doi.org/10.2217/epi.13.13  

Dorrello, N. V., Peschiaroli, A., Guardavaccaro, D., Colburn, N. H., Sherman, N. E., & Pagano, 
M. (2006). S6K1- and betaTRCP-mediated degradation of PDCD4 promotes protein 
translation and cell growth. Science, 314(5798), 467-471. 
https://doi.org/10.1126/science.1130276  

Dowling, R. J., Topisirovic, I., Alain, T., Bidinosti, M., Fonseca, B. D., Petroulakis, E., Wang, 
X., Larsson, O., Selvaraj, A., Liu, Y., Kozma, S. C., Thomas, G., & Sonenberg, N. 
(2010). mTORC1-mediated cell proliferation, but not cell growth, controlled by the 4E-
BPs. Science, 328(5982), 1172-1176. https://doi.org/10.1126/science.1187532  

https://doi.org/10.1182/blood-2002-01-0189
https://doi.org/10.1016/j.ccr.2006.06.001
https://doi.org/10.1126/scisignal.2005103
https://doi.org/10.1038/s41418-018-0252-y
https://doi.org/10.1111/j.1600-065X.2010.00995.x
https://doi.org/10.1111/j.1600-065X.2010.00995.x
https://doi.org/doi:10.1073/pnas.71.10.3971
https://doi.org/10.1101/gad.1617608
https://doi.org/10.1016/j.molcel.2012.06.009
https://doi.org/10.1186/gb-2005-6-8-227
https://doi.org/10.1038/s41594-021-00661-y
https://doi.org/10.1038/onc.2014.164
https://doi.org/10.1128/mcb.24.6.2478-2486.2004
https://doi.org/10.2217/epi.13.13
https://doi.org/10.1126/science.1130276
https://doi.org/10.1126/science.1187532


 150 

Drusian, L., Nigro, E. A., Mannella, V., Pagliarini, R., Pema, M., Costa, A. S. H., Benigni, F., 
Larcher, A., Chiaravalli, M., Gaude, E., Montorsi, F., Capitanio, U., Musco, G., Frezza, 
C., & Boletta, A. (2018). mTORC1&#xa0;Upregulation Leads to Accumulation of the 
Oncometabolite Fumarate in a Mouse Model of Renal Cell Carcinoma. Cell Reports, 
24(5), 1093-1104.e1096. https://doi.org/10.1016/j.celrep.2018.06.106  

Duan, R., Du, W., & Guo, W. (2020). EZH2: a novel target for cancer treatment. Journal of 
Hematology & Oncology, 13(1), 104. https://doi.org/10.1186/s13045-020-00937-8  

Düvel, K., Yecies, J. L., Menon, S., Raman, P., Lipovsky, A. I., Souza, A. L., Triantafellow, E., 
Ma, Q., Gorski, R., Cleaver, S., Vander Heiden, M. G., MacKeigan, J. P., Finan, P. M., 
Clish, C. B., Murphy, L. O., & Manning, B. D. (2010). Activation of a metabolic gene 
regulatory network downstream of mTOR complex 1. Mol Cell, 39(2), 171-183. 
https://doi.org/10.1016/j.molcel.2010.06.022  

Düvel, K., Yecies, J. L., Menon, S., Raman, P., Lipovsky, A. I., Souza, A. L., Triantafellow, E., 
Ma, Q., Gorski, R., Cleaver, S., Vander Heiden, M. G., MacKeigan, J. P., Finan, P. M., 
Clish, C. B., Murphy, L. O., & Manning, B. D. (2010). Activation of a Metabolic Gene 
Regulatory Network Downstream of mTOR Complex 1. Molecular Cell, 39(2), 171-183. 
https://doi.org/https://doi.org/10.1016/j.molcel.2010.06.022  

Edmunds, J. W., Mahadevan, L. C., & Clayton, A. L. (2008). Dynamic histone H3 methylation 
during gene induction: HYPB/Setd2 mediates all H3K36 trimethylation. Embo j, 27(2), 
406-420. https://doi.org/10.1038/sj.emboj.7601967  

Egan, B., Yuan, C.-C., Craske, M. L., Labhart, P., Guler, G. D., Arnott, D., Maile, T. M., Busby, 
J., Henry, C., Kelly, T. K., Tindell, C. A., Jhunjhunwala, S., Zhao, F., Hatton, C., Bryant, 
B. M., Classon, M., & Trojer, P. (2016). An Alternative Approach to ChIP-Seq 
Normalization Enables Detection of Genome-Wide Changes in Histone H3 Lysine 27 
Trimethylation upon EZH2 Inhibition. PLOS ONE, 11(11), e0166438. 
https://doi.org/10.1371/journal.pone.0166438  

Eich, M.-L., Athar, M., Ferguson, J. E., III, & Varambally, S. (2020). EZH2-Targeted Therapies 
in Cancer: Hype or a Reality. Cancer Research, 80(24), 5449-5458. 
https://doi.org/10.1158/0008-5472.Can-20-2147  

Eich, M. L., Athar, M., Ferguson, J. E., 3rd, & Varambally, S. (2020). EZH2-Targeted Therapies 
in Cancer: Hype or a Reality. Cancer Res, 80(24), 5449-5458. 
https://doi.org/10.1158/0008-5472.Can-20-2147  

El-Hashash, A. H. K. (2021). Histone H3K27M Mutation in Brain Tumors. Adv Exp Med Biol, 
1283, 43-52. https://doi.org/10.1007/978-981-15-8104-5_3  

Elgendy, M., Sheridan, C., Brumatti, G., & Martin, S. J. (2011). Oncogenic Ras-induced 
expression of Noxa and Beclin-1 promotes autophagic cell death and limits clonogenic 
survival. Mol Cell, 42(1), 23-35. https://doi.org/10.1016/j.molcel.2011.02.009  

Ezponda, T., Dupéré-Richer, D., Will, C. M., Small, E. C., Varghese, N., Patel, T., Nabet, B., 
Popovic, R., Oyer, J., Bulic, M., Zheng, Y., Huang, X., Shah, M. Y., Maji, S., Riva, A., 
Occhionorelli, M., Tonon, G., Kelleher, N., Keats, J., & Licht, J. D. (2017). 
UTX/KDM6A Loss Enhances the Malignant Phenotype of Multiple Myeloma and 
Sensitizes Cells to EZH2 inhibition. Cell Reports, 21(3), 628-640. 
https://doi.org/10.1016/j.celrep.2017.09.078  

Feinberg, A. P., Koldobskiy, M. A., & Göndör, A. (2016). Epigenetic modulators, modifiers and 
mediators in cancer aetiology and progression. Nat Rev Genet, 17(5), 284-299. 
https://doi.org/10.1038/nrg.2016.13  

https://doi.org/10.1016/j.celrep.2018.06.106
https://doi.org/10.1186/s13045-020-00937-8
https://doi.org/10.1016/j.molcel.2010.06.022
https://doi.org/https://doi.org/10.1016/j.molcel.2010.06.022
https://doi.org/10.1038/sj.emboj.7601967
https://doi.org/10.1371/journal.pone.0166438
https://doi.org/10.1158/0008-5472.Can-20-2147
https://doi.org/10.1158/0008-5472.Can-20-2147
https://doi.org/10.1007/978-981-15-8104-5_3
https://doi.org/10.1016/j.molcel.2011.02.009
https://doi.org/10.1016/j.celrep.2017.09.078
https://doi.org/10.1038/nrg.2016.13


 151 

Feldman, M. E., Apsel, B., Uotila, A., Loewith, R., Knight, Z. A., Ruggero, D., & Shokat, K. M. 
(2009). Active-site inhibitors of mTOR target rapamycin-resistant outputs of mTORC1 
and mTORC2. PLoS Biol, 7(2), e38. https://doi.org/10.1371/journal.pbio.1000038  

Findlay, S., Heath, J., Luo, V. M., Malina, A., Morin, T., Coulombe, Y., Djerir, B., Li, Z., 
Samiei, A., Simo-Cheyou, E., Karam, M., Bagci, H., Rahat, D., Grapton, D., Lavoie, E. 
G., Dove, C., Khaled, H., Kuasne, H., Mann, K. K., Klein, K. O., Greenwood, C. M., 
Tabach, Y., Park, M., Côté, J.-F., Masson, J.-Y., Maréchal, A., & Orthwein, A. (2018). 
SHLD2/FAM35A co-operates with REV7 to coordinate DNA double-strand break repair 
pathway choice. The EMBO Journal, 37(18), e100158. 
https://doi.org/https://doi.org/10.15252/embj.2018100158  

Finkelstein, J. D. (1990). Methionine metabolism in mammals. J Nutr Biochem, 1(5), 228-237. 
https://doi.org/10.1016/0955-2863(90)90070-2  

Fioravanti, R., Stazi, G., Zwergel, C., Valente, S., & Mai, A. (2018). Six Years (2012–2018) of 
Researches on Catalytic EZH2 Inhibitors: The Boom of the 2-Pyridone Compounds. The 
Chemical Record, 18(12), 1818-1832. 
https://doi.org/https://doi.org/10.1002/tcr.201800091  

Fish, R. J., & Kruithof, E. K. O. (2004). Short-term cytotoxic effects and long-term instability of 
RNAi delivered using lentiviral vectors. BMC Molecular Biology, 5(1), 9. 
https://doi.org/10.1186/1471-2199-5-9  

Forbes, S. A., Bindal, N., Bamford, S., Cole, C., Kok, C. Y., Beare, D., Jia, M., Shepherd, R., 
Leung, K., Menzies, A., Teague, J. W., Campbell, P. J., Stratton, M. R., & Futreal, P. A. 
(2011). COSMIC: mining complete cancer genomes in the Catalogue of Somatic 
Mutations in Cancer. Nucleic Acids Res, 39(Database issue), D945-950. 
https://doi.org/10.1093/nar/gkq929  

Franci, G., Ciotta, A., & Altucci, L. (2014). The Jumonji family: past, present and future of 
histone demethylases in cancer. Biomolecular Concepts, 5(3), 209-224. 
https://doi.org/doi:10.1515/bmc-2014-0010  

García-Martínez, J. M., & Alessi, D. R. (2008). mTOR complex 2 (mTORC2) controls 
hydrophobic motif phosphorylation and activation of serum- and glucocorticoid-induced 
protein kinase 1 (SGK1). Biochem J, 416(3), 375-385. 
https://doi.org/10.1042/bj20081668  

Gerken, T., Girard, C. A., Tung, Y. C., Webby, C. J., Saudek, V., Hewitson, K. S., Yeo, G. S., 
McDonough, M. A., Cunliffe, S., McNeill, L. A., Galvanovskis, J., Rorsman, P., Robins, 
P., Prieur, X., Coll, A. P., Ma, M., Jovanovic, Z., Farooqi, I. S., Sedgwick, B., Barroso, I., 
Lindahl, T., Ponting, C. P., Ashcroft, F. M., O'Rahilly, S., & Schofield, C. J. (2007). The 
obesity-associated FTO gene encodes a 2-oxoglutarate-dependent nucleic acid 
demethylase. Science, 318(5855), 1469-1472. https://doi.org/10.1126/science.1151710  

Gessi, M., Gielen, G. H., Dreschmann, V., Waha, A., & Pietsch, T. (2015). High frequency of 
H3F3A (K27M) mutations characterizes pediatric and adult high-grade gliomas of the 
spinal cord. Acta Neuropathol, 130(3), 435-437. https://doi.org/10.1007/s00401-015-
1463-7  

Gibaja, V., Shen, F., Harari, J., Korn, J., Ruddy, D., Saenz-Vash, V., Zhai, H., Rejtar, T., Paris, 
C. G., Yu, Z., Lira, M., King, D., Qi, W., Keen, N., Hassan, A. Q., & Chan, H. M. 
(2016). Development of secondary mutations in wild-type and mutant EZH2 alleles 
cooperates to confer resistance to EZH2 inhibitors. Oncogene, 35(5), 558-566. 
https://doi.org/10.1038/onc.2015.114  

https://doi.org/10.1371/journal.pbio.1000038
https://doi.org/https://doi.org/10.15252/embj.2018100158
https://doi.org/10.1016/0955-2863(90)90070-2
https://doi.org/https://doi.org/10.1002/tcr.201800091
https://doi.org/10.1186/1471-2199-5-9
https://doi.org/10.1093/nar/gkq929
https://doi.org/doi:10.1515/bmc-2014-0010
https://doi.org/10.1042/bj20081668
https://doi.org/10.1126/science.1151710
https://doi.org/10.1007/s00401-015-1463-7
https://doi.org/10.1007/s00401-015-1463-7
https://doi.org/10.1038/onc.2015.114


 152 

Gingras, A. C., Gygi, S. P., Raught, B., Polakiewicz, R. D., Abraham, R. T., Hoekstra, M. F., 
Aebersold, R., & Sonenberg, N. (1999). Regulation of 4E-BP1 phosphorylation: a novel 
two-step mechanism. Genes Dev, 13(11), 1422-1437. 
https://doi.org/10.1101/gad.13.11.1422  

Gingras, A. C., Raught, B., Gygi, S. P., Niedzwiecka, A., Miron, M., Burley, S. K., Polakiewicz, 
R. D., Wyslouch-Cieszynska, A., Aebersold, R., & Sonenberg, N. (2001). Hierarchical 
phosphorylation of the translation inhibitor 4E-BP1. Genes Dev, 15(21), 2852-2864. 
https://doi.org/10.1101/gad.912401  

Gingras, A. C., Raught, B., & Sonenberg, N. (2001). Regulation of translation initiation by 
FRAP/mTOR. Genes Dev, 15(7), 807-826. https://doi.org/10.1101/gad.887201  

Gökmen-Polar, Y., Liu, Y., Toroni, R. A., Sanders, K. L., Mehta, R., Badve, S., Rommel, C., & 
Sledge, G. W., Jr. (2012). Investigational drug MLN0128, a novel TORC1/2 inhibitor, 
demonstrates potent oral antitumor activity in human breast cancer xenograft models. 
Breast Cancer Res Treat, 136(3), 673-682. https://doi.org/10.1007/s10549-012-2298-8  

Goldknopf, I. L., Taylor, C. W., Baum, R. M., Yeoman, L. C., Olson, M. O., Prestayko, A. W., 
& Busch, H. (1975). Isolation and characterization of protein A24, a "histone-like" non-
histone chromosomal protein. J Biol Chem, 250(18), 7182-7187.  

González, A., Hall, M. N., Lin, S. C., & Hardie, D. G. (2020). AMPK and TOR: The Yin and 
Yang of Cellular Nutrient Sensing and Growth Control. Cell Metab, 31(3), 472-492. 
https://doi.org/10.1016/j.cmet.2020.01.015  

Grasso, C. S., Tang, Y., Truffaux, N., Berlow, N. E., Liu, L., Debily, M.-A., Quist, M. J., Davis, 
L. E., Huang, E. C., Woo, P. J., Ponnuswami, A., Chen, S., Johung, T. B., Sun, W., 
Kogiso, M., Du, Y., Qi, L., Huang, Y., Hütt-Cabezas, M., Warren, K. E., Le Dret, L., 
Meltzer, P. S., Mao, H., Quezado, M., van Vuurden, D. G., Abraham, J., Fouladi, M., 
Svalina, M. N., Wang, N., Hawkins, C., Nazarian, J., Alonso, M. M., Raabe, E. H., 
Hulleman, E., Spellman, P. T., Li, X.-N., Keller, C., Pal, R., Grill, J., & Monje, M. 
(2015). Functionally defined therapeutic targets in diffuse intrinsic pontine glioma. 
Nature Medicine, 21(6), 555-559. https://doi.org/10.1038/nm.3855  

Gravel, S. P., Avizonis, D., & St-Pierre, J. (2016). Metabolomics Analyses of Cancer Cells in 
Controlled Microenvironments. Methods Mol Biol, 1458, 273-290. 
https://doi.org/10.1007/978-1-4939-3801-8_20  

Greer, E. L., & Shi, Y. (2012). Histone methylation: a dynamic mark in health, disease and 
inheritance. Nat Rev Genet, 13(5), 343-357. https://doi.org/10.1038/nrg3173  

Gross, S., Cairns, R. A., Minden, M. D., Driggers, E. M., Bittinger, M. A., Jang, H. G., Sasaki, 
M., Jin, S., Schenkein, D. P., Su, S. M., Dang, L., Fantin, V. R., & Mak, T. W. (2010). 
Cancer-associated metabolite 2-hydroxyglutarate accumulates in acute myelogenous 
leukemia with isocitrate dehydrogenase 1 and 2 mutations. J Exp Med, 207(2), 339-344. 
https://doi.org/10.1084/jem.20092506  

Gu, X., Orozco, J. M., Saxton, R. A., Condon, K. J., Liu, G. Y., Krawczyk, P. A., Scaria, S. M., 
Harper, J. W., Gygi, S. P., & Sabatini, D. M. (2017). SAMTOR is an S-
adenosylmethionine sensor for the mTORC1 pathway. Science, 358(6364), 813-818. 
https://doi.org/10.1126/science.aao3265  

Gu, Z., Liu, Y., Cai, F., Patrick, M., Zmajkovic, J., Cao, H., Zhang, Y., Tasdogan, A., Chen, M., 
Qi, L., Liu, X., Li, K., Lyu, J., Dickerson, K. E., Chen, W., Ni, M., Merritt, M. E., 
Morrison, S. J., Skoda, R. C., DeBerardinis, R. J., & Xu, J. (2019). Loss of EZH2 

https://doi.org/10.1101/gad.13.11.1422
https://doi.org/10.1101/gad.912401
https://doi.org/10.1101/gad.887201
https://doi.org/10.1007/s10549-012-2298-8
https://doi.org/10.1016/j.cmet.2020.01.015
https://doi.org/10.1038/nm.3855
https://doi.org/10.1007/978-1-4939-3801-8_20
https://doi.org/10.1038/nrg3173
https://doi.org/10.1084/jem.20092506
https://doi.org/10.1126/science.aao3265


 153 

Reprograms BCAA Metabolism to Drive Leukemic Transformation. Cancer Discov, 
9(9), 1228-1247. https://doi.org/10.1158/2159-8290.Cd-19-0152  

Guo, Y., Zhao, S., & Wang, G. G. (2021). Polycomb Gene Silencing Mechanisms: PRC2 
Chromatin Targeting, H3K27me3 'Readout', and Phase Separation-Based Compaction. 
Trends Genet, 37(6), 547-565. https://doi.org/10.1016/j.tig.2020.12.006  

Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M. M., Mery, A., Vasquez, D. S., 
Turk, B. E., & Shaw, R. J. (2008). AMPK phosphorylation of raptor mediates a metabolic 
checkpoint. Mol Cell, 30(2), 214-226. https://doi.org/10.1016/j.molcel.2008.03.003  

Haberland, M., Montgomery, R. L., & Olson, E. N. (2009). The many roles of histone 
deacetylases in development and physiology: implications for disease and therapy. Nat 
Rev Genet, 10(1), 32-42. https://doi.org/10.1038/nrg2485  

Hagiwara, A., Cornu, M., Cybulski, N., Polak, P., Betz, C., Trapani, F., Terracciano, L., Heim, 
M. H., Rüegg, M. A., & Hall, M. N. (2012). Hepatic mTORC2 activates glycolysis and 
lipogenesis through Akt, glucokinase, and SREBP1c. Cell Metab, 15(5), 725-738. 
https://doi.org/10.1016/j.cmet.2012.03.015  

Han, D., Liu, J., Chen, C., Dong, L., Liu, Y., Chang, R., Huang, X., Liu, Y., Wang, J., 
Dougherty, U., Bissonnette, M. B., Shen, B., Weichselbaum, R. R., Xu, M. M., & He, C. 
(2019). Anti-tumour immunity controlled through mRNA m(6)A methylation and 
YTHDF1 in dendritic cells. Nature, 566(7743), 270-274. https://doi.org/10.1038/s41586-
019-0916-x  

Handy, D. E., Castro, R., & Loscalzo, J. (2011). Epigenetic modifications: basic mechanisms and 
role in cardiovascular disease. Circulation, 123(19), 2145-2156. 
https://doi.org/10.1161/circulationaha.110.956839  

Hannan, K. M., Brandenburger, Y., Jenkins, A., Sharkey, K., Cavanaugh, A., Rothblum, L., 
Moss, T., Poortinga, G., McArthur, G. A., Pearson, R. B., & Hannan, R. D. (2003). 
mTOR-dependent regulation of ribosomal gene transcription requires S6K1 and is 
mediated by phosphorylation of the carboxy-terminal activation domain of the nucleolar 
transcription factor UBF. Mol Cell Biol, 23(23), 8862-8877. 
https://doi.org/10.1128/mcb.23.23.8862-8877.2003  

Hansen, K. H., Bracken, A. P., Pasini, D., Dietrich, N., Gehani, S. S., Monrad, A., Rappsilber, J., 
Lerdrup, M., & Helin, K. (2008). A model for transmission of the H3K27me3 epigenetic 
mark. Nature Cell Biology, 10(11), 1291-1300. https://doi.org/10.1038/ncb1787  

Harachi, M., Masui, K., Honda, H., Muragaki, Y., Kawamata, T., Cavenee, W. K., Mischel, P. 
S., & Shibata, N. (2020). Dual Regulation of Histone Methylation by mTOR Complexes 
Controls Glioblastoma Tumor Cell Growth via EZH2 and SAM. Molecular Cancer 
Research, 18(8), 1142-1152. https://doi.org/10.1158/1541-7786.Mcr-20-0024  

Harrington, L. S., Findlay, G. M., Gray, A., Tolkacheva, T., Wigfield, S., Rebholz, H., Barnett, 
J., Leslie, N. R., Cheng, S., Shepherd, P. R., Gout, I., Downes, C. P., & Lamb, R. F. 
(2004). The TSC1-2 tumor suppressor controls insulin-PI3K signaling via regulation of 
IRS proteins. J Cell Biol, 166(2), 213-223. https://doi.org/10.1083/jcb.200403069  

Harutyunyan, A. S., Chen, H., Lu, T., Horth, C., Nikbakht, H., Krug, B., Russo, C., Bareke, E., 
Marchione, D. M., Coradin, M., Garcia, B. A., Jabado, N., & Majewski, J. (2020). 
H3K27M in Gliomas Causes a One-Step Decrease in H3K27 Methylation and Reduced 
Spreading within the Constraints of H3K36 Methylation. Cell Reports, 33(7). 
https://doi.org/10.1016/j.celrep.2020.108390  

https://doi.org/10.1158/2159-8290.Cd-19-0152
https://doi.org/10.1016/j.tig.2020.12.006
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1038/nrg2485
https://doi.org/10.1016/j.cmet.2012.03.015
https://doi.org/10.1038/s41586-019-0916-x
https://doi.org/10.1038/s41586-019-0916-x
https://doi.org/10.1161/circulationaha.110.956839
https://doi.org/10.1128/mcb.23.23.8862-8877.2003
https://doi.org/10.1038/ncb1787
https://doi.org/10.1158/1541-7786.Mcr-20-0024
https://doi.org/10.1083/jcb.200403069
https://doi.org/10.1016/j.celrep.2020.108390


 154 

Harutyunyan, A. S., Krug, B., Chen, H., Papillon-Cavanagh, S., Zeinieh, M., De Jay, N., 
Deshmukh, S., Chen, C. C. L., Belle, J., Mikael, L. G., Marchione, D. M., Li, R., 
Nikbakht, H., Hu, B., Cagnone, G., Cheung, W. A., Mohammadnia, A., Bechet, D., 
Faury, D., McConechy, M. K., Pathania, M., Jain, S. U., Ellezam, B., Weil, A. G., 
Montpetit, A., Salomoni, P., Pastinen, T., Lu, C., Lewis, P. W., Garcia, B. A., Kleinman, 
C. L., Jabado, N., & Majewski, J. (2019). H3K27M induces defective chromatin spread 
of PRC2-mediated repressive H3K27me2/me3 and is essential for glioma tumorigenesis. 
Nature Communications, 10(1), 1262. https://doi.org/10.1038/s41467-019-09140-x  

Harutyunyan, A. S., Krug, B., Chen, H., Papillon-Cavanagh, S., Zeinieh, M., De Jay, N., 
Deshmukh, S., Chen, C. C. L., Belle, J., Mikael, L. G., Marchione, D. M., Li, R., 
Nikbakht, H., Hu, B., Cagnone, G., Cheung, W. A., Mohammadnia, A., Bechet, D., 
Faury, D., McConechy, M. K., Pathania, M., Jain, S. U., Ellezam, B., Weil, A. G., 
Montpetit, A., Salomoni, P., Pastinen, T., Lu, C., Lewis, P. W., Garcia, B. A., Kleinman, 
C. L., Jabado, N., & Majewski, J. (2019). H3K27M induces defective chromatin spread 
of PRC2-mediated repressive H3K27me2/me3 and is essential for glioma tumorigenesis. 
Nat Commun, 10(1), 1262. https://doi.org/10.1038/s41467-019-09140-x  

Hassa, P. O., Haenni, S. S., Elser, M., & Hottiger, M. O. (2006). Nuclear ADP-ribosylation 
reactions in mammalian cells: where are we today and where are we going? Microbiol 
Mol Biol Rev, 70(3), 789-829. https://doi.org/10.1128/mmbr.00040-05  

He, A., Shen, X., Ma, Q., Cao, J., von Gise, A., Zhou, P., Wang, G., Marquez, V. E., Orkin, S. 
H., & Pu, W. T. (2012). PRC2 directly methylates GATA4 and represses its 
transcriptional activity. Genes Dev, 26(1), 37-42. https://doi.org/10.1101/gad.173930.111  

He, K., Zheng, X., Li, M., Zhang, L., & Yu, J. (2016). mTOR inhibitors induce apoptosis in 
colon cancer cells via CHOP-dependent DR5 induction on 4E-BP1 dephosphorylation. 
Oncogene, 35(2), 148-157. https://doi.org/10.1038/onc.2015.79  

Healy, E., Mucha, M., Glancy, E., Fitzpatrick, D. J., Conway, E., Neikes, H. K., Monger, C., 
Van Mierlo, G., Baltissen, M. P., Koseki, Y., Vermeulen, M., Koseki, H., & Bracken, A. 
P. (2019). PRC2.1 and PRC2.2 Synergize to Coordinate H3K27 Trimethylation. Mol 
Cell, 76(3), 437-452.e436. https://doi.org/10.1016/j.molcel.2019.08.012  

Heard, E., Rougeulle, C., Arnaud, D., Avner, P., Allis, C. D., & Spector, D. L. (2001). 
Methylation of histone H3 at Lys-9 is an early mark on the X chromosome during X 
inactivation. Cell, 107(6), 727-738. https://doi.org/10.1016/s0092-8674(01)00598-0  

Heesom, K. J., & Denton, R. M. (1999). Dissociation of the eukaryotic initiation factor-4E/4E-
BP1 complex involves phosphorylation of 4E-BP1 by an mTOR-associated kinase. FEBS 
Letters, 457(3), 489-493. https://doi.org/https://doi.org/10.1016/S0014-5793(99)01094-7  

Hinz, S., Kempkensteffen, C., Christoph, F., Hoffmann, M., Krause, H., Schrader, M., Schostak, 
M., Miller, K., & Weikert, S. (2008). Expression of the polycomb group protein EZH2 
and its relation to outcome in patients with urothelial carcinoma of the bladder. J Cancer 
Res Clin Oncol, 134(3), 331-336. https://doi.org/10.1007/s00432-007-0288-8  

Hleb, M., Murphy, S., Wagner, E. F., Hanna, N. N., Sharma, N., Park, J., Li, X. C., Strom, T. B., 
Padbury, J. F., Tseng, Y.-T., & Sharma, S. (2004). Evidence for Cyclin D3 as a Novel 
Target of Rapamycin in Human T Lymphocytes *. Journal of Biological Chemistry, 
279(30), 31948-31955. https://doi.org/10.1074/jbc.M400638200  

Ho, D. W. H., Chan, L. K., Chiu, Y. T., Xu, I. M. J., Poon, R. T. P., Cheung, T. T., Tang, C. N., 
Tang, V. W. L., Lo, I. L. O., Lam, P. W. Y., Yau, D. T. W., Li, M. X., Wong, C. M., & 
Ng, I. O. L. (2017). TSC1/2 mutations define a molecular subset of HCC with aggressive 

https://doi.org/10.1038/s41467-019-09140-x
https://doi.org/10.1038/s41467-019-09140-x
https://doi.org/10.1128/mmbr.00040-05
https://doi.org/10.1101/gad.173930.111
https://doi.org/10.1038/onc.2015.79
https://doi.org/10.1016/j.molcel.2019.08.012
https://doi.org/10.1016/s0092-8674(01)00598-0
https://doi.org/https://doi.org/10.1016/S0014-5793(99)01094-7
https://doi.org/10.1007/s00432-007-0288-8
https://doi.org/10.1074/jbc.M400638200


 155 

behaviour and treatment implication. Gut, 66(8), 1496-1506. 
https://doi.org/10.1136/gutjnl-2016-312734  

Hodis, E., Watson, I. R., Kryukov, G. V., Arold, S. T., Imielinski, M., Theurillat, J. P., 
Nickerson, E., Auclair, D., Li, L., Place, C., Dicara, D., Ramos, A. H., Lawrence, M. S., 
Cibulskis, K., Sivachenko, A., Voet, D., Saksena, G., Stransky, N., Onofrio, R. C., 
Winckler, W., Ardlie, K., Wagle, N., Wargo, J., Chong, K., Morton, D. L., Stemke-Hale, 
K., Chen, G., Noble, M., Meyerson, M., Ladbury, J. E., Davies, M. A., Gershenwald, J. 
E., Wagner, S. N., Hoon, D. S., Schadendorf, D., Lander, E. S., Gabriel, S. B., Getz, G., 
Garraway, L. A., & Chin, L. (2012). A landscape of driver mutations in melanoma. Cell, 
150(2), 251-263. https://doi.org/10.1016/j.cell.2012.06.024  

Højfeldt, J. W., Hedehus, L., Laugesen, A., Tatar, T., Wiehle, L., & Helin, K. (2019). Non-core 
Subunits of the PRC2 Complex Are Collectively Required for Its Target-Site Specificity. 
Molecular Cell, 76(3), 423-436.e423. https://doi.org/10.1016/j.molcel.2019.07.031  

Holz, M. K., Ballif, B. A., Gygi, S. P., & Blenis, J. (2005). mTOR and S6K1 mediate assembly 
of the translation preinitiation complex through dynamic protein interchange and ordered 
phosphorylation events. Cell, 123(4), 569-580. https://doi.org/10.1016/j.cell.2005.10.024  

Hong, S., Cho, Y. W., Yu, L. R., Yu, H., Veenstra, T. D., & Ge, K. (2007). Identification of 
JmjC domain-containing UTX and JMJD3 as histone H3 lysine 27 demethylases. Proc 
Natl Acad Sci U S A, 104(47), 18439-18444. https://doi.org/10.1073/pnas.0707292104  

Hong, Z., Pedersen, N. M., Wang, L., Torgersen, M. L., Stenmark, H., & Raiborg, C. (2017). 
PtdIns3P controls mTORC1 signaling through lysosomal positioning. J Cell Biol, 
216(12), 4217-4233. https://doi.org/10.1083/jcb.201611073  

Hopkins, B. D., Goncalves, M. D., & Cantley, L. C. (2020). Insulin–PI3K signalling: an 
evolutionarily insulated metabolic driver of cancer. Nature Reviews Endocrinology, 
16(5), 276-283. https://doi.org/10.1038/s41574-020-0329-9  

Houghton, P. J. (2010). Everolimus. Clin Cancer Res, 16(5), 1368-1372. 
https://doi.org/10.1158/1078-0432.Ccr-09-1314  

Hsieh, A. C., Liu, Y., Edlind, M. P., Ingolia, N. T., Janes, M. R., Sher, A., Shi, E. Y., Stumpf, C. 
R., Christensen, C., Bonham, M. J., Wang, S., Ren, P., Martin, M., Jessen, K., Feldman, 
M. E., Weissman, J. S., Shokat, K. M., Rommel, C., & Ruggero, D. (2012). The 
translational landscape of mTOR signalling steers cancer initiation and metastasis. 
Nature, 485(7396), 55-61. https://doi.org/10.1038/nature10912  

Hsu, P. P., Kang, S. A., Rameseder, J., Zhang, Y., Ottina, K. A., Lim, D., Peterson, T. R., Choi, 
Y., Gray, N. S., Yaffe, M. B., Marto, J. A., & Sabatini, D. M. (2011). The mTOR-
regulated phosphoproteome reveals a mechanism of mTORC1-mediated inhibition of 
growth factor signaling. Science, 332(6035), 1317-1322. 
https://doi.org/10.1126/science.1199498  

Hua, H., Kong, Q., Zhang, H., Wang, J., Luo, T., & Jiang, Y. (2019). Targeting mTOR for 
cancer therapy. Journal of Hematology & Oncology, 12(1), 71. 
https://doi.org/10.1186/s13045-019-0754-1  

Huang, X., Yan, J., Zhang, M., Wang, Y., Chen, Y., Fu, X., Wei, R., Zheng, X.-l., Liu, Z., 
Zhang, X., Yang, H., Hao, B., Shen, Y.-y., Su, Y., Cong, X., Huang, M., Tan, M., Ding, 
J., & Geng, M. (2018). Targeting Epigenetic Crosstalk as a Therapeutic Strategy for 
EZH2-Aberrant Solid Tumors. Cell, 175(1), 186-199.e119. 
https://doi.org/10.1016/j.cell.2018.08.058  

https://doi.org/10.1136/gutjnl-2016-312734
https://doi.org/10.1016/j.cell.2012.06.024
https://doi.org/10.1016/j.molcel.2019.07.031
https://doi.org/10.1016/j.cell.2005.10.024
https://doi.org/10.1073/pnas.0707292104
https://doi.org/10.1083/jcb.201611073
https://doi.org/10.1038/s41574-020-0329-9
https://doi.org/10.1158/1078-0432.Ccr-09-1314
https://doi.org/10.1038/nature10912
https://doi.org/10.1126/science.1199498
https://doi.org/10.1186/s13045-019-0754-1
https://doi.org/10.1016/j.cell.2018.08.058


 156 

Hübner, J.-M., Müller, T., Papageorgiou, D. N., Mauermann, M., Krijgsveld, J., Russell, R. B., 
Ellison, D. W., Pfister, S. M., Pajtler, K. W., & Kool, M. (2019). EZHIP/CXorf67 
mimics K27M mutated oncohistones and functions as an intrinsic inhibitor of PRC2 
function in aggressive posterior fossa ependymoma. Neuro-Oncology, 21(7), 878-889. 
https://doi.org/10.1093/neuonc/noz058  

Iadevaia, V., Liu, R., & Proud, C. G. (2014). mTORC1 signaling controls multiple steps in 
ribosome biogenesis. Semin Cell Dev Biol, 36, 113-120. 
https://doi.org/10.1016/j.semcdb.2014.08.004  

Ikenoue, T., Inoki, K., Yang, Q., Zhou, X., & Guan, K. L. (2008). Essential function of TORC2 
in PKC and Akt turn motif phosphorylation, maturation and signalling. Embo j, 27(14), 
1919-1931. https://doi.org/10.1038/emboj.2008.119  

Illingworth, R. S., & Bird, A. P. (2009). CpG islands--'a rough guide'. FEBS Lett, 583(11), 1713-
1720. https://doi.org/10.1016/j.febslet.2009.04.012  

Imrali, A., Mao, X., Yeste-Velasco, M., Shamash, J., & Lu, Y. (2016). Rapamycin inhibits 
prostate cancer cell growth through cyclin D1 and enhances the cytotoxic efficacy of 
cisplatin. Am J Cancer Res, 6(8), 1772-1784.  

Inoki, K., Corradetti, M. N., & Guan, K.-L. (2005). Dysregulation of the TSC-mTOR pathway in 
human disease. Nature Genetics, 37(1), 19-24. https://doi.org/10.1038/ng1494  

Inoki, K., Li, Y., Xu, T., & Guan, K. L. (2003). Rheb GTPase is a direct target of TSC2 GAP 
activity and regulates mTOR signaling. Genes Dev, 17(15), 1829-1834. 
https://doi.org/10.1101/gad.1110003  

Inoki, K., Li, Y., Zhu, T., Wu, J., & Guan, K. L. (2002). TSC2 is phosphorylated and inhibited 
by Akt and suppresses mTOR signalling. Nat Cell Biol, 4(9), 648-657. 
https://doi.org/10.1038/ncb839  

Inoki, K., Zhu, T., & Guan, K.-L. (2003). TSC2 Mediates Cellular Energy Response to Control 
Cell Growth and Survival. Cell, 115(5), 577-590. 
https://doi.org/https://doi.org/10.1016/S0092-8674(03)00929-2  

Italiano, A., Soria, J. C., Toulmonde, M., Michot, J. M., Lucchesi, C., Varga, A., Coindre, J. M., 
Blakemore, S. J., Clawson, A., Suttle, B., McDonald, A. A., Woodruff, M., Ribich, S., 
Hedrick, E., Keilhack, H., Thomson, B., Owa, T., Copeland, R. A., Ho, P. T. C., & 
Ribrag, V. (2018). Tazemetostat, an EZH2 inhibitor, in relapsed or refractory B-cell non-
Hodgkin lymphoma and advanced solid tumours: a first-in-human, open-label, phase 1 
study. Lancet Oncol, 19(5), 649-659. https://doi.org/10.1016/s1470-2045(18)30145-1  

Ito, Y., Nakamura, S., Sugimoto, N., Shigemori, T., Kato, Y., Ohno, M., Sakuma, S., Ito, K., 
Kumon, H., Hirose, H., Okamoto, H., Nogawa, M., Iwasaki, M., Kihara, S., Fujio, K., 
Matsumoto, T., Higashi, N., Hashimoto, K., Sawaguchi, A., Harimoto, K. I., Nakagawa, 
M., Yamamoto, T., Handa, M., Watanabe, N., Nishi, E., Arai, F., Nishimura, S., & Eto, 
K. (2018). Turbulence Activates Platelet Biogenesis to Enable Clinical Scale Ex Vivo 
Production. Cell, 174(3), 636-648.e618. https://doi.org/10.1016/j.cell.2018.06.011  

Iwase, S., & Shi, Y. (2011). Histone and DNA modifications in mental retardation. Prog Drug 
Res, 67, 147-173. https://doi.org/10.1007/978-3-7643-8989-5_8  

Jacinto, E., Facchinetti, V., Liu, D., Soto, N., Wei, S., Jung, S. Y., Huang, Q., Qin, J., & Su, B. 
(2006). SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt 
phosphorylation and substrate specificity. Cell, 127(1), 125-137. 
https://doi.org/10.1016/j.cell.2006.08.033  

https://doi.org/10.1093/neuonc/noz058
https://doi.org/10.1016/j.semcdb.2014.08.004
https://doi.org/10.1038/emboj.2008.119
https://doi.org/10.1016/j.febslet.2009.04.012
https://doi.org/10.1038/ng1494
https://doi.org/10.1101/gad.1110003
https://doi.org/10.1038/ncb839
https://doi.org/https://doi.org/10.1016/S0092-8674(03)00929-2
https://doi.org/10.1016/s1470-2045(18)30145-1
https://doi.org/10.1016/j.cell.2018.06.011
https://doi.org/10.1007/978-3-7643-8989-5_8
https://doi.org/10.1016/j.cell.2006.08.033


 157 

Jacinto, E., Loewith, R., Schmidt, A., Lin, S., Rüegg, M. A., Hall, A., & Hall, M. N. (2004). 
Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin insensitive. 
Nat Cell Biol, 6(11), 1122-1128. https://doi.org/10.1038/ncb1183  

Jacobs, J. J. L., 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), 164-168. https://doi.org/10.1038/16476  

Jain, S. U., Do, T. J., Lund, P. J., Rashoff, A. Q., Diehl, K. L., Cieslik, M., Bajic, A., Juretic, N., 
Deshmukh, S., Venneti, S., Muir, T. W., Garcia, B. A., Jabado, N., & Lewis, P. W. 
(2019). PFA ependymoma-associated protein EZHIP inhibits PRC2 activity through a H3 
K27M-like mechanism. Nature Communications, 10(1), 2146. 
https://doi.org/10.1038/s41467-019-09981-6  

Janes, M. R., Vu, C., Mallya, S., Shieh, M. P., Limon, J. J., Li, L. S., Jessen, K. A., Martin, M. 
B., Ren, P., Lilly, M. B., Sender, L. S., Liu, Y., Rommel, C., & Fruman, D. A. (2013). 
Efficacy of the investigational mTOR kinase inhibitor MLN0128/INK128 in models of 
B-cell acute lymphoblastic leukemia. Leukemia, 27(3), 586-594. 
https://doi.org/10.1038/leu.2012.276  

Jarome, T. J., Perez, G. A., Hauser, R. M., Hatch, K. M., & Lubin, F. D. (2018). EZH2 
Methyltransferase Activity Controls Pten Expression and mTOR Signaling during Fear 
Memory Reconsolidation. J Neurosci, 38(35), 7635-7648. 
https://doi.org/10.1523/jneurosci.0538-18.2018  

Jerusalem, G., Fasolo, A., Dieras, V., Cardoso, F., Bergh, J., Vittori, L., Zhang, Y., Massacesi, 
C., Sahmoud, T., & Gianni, L. (2011). Phase I trial of oral mTOR inhibitor everolimus in 
combination with trastuzumab and vinorelbine in pre-treated patients with HER2-
overexpressing metastatic breast cancer. Breast Cancer Res Treat, 125(2), 447-455. 
https://doi.org/10.1007/s10549-010-1260-x  

Jewer, M., Lee, L., Leibovitch, M., Zhang, G., Liu, J., Findlay, S. D., Vincent, K. M., Tandoc, 
K., Dieters-Castator, D., Quail, D. F., Dutta, I., Coatham, M., Xu, Z., Puri, A., Guan, B. 
J., Hatzoglou, M., Brumwell, A., Uniacke, J., Patsis, C., Koromilas, A., Schueler, J., 
Siegers, G. M., Topisirovic, I., & Postovit, L. M. (2020). Translational control of breast 
cancer plasticity. Nat Commun, 11(1), 2498. https://doi.org/10.1038/s41467-020-16352-z  

Jiang, H., Coleman, J., Miskimins, R., & Miskimins, W. K. (2003). Expression of constitutively 
active 4EBP-1 enhances p27Kip1 expression and inhibits proliferation of MCF7 breast 
cancer cells. Cancer Cell International, 3(1), 2. https://doi.org/10.1186/1475-2867-3-2  

Jones, P. A. (2012). Functions of DNA methylation: islands, start sites, gene bodies and beyond. 
Nature Reviews Genetics, 13(7), 484-492. https://doi.org/10.1038/nrg3230  

Josling, G. A., Selvarajah, S. A., Petter, M., & Duffy, M. F. (2012). The role of bromodomain 
proteins in regulating gene expression. Genes (Basel), 3(2), 320-343. 
https://doi.org/10.3390/genes3020320  

Justin, N., Zhang, Y., Tarricone, C., Martin, S. R., Chen, S., Underwood, E., De Marco, V., 
Haire, L. F., Walker, P. A., Reinberg, D., Wilson, J. R., & Gamblin, S. J. (2016). 
Structural basis of oncogenic histone H3K27M inhibition of human polycomb repressive 
complex 2. Nature Communications, 7(1), 11316. https://doi.org/10.1038/ncomms11316  

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. https://doi.org/10.1101/gad.1983810  

https://doi.org/10.1038/ncb1183
https://doi.org/10.1038/16476
https://doi.org/10.1038/s41467-019-09981-6
https://doi.org/10.1038/leu.2012.276
https://doi.org/10.1523/jneurosci.0538-18.2018
https://doi.org/10.1007/s10549-010-1260-x
https://doi.org/10.1038/s41467-020-16352-z
https://doi.org/10.1186/1475-2867-3-2
https://doi.org/10.1038/nrg3230
https://doi.org/10.3390/genes3020320
https://doi.org/10.1038/ncomms11316
https://doi.org/10.1101/gad.1983810


 158 

Kasinath, V., Faini, M., Poepsel, S., Reif, D., Feng, X. A., Stjepanovic, G., Aebersold, R., & 
Nogales, E. (2018). Structures of human PRC2 with its cofactors AEBP2 and JARID2. 
Science, 359(6378), 940-944. https://doi.org/10.1126/science.aar5700  

Kassis, J. A., Kennison, J. A., & Tamkun, J. W. (2017). Polycomb and Trithorax Group Genes in 
Drosophila. Genetics, 206(4), 1699-1725. https://doi.org/10.1534/genetics.115.185116  

Kaur, G., Rathod, S. S. S., Ghoneim, M. M., Alshehri, S., Ahmad, J., Mishra, A., & Alhakamy, 
N. A. (2022). DNA Methylation: A Promising Approach in Management of 
Alzheimer&rsquo;s Disease and Other Neurodegenerative Disorders. Biology, 11(1), 90. 
https://www.mdpi.com/2079-7737/11/1/90  

Keith, C. T., & Schreiber, S. L. (1995). PIK-related kinases: DNA repair, recombination, and cell 
cycle checkpoints. Science, 270(5233), 50-51. 
https://doi.org/10.1126/science.270.5233.50  

Kfoury-Beaumont, N., Prakasam, R., Pondugula, S., Lagas, J. S., Matkovich, S., Gontarz, P., 
Yang, L., Yano, H., Kim, A. H., Rubin, J. B., & Kroll, K. L. (2022). The H3K27M 
mutation alters stem cell growth, epigenetic regulation, and differentiation potential. 
BMC Biology, 20(1), 124. https://doi.org/10.1186/s12915-022-01324-0  

Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T. P., & Guan, K. L. (2008). Regulation of TORC1 
by Rag GTPases in nutrient response. Nat Cell Biol, 10(8), 935-945. 
https://doi.org/10.1038/ncb1753  

Kim, H., Kang, K., & Kim, J. (2009). AEBP2 as a potential targeting protein for Polycomb 
Repression Complex PRC2. Nucleic Acids Res, 37(9), 2940-2950. 
https://doi.org/10.1093/nar/gkp149  

Kim, J., Guermah, M., McGinty, R. K., Lee, J. S., Tang, Z., Milne, T. A., Shilatifard, A., Muir, 
T. W., & Roeder, R. G. (2009). RAD6-Mediated transcription-coupled H2B 
ubiquitylation directly stimulates H3K4 methylation in human cells. Cell, 137(3), 459-
471. https://doi.org/10.1016/j.cell.2009.02.027  

Kim, J., Kundu, M., Viollet, B., & Guan, K.-L. (2011). AMPK and mTOR regulate autophagy 
through direct phosphorylation of Ulk1. Nature Cell Biology, 13(2), 132-141. 
https://doi.org/10.1038/ncb2152  

Kleer, C. G., Cao, Q., Varambally, S., Shen, R., Ota, I., Tomlins, S. A., Ghosh, D., Sewalt, R. G. 
A. B., Otte, A. P., Hayes, D. F., Sabel, M. S., Livant, D., Weiss, S. J., Rubin, M. A., & 
Chinnaiyan, A. M. (2003). EZH2 is a marker of aggressive breast cancer and promotes 
neoplastic transformation of breast epithelial cells. Proceedings of the National Academy 
of Sciences, 100(20), 11606-11611. https://doi.org/doi:10.1073/pnas.1933744100  

Klose, R. J., & Zhang, Y. (2007). Regulation of histone methylation by demethylimination and 
demethylation. Nature Reviews Molecular Cell Biology, 8(4), 307-318. 
https://doi.org/10.1038/nrm2143  

Kosalai, S. T., Morsy, M. H. A., Papakonstantinou, N., Mansouri, L., Stavroyianni, N., Kanduri, 
C., Stamatopoulos, K., Rosenquist, R., & Kanduri, M. (2019). EZH2 upregulates the 
PI3K/AKT pathway through IGF1R and MYC in clinically aggressive chronic 
lymphocytic leukaemia. Epigenetics, 14(11), 1125-1140. 
https://doi.org/10.1080/15592294.2019.1633867  

Kouzarides, T. (2007). Chromatin Modifications and Their Function. Cell, 128(4), 693-705. 
https://doi.org/https://doi.org/10.1016/j.cell.2007.02.005  

https://doi.org/10.1126/science.aar5700
https://doi.org/10.1534/genetics.115.185116
https://www.mdpi.com/2079-7737/11/1/90
https://doi.org/10.1126/science.270.5233.50
https://doi.org/10.1186/s12915-022-01324-0
https://doi.org/10.1038/ncb1753
https://doi.org/10.1093/nar/gkp149
https://doi.org/10.1016/j.cell.2009.02.027
https://doi.org/10.1038/ncb2152
https://doi.org/doi:10.1073/pnas.1933744100
https://doi.org/10.1038/nrm2143
https://doi.org/10.1080/15592294.2019.1633867
https://doi.org/https://doi.org/10.1016/j.cell.2007.02.005


 159 

Krishnakumar, R., & Kraus, W. L. (2010). PARP-1 regulates chromatin structure and 
transcription through a KDM5B-dependent pathway. Mol Cell, 39(5), 736-749. 
https://doi.org/10.1016/j.molcel.2010.08.014  

Krug, B., De Jay, N., Harutyunyan, A. S., Deshmukh, S., Marchione, D. M., Guilhamon, P., 
Bertrand, K. C., Mikael, L. G., McConechy, M. K., Chen, C. C. L., Khazaei, S., Koncar, 
R. F., Agnihotri, S., Faury, D., Ellezam, B., Weil, A. G., Ursini-Siegel, J., De Carvalho, 
D. D., Dirks, P. B., Lewis, P. W., Salomoni, P., Lupien, M., Arrowsmith, C., Lasko, P. 
F., Garcia, B. A., Kleinman, C. L., Jabado, N., & Mack, S. C. (2019). Pervasive H3K27 
Acetylation Leads to ERV Expression and a Therapeutic Vulnerability in H3K27M 
Gliomas. Cancer Cell, 35(5), 782-797.e788. https://doi.org/10.1016/j.ccell.2019.04.004  

Kuerec, A. H., & Maier, A. B. (2023). Why Is Rapamycin Not a Rapalog? Gerontology. 
https://doi.org/10.1159/000528985  

Kwiatkowski, D. J., & Manning, B. D. (2005). Tuberous sclerosis: a GAP at the crossroads of 
multiple signaling pathways. Hum Mol Genet, 14 Spec No. 2, R251-258. 
https://doi.org/10.1093/hmg/ddi260  

Lamming, D. W., & Sabatini, D. M. (2013). A Central role for mTOR in lipid homeostasis. Cell 
Metab, 18(4), 465-469. https://doi.org/10.1016/j.cmet.2013.08.002  

Landgrave-Gómez, J., Mercado-Gómez, O., & Guevara-Guzmán, R. (2015). Epigenetic 
mechanisms in neurological and neurodegenerative diseases [Review]. Frontiers in 
Cellular Neuroscience, 9. https://doi.org/10.3389/fncel.2015.00058  

Lang, F., Böhmer, C., Palmada, M., Seebohm, G., Strutz-Seebohm, N., & Vallon, V. (2006). 
(Patho)physiological significance of the serum- and glucocorticoid-inducible kinase 
isoforms. Physiol Rev, 86(4), 1151-1178. https://doi.org/10.1152/physrev.00050.2005  

Laribee, R. N. (2018). Transcriptional and Epigenetic Regulation by the Mechanistic Target of 
Rapamycin Complex 1 Pathway. J Mol Biol, 430(24), 4874-4890. 
https://doi.org/10.1016/j.jmb.2018.10.008  

Lebeau, B., Jangal, M., Zhao, T., Wong, C. K., Wong, N., Cañedo, E. C., Hébert, S., Aguilar-
Mahecha, A., Chabot, C., Buchanan, M., Catterall, R., McCaffrey, L., Deblois, G., 
Kleinman, C., Park, M., Basik, M., & Witcher, M. (2022). 3D chromatin remodeling 
potentiates transcriptional programs driving cell invasion. Proceedings of the National 
Academy of Sciences, 119(36), e2203452119. 
https://doi.org/doi:10.1073/pnas.2203452119  

Lee, B. J., Boyer, J. A., Burnett, G. L., Thottumkara, A. P., Tibrewal, N., Wilson, S. L., Hsieh, 
T., Marquez, A., Lorenzana, E. G., Evans, J. W., Hulea, L., Kiss, G., Liu, H., Lee, D., 
Larsson, O., McLaughlan, S., Topisirovic, I., Wang, Z., Wang, Z., Zhao, Y., Wildes, D., 
Aggen, J. B., Singh, M., Gill, A. L., Smith, J. A. M., & Rosen, N. (2021). Selective 
inhibitors of mTORC1 activate 4EBP1 and suppress tumor growth. Nature Chemical 
Biology, 17(10), 1065-1074. https://doi.org/10.1038/s41589-021-00813-7  

Lee, C. H., Yu, J. R., Granat, J., Saldaña-Meyer, R., Andrade, J., LeRoy, G., Jin, Y., Lund, P., 
Stafford, J. M., Garcia, B. A., Ueberheide, B., & Reinberg, D. (2019). Automethylation 
of PRC2 promotes H3K27 methylation and is impaired in H3K27M pediatric glioma. 
Genes Dev, 33(19-20), 1428-1440. https://doi.org/10.1101/gad.328773.119  

Lee, H. W., & Choe, M. (2012). Expression of EZH2 in renal cell carcinoma as a novel 
prognostic marker. Pathol Int, 62(11), 735-741. https://doi.org/10.1111/pin.12001  

Lee, J. S., Shukla, A., Schneider, J., Swanson, S. K., Washburn, M. P., Florens, L., Bhaumik, S. 
R., & Shilatifard, A. (2007). Histone crosstalk between H2B monoubiquitination and H3 

https://doi.org/10.1016/j.molcel.2010.08.014
https://doi.org/10.1016/j.ccell.2019.04.004
https://doi.org/10.1159/000528985
https://doi.org/10.1093/hmg/ddi260
https://doi.org/10.1016/j.cmet.2013.08.002
https://doi.org/10.3389/fncel.2015.00058
https://doi.org/10.1152/physrev.00050.2005
https://doi.org/10.1016/j.jmb.2018.10.008
https://doi.org/doi:10.1073/pnas.2203452119
https://doi.org/10.1038/s41589-021-00813-7
https://doi.org/10.1101/gad.328773.119
https://doi.org/10.1111/pin.12001


 160 

methylation mediated by COMPASS. Cell, 131(6), 1084-1096. 
https://doi.org/10.1016/j.cell.2007.09.046  

Lee, J. Y., & Lee, T. H. (2012). Effects of DNA methylation on the structure of nucleosomes. J 
Am Chem Soc, 134(1), 173-175. https://doi.org/10.1021/ja210273w  

Lee, M. G., Villa, R., Trojer, P., Norman, J., Yan, K.-P., Reinberg, D., Di Croce, L., & 
Shiekhattar, R. (2007). Demethylation of H3K27 Regulates Polycomb Recruitment and 
H2A Ubiquitination. Science, 318(5849), 447-450. 
https://doi.org/doi:10.1126/science.1149042  

Lewis, E. B. (1978). A gene complex controlling segmentation in Drosophila. Nature, 
276(5688), 565-570. https://doi.org/10.1038/276565a0  

Li, C., Cui, J. F., Chen, M. B., Liu, C. Y., Liu, F., Zhang, Q. D., Zou, J., & Lu, P. H. (2015). The 
preclinical evaluation of the dual mTORC1/2 inhibitor INK-128 as a potential anti-
colorectal cancer agent. Cancer Biol Ther, 16(1), 34-42. 
https://doi.org/10.4161/15384047.2014.972274  

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. 
https://doi.org/10.1101/gad.1886410  

Li, J., Yen, C., Liaw, D., Podsypanina, K., Bose, S., Wang, S. I., Puc, J., Miliaresis, C., Rodgers, 
L., McCombie, R., Bigner, S. H., Giovanella, B. C., Ittmann, M., Tycko, B., Hibshoosh, 
H., Wigler, M. H., & Parsons, R. (1997). PTEN, a putative protein tyrosine phosphatase 
gene mutated in human brain, breast, and prostate cancer. Science, 275(5308), 1943-
1947. https://doi.org/10.1126/science.275.5308.1943  

Li, Q., Li, X., Tang, H., Jiang, B., Dou, Y., Gorospe, M., & Wang, W. (2017). NSUN2-Mediated 
m5C Methylation and METTL3/METTL14-Mediated m6A Methylation Cooperatively 
Enhance p21 Translation. J Cell Biochem, 118(9), 2587-2598. 
https://doi.org/10.1002/jcb.25957  

Li, S., Peng, Y., Landsman, D., & Panchenko, A. R. (2022). DNA methylation cues in 
nucleosome geometry, stability and unwrapping. Nucleic Acids Res, 50(4), 1864-1874. 
https://doi.org/10.1093/nar/gkac097  

Li, Z., Li, M., Wang, D., Hou, P., Chen, X., Chu, S., Chai, D., Zheng, J., & Bai, J. (2020). Post-
translational modifications of EZH2 in cancer. Cell & Bioscience, 10(1), 143. 
https://doi.org/10.1186/s13578-020-00505-0  

Li, Z., Qian, J., Li, J., & Zhu, C. (2019). Knockdown of lncRNA-HOTAIR downregulates the 
drug-resistance of breast cancer cells to doxorubicin via the PI3K/AKT/mTOR signaling 
pathway. Exp Ther Med, 18(1), 435-442. https://doi.org/10.3892/etm.2019.7629  

Liang, G., Lin, J. C. Y., Wei, V., Yoo, C., Cheng, J. C., Nguyen, C. T., Weisenberger, D. J., 
Egger, G., Takai, D., Gonzales, F. A., & Jones, P. A. (2004). Distinct localization of 
histone H3 acetylation and H3-K4 methylation to the transcription start sites in the 
human genome. Proceedings of the National Academy of Sciences, 101(19), 7357-7362. 
https://doi.org/doi:10.1073/pnas.0401866101  

Ling, N. X. Y., Kaczmarek, A., Hoque, A., Davie, E., Ngoei, K. R. W., Morrison, K. R., Smiles, 
W. J., Forte, G. M., Wang, T., Lie, S., Dite, T. A., Langendorf, C. G., Scott, J. W., 
Oakhill, J. S., & Petersen, J. (2020). mTORC1 directly inhibits AMPK to promote cell 
proliferation under nutrient stress. Nat Metab, 2(1), 41-49. 
https://doi.org/10.1038/s42255-019-0157-1  

https://doi.org/10.1016/j.cell.2007.09.046
https://doi.org/10.1021/ja210273w
https://doi.org/doi:10.1126/science.1149042
https://doi.org/10.1038/276565a0
https://doi.org/10.4161/15384047.2014.972274
https://doi.org/10.1101/gad.1886410
https://doi.org/10.1126/science.275.5308.1943
https://doi.org/10.1002/jcb.25957
https://doi.org/10.1093/nar/gkac097
https://doi.org/10.1186/s13578-020-00505-0
https://doi.org/10.3892/etm.2019.7629
https://doi.org/doi:10.1073/pnas.0401866101
https://doi.org/10.1038/s42255-019-0157-1


 161 

Litt, M. D., Simpson, M., Gaszner, M., Allis, C. D., & Felsenfeld, G. (2001). Correlation 
between histone lysine methylation and developmental changes at the chicken beta-
globin locus. Science, 293(5539), 2453-2455. https://doi.org/10.1126/science.1064413  

Liu, P., Gan, W., Chin, Y. R., Ogura, K., Guo, J., Zhang, J., Wang, B., Blenis, J., Cantley, L. C., 
Toker, A., Su, B., & Wei, W. (2015). PtdIns(3,4,5)P3-Dependent Activation of the 
mTORC2 Kinase Complex. Cancer Discov, 5(11), 1194-1209. 
https://doi.org/10.1158/2159-8290.Cd-15-0460  

Liu, Q., Thoreen, C., Wang, J., Sabatini, D., & Gray, N. S. (2009). mTOR Mediated Anti-Cancer 
Drug Discovery. Drug Discov Today Ther Strateg, 6(2), 47-55. 
https://doi.org/10.1016/j.ddstr.2009.12.001  

Liu, T. P., Lo, H. L., Wei, L. S., Hsiao, H. H., & Yang, P. M. (2015). S-Adenosyl-L-methionine-
competitive inhibitors of the histone methyltransferase EZH2 induce autophagy and 
enhance drug sensitivity in cancer cells. Anticancer Drugs, 26(2), 139-147. 
https://doi.org/10.1097/cad.0000000000000166  

Liu, X., & Liu, X. (2022). PRC2, Chromatin Regulation, and Human Disease: Insights From 
Molecular Structure and Function [Review]. Frontiers in Oncology, 12. 
https://doi.org/10.3389/fonc.2022.894585  

Liu, Y., Shoji-Kawata, S., Sumpter, R. M., Jr., Wei, Y., Ginet, V., Zhang, L., Posner, B., Tran, 
K. A., Green, D. R., Xavier, R. J., Shaw, S. Y., Clarke, P. G., Puyal, J., & Levine, B. 
(2013). Autosis is a Na+,K+-ATPase-regulated form of cell death triggered by 
autophagy-inducing peptides, starvation, and hypoxia-ischemia. Proc Natl Acad Sci U S 
A, 110(51), 20364-20371. https://doi.org/10.1073/pnas.1319661110  

Lodde, V., Modina, S. C., Franciosi, F., Zuccari, E., Tessaro, I., & Luciano, A. M. (2009). 
Localization of DNA methyltransferase-1 during oocyte differentiation, in vitro 
maturation and early embryonic development in cow. Eur J Histochem, 53(4), e24. 
https://doi.org/10.4081/ejh.2009.e24  

Loewith, R., Jacinto, E., Wullschleger, S., Lorberg, A., Crespo, J. L., Bonenfant, D., Oppliger, 
W., Jenoe, P., & Hall, M. N. (2002). Two TOR complexes, only one of which is 
rapamycin sensitive, have distinct roles in cell growth control. Mol Cell, 10(3), 457-468. 
https://doi.org/10.1016/s1097-2765(02)00636-6  

Lunt, S. Y., & Vander Heiden, M. G. (2011). Aerobic glycolysis: meeting the metabolic 
requirements of cell proliferation. Annu Rev Cell Dev Biol, 27, 441-464. 
https://doi.org/10.1146/annurev-cellbio-092910-154237  

Ma, L., Chen, Z., Erdjument-Bromage, H., Tempst, P., & Pandolfi, P. P. (2005). Phosphorylation 
and functional inactivation of TSC2 by Erk implications for tuberous sclerosis and cancer 
pathogenesis. Cell, 121(2), 179-193. https://doi.org/10.1016/j.cell.2005.02.031  

Ma, T., Hoeffer, C. A., Capetillo-Zarate, E., Yu, F., Wong, H., Lin, M. T., Tampellini, D., Klann, 
E., Blitzer, R. D., & Gouras, G. K. (2010). Dysregulation of the mTOR Pathway 
Mediates Impairment of Synaptic Plasticity in a Mouse Model of Alzheimer's Disease. 
PLOS ONE, 5(9), e12845. https://doi.org/10.1371/journal.pone.0012845  

Ma, X., Qi, W., Du, Y., Kong, D., Geng, Y., & Zeng, L. (2022). 1258P HJM-353: A potent, 
selective and orally bioavailable EED inhibitor with robust anti-tumor activities. Annals 
of Oncology, 33, S1122. https://doi.org/10.1016/j.annonc.2022.07.1376  

Ma, X. M., & Blenis, J. (2009). Molecular mechanisms of mTOR-mediated translational control. 
Nat Rev Mol Cell Biol, 10(5), 307-318. https://doi.org/10.1038/nrm2672  

https://doi.org/10.1126/science.1064413
https://doi.org/10.1158/2159-8290.Cd-15-0460
https://doi.org/10.1016/j.ddstr.2009.12.001
https://doi.org/10.1097/cad.0000000000000166
https://doi.org/10.3389/fonc.2022.894585
https://doi.org/10.1073/pnas.1319661110
https://doi.org/10.4081/ejh.2009.e24
https://doi.org/10.1016/s1097-2765(02)00636-6
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.1016/j.cell.2005.02.031
https://doi.org/10.1371/journal.pone.0012845
https://doi.org/10.1016/j.annonc.2022.07.1376
https://doi.org/10.1038/nrm2672


 162 

Ma, X. M., Yoon, S.-O., Richardson, C. J., Jülich, K., & Blenis, J. (2008). SKAR Links Pre-
mRNA Splicing to mTOR/S6K1-Mediated Enhanced Translation Efficiency of Spliced 
mRNAs. Cell, 133(2), 303-313. https://doi.org/10.1016/j.cell.2008.02.031  

Ma, Y., Kanakousaki, K., & Buttitta, L. (2015). How the cell cycle impacts chromatin 
architecture and influences cell fate [Review]. Frontiers in Genetics, 6. 
https://doi.org/10.3389/fgene.2015.00019  

Margueron, R., Justin, N., Ohno, K., Sharpe, M. L., Son, J., Drury Iii, W. J., Voigt, P., Martin, S. 
R., Taylor, W. R., De Marco, V., Pirrotta, V., Reinberg, D., & Gamblin, S. J. (2009). 
Role of the polycomb protein EED in the propagation of repressive histone marks. 
Nature, 461(7265), 762-767. https://doi.org/10.1038/nature08398  

Margueron, R., Justin, N., Ohno, K., Sharpe, M. L., Son, J., Drury, W. J., 3rd, Voigt, P., Martin, 
S. R., Taylor, W. R., De Marco, V., Pirrotta, V., Reinberg, D., & Gamblin, S. J. (2009). 
Role of the polycomb protein EED in the propagation of repressive histone marks. 
Nature, 461(7265), 762-767. https://doi.org/10.1038/nature08398  

Margueron, R., Li, G., Sarma, K., Blais, A., Zavadil, J., Woodcock, C. L., Dynlacht, B. D., & 
Reinberg, D. (2008). Ezh1 and Ezh2 maintain repressive chromatin through different 
mechanisms. Mol Cell, 32(4), 503-518. https://doi.org/10.1016/j.molcel.2008.11.004  

Margueron, R., Li, G., Sarma, K., Blais, A., Zavadil, J., Woodcock, C. L., Dynlacht, B. D., & 
Reinberg, D. (2008). Ezh1 and Ezh2 Maintain Repressive Chromatin through Different 
Mechanisms. Molecular Cell, 32(4), 503-518. 
https://doi.org/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. https://doi.org/10.1038/nature09784  

Margueron, R., Trojer, P., & Reinberg, D. (2005). The key to development: interpreting the 
histone code? Curr Opin Genet Dev, 15(2), 163-176. 
https://doi.org/10.1016/j.gde.2005.01.005  

Martina, J. A., Chen, Y., Gucek, M., & Puertollano, R. (2012). MTORC1 functions as a 
transcriptional regulator of autophagy by preventing nuclear transport of TFEB. 
Autophagy, 8(6), 903-914. https://doi.org/10.4161/auto.19653  

Martina, J. A., & Puertollano, R. (2013). Rag GTPases mediate amino acid-dependent 
recruitment of TFEB and MITF to lysosomes. J Cell Biol, 200(4), 475-491. 
https://doi.org/10.1083/jcb.201209135  

Mayer, C., Zhao, J., Yuan, X., & Grummt, I. (2004). mTOR-dependent activation of the 
transcription factor TIF-IA links rRNA synthesis to nutrient availability. Genes Dev, 
18(4), 423-434. https://doi.org/10.1101/gad.285504  

McCabe, M. T., Graves, A. P., Ganji, G., Diaz, E., Halsey, W. S., Jiang, Y., Smitheman, K. N., 
Ott, H. M., Pappalardi, M. B., Allen, K. E., Chen, S. B., Della Pietra, A., 3rd, Dul, E., 
Hughes, A. M., Gilbert, S. A., Thrall, S. H., Tummino, P. J., Kruger, R. G., Brandt, M., 
Schwartz, B., & Creasy, C. L. (2012). Mutation of A677 in histone methyltransferase 
EZH2 in human B-cell lymphoma promotes hypertrimethylation of histone H3 on lysine 
27 (H3K27). Proc Natl Acad Sci U S A, 109(8), 2989-2994. 
https://doi.org/10.1073/pnas.1116418109  

McCabe, M. T., Ott, H. M., Ganji, G., Korenchuk, S., Thompson, C., Van Aller, G. S., Liu, Y., 
Graves, A. P., Iii, A. D. P., Diaz, E., LaFrance, L. V., Mellinger, M., Duquenne, C., Tian, 
X., Kruger, R. G., McHugh, C. F., Brandt, M., Miller, W. H., Dhanak, D., Verma, S. K., 
Tummino, P. J., & Creasy, C. L. (2012). EZH2 inhibition as a therapeutic strategy for 

https://doi.org/10.1016/j.cell.2008.02.031
https://doi.org/10.3389/fgene.2015.00019
https://doi.org/10.1038/nature08398
https://doi.org/10.1038/nature08398
https://doi.org/10.1016/j.molcel.2008.11.004
https://doi.org/10.1016/j.molcel.2008.11.004
https://doi.org/10.1038/nature09784
https://doi.org/10.1016/j.gde.2005.01.005
https://doi.org/10.4161/auto.19653
https://doi.org/10.1083/jcb.201209135
https://doi.org/10.1101/gad.285504
https://doi.org/10.1073/pnas.1116418109


 163 

lymphoma with EZH2-activating mutations. Nature, 492(7427), 108-112. 
https://doi.org/10.1038/nature11606  

McLaughlin-Drubin, M. E., Park, D., & Munger, K. (2013). Tumor suppressor p16INK4A is 
necessary for survival of cervical carcinoma cell lines. Proc Natl Acad Sci U S A, 
110(40), 16175-16180. https://doi.org/10.1073/pnas.1310432110  

Mehta, M. S., Vazquez, A., Kulkarni, D. A., Kerrigan, J. E., Atwal, G., Metsugi, S., Toppmeyer, 
D. L., Levine, A. J., & Hirshfield, K. M. (2011). Polymorphic variants in TSC1 and 
TSC2 and their association with breast cancer phenotypes. Breast Cancer Res Treat, 
125(3), 861-868. https://doi.org/10.1007/s10549-010-1062-1  

Meng, T.-G., Zhou, Q., Ma, X.-S., Liu, X.-Y., Meng, Q.-R., Huang, X.-J., Liu, H.-L., Lei, W.-L., 
Zhao, Z.-H., Ouyang, Y.-C., Hou, Y., Schatten, H., Ou, X.-H., Wang, Z.-B., Gao, S.-R., 
& Sun, Q.-Y. (2020). PRC2 and EHMT1 regulate H3K27me2 and H3K27me3 
establishment across the zygote genome. Nature Communications, 11(1), 6354. 
https://doi.org/10.1038/s41467-020-20242-9  

Meyronet, D., Esteban-Mader, M., Bonnet, C., Joly, M. O., Uro-Coste, E., Amiel-Benouaich, A., 
Forest, F., Rousselot-Denis, C., Burel-Vandenbos, F., Bourg, V., Guyotat, J., Fenouil, T., 
Jouvet, A., Honnorat, J., & Ducray, F. (2017). Characteristics of H3 K27M-mutant 
gliomas in adults. Neuro Oncol, 19(8), 1127-1134. 
https://doi.org/10.1093/neuonc/now274  

Minchenko, O., Opentanova, I., & Caro, J. (2003). Hypoxic regulation of the 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase gene family (PFKFB-1–4) expression in vivo. FEBS 
Letters, 554(3), 264-270. https://doi.org/https://doi.org/10.1016/S0014-5793(03)01179-7  

Miranda Furtado, C. L., Dos Santos Luciano, M. C., Silva Santos, R. D., Furtado, G. P., Moraes, 
M. O., & Pessoa, C. (2019). Epidrugs: targeting epigenetic marks in cancer treatment. 
Epigenetics, 14(12), 1164-1176. https://doi.org/10.1080/15592294.2019.1640546  

Miranda, T. B., Cortez, C. C., Yoo, C. B., Liang, G., Abe, M., Kelly, T. K., Marquez, V. E., & 
Jones, P. A. (2009). DZNep is a global histone methylation inhibitor that reactivates 
developmental genes not silenced by DNA methylation. Molecular Cancer Therapeutics, 
8(6), 1579-1588. https://doi.org/10.1158/1535-7163.Mct-09-0013  

Mizushima, N., & Komatsu, M. (2011). Autophagy: renovation of cells and tissues. Cell, 147(4), 
728-741. https://doi.org/10.1016/j.cell.2011.10.026  

Moch, H., Cubilla, A. L., Humphrey, P. A., Reuter, V. E., & Ulbright, T. M. (2016). The 2016 
WHO Classification of Tumours of the Urinary System and Male Genital Organs—Part 
A: Renal, Penile, and Testicular Tumours. European Urology, 70(1), 93-105. 
https://doi.org/https://doi.org/10.1016/j.eururo.2016.02.029  

Mohammad, F., Weissmann, S., Leblanc, B., Pandey, D. P., Højfeldt, J. W., Comet, I., Zheng, 
C., Johansen, J. V., Rapin, N., Porse, B. T., Tvardovskiy, A., Jensen, O. N., Olaciregui, 
N. G., Lavarino, C., Suñol, M., de Torres, C., Mora, J., Carcaboso, A. M., & Helin, K. 
(2017). EZH2 is a potential therapeutic target for H3K27M-mutant pediatric gliomas. Nat 
Med, 23(4), 483-492. https://doi.org/10.1038/nm.4293  

Mohandas, T., Sparkes, R. S., & Shapiro, L. J. (1981). Reactivation of an inactive human X 
chromosome: evidence for X inactivation by DNA methylation. Science, 211(4480), 393-
396. https://doi.org/10.1126/science.6164095  

Morgan, H. D., Sutherland, H. G. E., Martin, D. I. K., & Whitelaw, E. (1999). Epigenetic 
inheritance at the agouti locus in the mouse. Nature Genetics, 23(3), 314-318. 
https://doi.org/10.1038/15490  

https://doi.org/10.1038/nature11606
https://doi.org/10.1073/pnas.1310432110
https://doi.org/10.1007/s10549-010-1062-1
https://doi.org/10.1038/s41467-020-20242-9
https://doi.org/10.1093/neuonc/now274
https://doi.org/https://doi.org/10.1016/S0014-5793(03)01179-7
https://doi.org/10.1080/15592294.2019.1640546
https://doi.org/10.1158/1535-7163.Mct-09-0013
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/https://doi.org/10.1016/j.eururo.2016.02.029
https://doi.org/10.1038/nm.4293
https://doi.org/10.1126/science.6164095
https://doi.org/10.1038/15490


 164 

Morin, R. D., Johnson, N. A., Severson, T. M., Mungall, A. J., An, J., Goya, R., Paul, J. E., 
Boyle, M., Woolcock, B. W., Kuchenbauer, F., Yap, D., Humphries, R. K., Griffith, O. 
L., Shah, S., Zhu, H., Kimbara, M., Shashkin, P., Charlot, J. F., Tcherpakov, M., Corbett, 
R., Tam, A., Varhol, R., Smailus, D., Moksa, M., Zhao, Y., Delaney, A., Qian, H., Birol, 
I., Schein, J., Moore, R., Holt, R., Horsman, D. E., Connors, J. M., Jones, S., Aparicio, S., 
Hirst, M., Gascoyne, R. D., & Marra, M. A. (2010). Somatic mutations altering EZH2 
(Tyr641) in follicular and diffuse large B-cell lymphomas of germinal-center origin. Nat 
Genet, 42(2), 181-185. https://doi.org/10.1038/ng.518  

Morita, M., Gravel, S. P., Chénard, V., Sikström, K., Zheng, L., Alain, T., Gandin, V., Avizonis, 
D., Arguello, M., Zakaria, C., McLaughlan, S., Nouet, Y., Pause, A., Pollak, M., Gottlieb, 
E., Larsson, O., St-Pierre, J., Topisirovic, I., & Sonenberg, N. (2013). mTORC1 controls 
mitochondrial activity and biogenesis through 4E-BP-dependent translational regulation. 
Cell Metab, 18(5), 698-711. https://doi.org/10.1016/j.cmet.2013.10.001  

Morozov, V. M., Li, Y., Clowers, M. M., & Ishov, A. M. (2017). Inhibitor of H3K27 
demethylase JMJD3/UTX GSK-J4 is a potential therapeutic option for castration resistant 
prostate cancer. Oncotarget, 8(37), 62131-62142. 
https://doi.org/10.18632/oncotarget.19100  

Mothe-Satney, I., Brunn, G. J., McMahon, L. P., Capaldo, C. T., Abraham, R. T., & Lawrence, J. 
C., Jr. (2000). Mammalian target of rapamycin-dependent phosphorylation of PHAS-I in 
four (S/T)P sites detected by phospho-specific antibodies. J Biol Chem, 275(43), 33836-
33843. https://doi.org/10.1074/jbc.M006005200  

Mozzetta, C., Pontis, J., Fritsch, L., Robin, P., Portoso, M., Proux, C., Margueron, R., & Ait-Si-
Ali, S. (2014). The Histone H3 Lysine 9 Methyltransferases G9a and GLP Regulate 
Polycomb Repressive Complex 2-Mediated Gene Silencing. Molecular Cell, 53(2), 277-
289. https://doi.org/https://doi.org/10.1016/j.molcel.2013.12.005  

Mullard, A. (2020). FDA approves an inhibitor of a novel 'epigenetic writer'. Nat Rev Drug 
Discov, 19(3), 156. https://doi.org/10.1038/d41573-020-00024-0  

Mushtaq, A., Ashraf, N. U., & Altaf, M. (2023). The mTORC1-G9a-H3K9me2 axis negatively 
regulates autophagy in fatty acid-induced hepatocellular lipotoxicity. J Biol Chem, 
299(3), 102937. https://doi.org/10.1016/j.jbc.2023.102937  

Mushtaq, A., Ashraf, N. U., & Altaf, M. (2023). The 
mTORC1&#x2013;G9a&#x2013;H3K9me2 axis negatively regulates autophagy in fatty 
acid&#x2013;induced hepatocellular lipotoxicity. Journal of Biological Chemistry, 
299(3). https://doi.org/10.1016/j.jbc.2023.102937  

Nagarsheth, N., Peng, D., Kryczek, I., Wu, K., Li, W., Zhao, E., Zhao, L., Wei, S., Frankel, T., 
Vatan, L., Szeliga, W., Dou, Y., Owens, S., Marquez, V., Tao, K., Huang, E., Wang, G., 
& Zou, W. (2016). PRC2 Epigenetically Silences Th1-Type Chemokines to Suppress 
Effector T-Cell Trafficking in Colon Cancer. Cancer Res, 76(2), 275-282. 
https://doi.org/10.1158/0008-5472.Can-15-1938  

Nakagawa, S., Okabe, H., Sakamoto, Y., Hayashi, H., Hashimoto, D., Yokoyama, N., Sakamoto, 
K., Kuroki, H., Mima, K., Nitta, H., Imai, K., Chikamoto, A., Watanabe, M., Beppu, T., 
& Baba, H. (2013). Enhancer of zeste homolog 2 (EZH2) promotes progression of 
cholangiocarcinoma cells by regulating cell cycle and apoptosis. Ann Surg Oncol, 20 
Suppl 3, S667-675. https://doi.org/10.1245/s10434-013-3135-y  

Nakamura, S., Takayama, N., Hirata, S., Seo, H., Endo, H., Ochi, K., Fujita, K., Koike, T., 
Harimoto, K., Dohda, T., Watanabe, A., Okita, K., Takahashi, N., Sawaguchi, A., 

https://doi.org/10.1038/ng.518
https://doi.org/10.1016/j.cmet.2013.10.001
https://doi.org/10.18632/oncotarget.19100
https://doi.org/10.1074/jbc.M006005200
https://doi.org/https://doi.org/10.1016/j.molcel.2013.12.005
https://doi.org/10.1038/d41573-020-00024-0
https://doi.org/10.1016/j.jbc.2023.102937
https://doi.org/10.1016/j.jbc.2023.102937
https://doi.org/10.1158/0008-5472.Can-15-1938
https://doi.org/10.1245/s10434-013-3135-y


 165 

Yamanaka, S., Nakauchi, H., Nishimura, S., & Eto, K. (2014). Expandable 
megakaryocyte cell lines enable clinically applicable generation of platelets from human 
induced pluripotent stem cells. Cell Stem Cell, 14(4), 535-548. 
https://doi.org/10.1016/j.stem.2014.01.011  

Nakayama, J., Rice, J. C., Strahl, B. D., Allis, C. D., & Grewal, S. I. (2001). Role of histone H3 
lysine 9 methylation in epigenetic control of heterochromatin assembly. Science, 
292(5514), 110-113. https://doi.org/10.1126/science.1060118  

Nandagopal, N., & Roux, P. P. (2015). Regulation of global and specific mRNA translation by 
the mTOR signaling pathway. Translation (Austin), 3(1), e983402. 
https://doi.org/10.4161/21690731.2014.983402  

Napolitano, G., Esposito, A., Choi, H., Matarese, M., Benedetti, V., Di Malta, C., Monfregola, J., 
Medina, D. L., Lippincott-Schwartz, J., & Ballabio, A. (2018). mTOR-dependent 
phosphorylation controls TFEB nuclear export. Nature Communications, 9(1), 3312. 
https://doi.org/10.1038/s41467-018-05862-6  

Nathan, D., Ingvarsdottir, K., Sterner, D. E., Bylebyl, G. R., Dokmanovic, M., Dorsey, J. A., 
Whelan, K. A., Krsmanovic, M., Lane, W. S., Meluh, P. B., Johnson, E. S., & Berger, S. 
L. (2006). Histone sumoylation is a negative regulator in Saccharomyces cerevisiae and 
shows dynamic interplay with positive-acting histone modifications. Genes Dev, 20(8), 
966-976. https://doi.org/10.1101/gad.1404206  

Nazio, F., Strappazzon, F., Antonioli, M., Bielli, P., Cianfanelli, V., Bordi, M., Gretzmeier, C., 
Dengjel, J., Piacentini, M., Fimia, G. M., & Cecconi, F. (2013). mTOR inhibits 
autophagy by controlling ULK1 ubiquitylation, self-association and function through 
AMBRA1 and TRAF6. Nat Cell Biol, 15(4), 406-416. https://doi.org/10.1038/ncb2708  

Nekrasov, M., Wild, B., & Müller, J. (2005). Nucleosome binding and histone methyltransferase 
activity of Drosophila PRC2. EMBO Rep, 6(4), 348-353. 
https://doi.org/10.1038/sj.embor.7400376  

Neshat, M. S., Mellinghoff, I. K., Tran, C., Stiles, B., Thomas, G., Petersen, R., Frost, P., 
Gibbons, J. J., Wu, H., & Sawyers, C. L. (2001). Enhanced sensitivity of PTEN-deficient 
tumors to inhibition of FRAP/mTOR. Proc Natl Acad Sci U S A, 98(18), 10314-10319. 
https://doi.org/10.1073/pnas.171076798  

Ni, Q., Sun, J., Wang, Y., Wang, Y., Liu, J., Ning, G., Wang, W., & Wang, Q. (2022). mTORC1 
is required for epigenetic silencing during β-cell functional maturation. Mol Metab, 64, 
101559. https://doi.org/10.1016/j.molmet.2022.101559  

North, J. A., Šimon, M., Ferdinand, M. B., Shoffner, M. A., Picking, J. W., Howard, C. J., 
Mooney, A. M., van Noort, J., Poirier, M. G., & Ottesen, J. J. (2014). Histone H3 
phosphorylation near the nucleosome dyad alters chromatin structure. Nucleic Acids 
Research, 42(8), 4922-4933. https://doi.org/10.1093/nar/gku150  

O'Carroll, D., Erhardt, S., Pagani, M., Barton, S. C., Surani, M. A., & Jenuwein, T. (2001). The 
polycomb-group gene Ezh2 is required for early mouse development. Mol Cell Biol, 
21(13), 4330-4336. https://doi.org/10.1128/mcb.21.13.4330-4336.2001  

Ohguchi, H., Harada, T., Sagawa, M., Kikuchi, S., Tai, Y. T., Richardson, P. G., Hideshima, T., 
& Anderson, K. C. (2017). KDM6B modulates MAPK pathway mediating multiple 
myeloma cell growth and survival. Leukemia, 31(12), 2661-2669. 
https://doi.org/10.1038/leu.2017.141  

Palacios, D., Mozzetta, C., Consalvi, S., Caretti, G., Saccone, V., Proserpio, V., Marquez, V. E., 
Valente, S., Mai, A., Forcales, S. V., Sartorelli, V., & Puri, P. L. (2010). 

https://doi.org/10.1016/j.stem.2014.01.011
https://doi.org/10.1126/science.1060118
https://doi.org/10.4161/21690731.2014.983402
https://doi.org/10.1038/s41467-018-05862-6
https://doi.org/10.1101/gad.1404206
https://doi.org/10.1038/ncb2708
https://doi.org/10.1038/sj.embor.7400376
https://doi.org/10.1073/pnas.171076798
https://doi.org/10.1016/j.molmet.2022.101559
https://doi.org/10.1093/nar/gku150
https://doi.org/10.1128/mcb.21.13.4330-4336.2001
https://doi.org/10.1038/leu.2017.141


 166 

TNF/p38&#x3b1;/Polycomb Signaling to <em>Pax7</em> Locus in Satellite Cells Links 
Inflammation to the Epigenetic Control of Muscle Regeneration. Cell Stem Cell, 7(4), 
455-469. https://doi.org/10.1016/j.stem.2010.08.013  

Pallet, N., & Legendre, C. (2013). Adverse events associated with mTOR inhibitors. Expert Opin 
Drug Saf, 12(2), 177-186. https://doi.org/10.1517/14740338.2013.752814  

Pan, G., Tian, S., Nie, J., Yang, C., Ruotti, V., Wei, H., Jonsdottir, G. A., Stewart, R., & 
Thomson, J. A. (2007). Whole-genome analysis of histone H3 lysine 4 and lysine 27 
methylation in human embryonic stem cells. Cell Stem Cell, 1(3), 299-312. 
https://doi.org/10.1016/j.stem.2007.08.003  

Pan, M., Reid, M. A., Lowman, X. H., Kulkarni, R. P., Tran, T. Q., Liu, X., Yang, Y., 
Hernandez-Davies, J. E., Rosales, K. K., Li, H., Hugo, W., Song, C., Xu, X., Schones, D. 
E., Ann, D. K., Gradinaru, V., Lo, R. S., Locasale, J. W., & Kong, M. (2016). Regional 
glutamine deficiency in tumours promotes dedifferentiation through inhibition of 
histone demethylation. Nat Cell Biol, 18(10), 1090-1101. 
https://doi.org/10.1038/ncb3410  

Papadopoli, D., Boulay, K., Kazak, L., Pollak, M., Mallette, F., Topisirovic, I., & Hulea, L. 
(2019). mTOR as a central regulator of lifespan and aging. F1000Res, 8. 
https://doi.org/10.12688/f1000research.17196.1  

Park, W. Y., Hong, B. J., Lee, J., Choi, C., & Kim, M. Y. (2016). H3K27 Demethylase JMJD3 
Employs the NF-κB and BMP Signaling Pathways to Modulate the Tumor 
Microenvironment and Promote Melanoma Progression and Metastasis. Cancer Res, 
76(1), 161-170. https://doi.org/10.1158/0008-5472.Can-15-0536  

Parreno, V., Martinez, A.-M., & Cavalli, G. (2022). Mechanisms of Polycomb group protein 
function in cancer. Cell Research, 32(3), 231-253. https://doi.org/10.1038/s41422-021-
00606-6  

Pasini, D., Bracken, A. P., Hansen, J. B., Capillo, M., & Helin, K. (2007). The polycomb group 
protein Suz12 is required for embryonic stem cell differentiation. Mol Cell Biol, 27(10), 
3769-3779. https://doi.org/10.1128/mcb.01432-06  

Pasini, D., Bracken, A. P., Jensen, M. R., Lazzerini Denchi, E., & Helin, K. (2004). Suz12 is 
essential for mouse development and for EZH2 histone methyltransferase activity. Embo 
j, 23(20), 4061-4071. https://doi.org/10.1038/sj.emboj.7600402  

Pasini, D., Hansen, K. H., Christensen, J., Agger, K., Cloos, P. A., & Helin, K. (2008). 
Coordinated regulation of transcriptional repression by the RBP2 H3K4 demethylase and 
Polycomb-Repressive Complex 2. Genes Dev, 22(10), 1345-1355. 
https://doi.org/10.1101/gad.470008  

Paugh, B. S., Broniscer, A., Qu, C., Miller, C. P., Zhang, J., Tatevossian, R. G., Olson, J. M., 
Geyer, J. R., Chi, S. N., da Silva, N. S., Onar-Thomas, A., Baker, J. N., Gajjar, A., 
Ellison, D. W., & Baker, S. J. (2011). Genome-wide analyses identify recurrent 
amplifications of receptor tyrosine kinases and cell-cycle regulatory genes in diffuse 
intrinsic pontine glioma. J Clin Oncol, 29(30), 3999-4006. 
https://doi.org/10.1200/jco.2011.35.5677  

Pelletier, J., & Sonenberg, N. (2019). The Organizing Principles of Eukaryotic Ribosome 
Recruitment. Annu Rev Biochem, 88, 307-335. https://doi.org/10.1146/annurev-biochem-
013118-111042  

Peters, A. H., Kubicek, S., Mechtler, K., O'Sullivan, R. J., Derijck, A. A., Perez-Burgos, L., 
Kohlmaier, A., Opravil, S., Tachibana, M., Shinkai, Y., Martens, J. H., & Jenuwein, T. 

https://doi.org/10.1016/j.stem.2010.08.013
https://doi.org/10.1517/14740338.2013.752814
https://doi.org/10.1016/j.stem.2007.08.003
https://doi.org/10.1038/ncb3410
https://doi.org/10.12688/f1000research.17196.1
https://doi.org/10.1158/0008-5472.Can-15-0536
https://doi.org/10.1038/s41422-021-00606-6
https://doi.org/10.1038/s41422-021-00606-6
https://doi.org/10.1128/mcb.01432-06
https://doi.org/10.1038/sj.emboj.7600402
https://doi.org/10.1101/gad.470008
https://doi.org/10.1200/jco.2011.35.5677
https://doi.org/10.1146/annurev-biochem-013118-111042
https://doi.org/10.1146/annurev-biochem-013118-111042


 167 

(2003). Partitioning and plasticity of repressive histone methylation states in mammalian 
chromatin. Mol Cell, 12(6), 1577-1589. https://doi.org/10.1016/s1097-2765(03)00477-5  

Peters, A. H., O'Carroll, D., Scherthan, H., Mechtler, K., Sauer, S., Schöfer, C., 
Weipoltshammer, K., Pagani, M., Lachner, M., Kohlmaier, A., Opravil, S., Doyle, M., 
Sibilia, M., & Jenuwein, T. (2001). Loss of the Suv39h histone methyltransferases 
impairs mammalian heterochromatin and genome stability. Cell, 107(3), 323-337. 
https://doi.org/10.1016/s0092-8674(01)00542-6  

Peters, A. H. F. M., Mermoud, J. E., O'Carroll, D., Pagani, M., Schweizer, D., Brockdorff, N., & 
Jenuwein, T. (2002). Histone H3 lysine 9 methylation is an epigenetic imprint of 
facultative heterochromatin. Nature Genetics, 30(1), 77-80. https://doi.org/10.1038/ng789  

Peterson, T. R., Sengupta, S. S., Harris, T. E., Carmack, A. E., Kang, S. A., Balderas, E., 
Guertin, D. A., Madden, K. L., Carpenter, A. E., Finck, B. N., & Sabatini, D. M. (2011). 
mTOR complex 1 regulates lipin 1 localization to control the SREBP pathway. Cell, 
146(3), 408-420. https://doi.org/10.1016/j.cell.2011.06.034  

Peterson, Timothy R., Sengupta, Shomit S., Harris, Thurl E., Carmack, Anne E., Kang, 
Seong A., Balderas, E., Guertin, David A., Madden, Katherine L., Carpenter, Anne E., 
Finck, Brian N., & Sabatini, David M. (2011). mTOR Complex 1 Regulates Lipin 1 
Localization to Control the SREBP Pathway. Cell, 146(3), 408-420. 
https://doi.org/https://doi.org/10.1016/j.cell.2011.06.034  

Pirkmajer, S., & Chibalin, A. V. (2011). Serum starvation: caveat emptor. Am J Physiol Cell 
Physiol, 301(2), C272-279. https://doi.org/10.1152/ajpcell.00091.2011  

Piunti, A., & Shilatifard, A. (2021). The roles of Polycomb repressive complexes in mammalian 
development and cancer. Nature Reviews Molecular Cell Biology, 22(5), 326-345. 
https://doi.org/10.1038/s41580-021-00341-1  

Piunti, A., Smith, E. R., Morgan, M. A. J., Ugarenko, M., Khaltyan, N., Helmin, K. A., Ryan, C. 
A., Murray, D. C., Rickels, R. A., Yilmaz, B. D., Rendleman, E. J., Savas, J. N., Singer, 
B. D., Bulun, S. E., & Shilatifard, A. (2019). CATACOMB: An endogenous inducible 
gene that antagonizes H3K27 methylation activity of Polycomb repressive complex 2 via 
an H3K27M-like mechanism. Science Advances, 5(7), eaax2887. 
https://doi.org/doi:10.1126/sciadv.aax2887  

Pollina, E. A., & Brunet, A. (2011). Epigenetic regulation of aging stem cells. Oncogene, 30(28), 
3105-3126. https://doi.org/10.1038/onc.2011.45  

Popelka, H., & Klionsky, D. J. (2017). The molecular mechanism of Atg13 function in 
autophagy induction: What is hidden behind the data? Autophagy, 13(3), 449-451. 
https://doi.org/10.1080/15548627.2016.1277312  

Portela, A., & Esteller, M. (2010). Epigenetic modifications and human disease. Nature 
Biotechnology, 28(10), 1057-1068. https://doi.org/10.1038/nbt.1685  

Puertollano, R. (2014). mTOR and lysosome regulation. F1000Prime Rep, 6, 52. 
https://doi.org/10.12703/p6-52  

Pui, C. H., Robison, L. L., & Look, A. T. (2008). Acute lymphoblastic leukaemia. Lancet, 
371(9617), 1030-1043. https://doi.org/10.1016/s0140-6736(08)60457-2  

Qi, W., Zhao, K., Gu, J., Huang, Y., Wang, Y., Zhang, H., Zhang, M., Zhang, J., Yu, Z., Li, L., 
Teng, L., Chuai, S., Zhang, C., Zhao, M., Chan, H., Chen, Z., Fang, D., Fei, Q., Feng, L., 
Feng, L., Gao, Y., Ge, H., Ge, X., Li, G., Lingel, A., Lin, Y., Liu, Y., Luo, F., Shi, M., 
Wang, L., Wang, Z., Yu, Y., Zeng, J., Zeng, C., Zhang, L., Zhang, Q., Zhou, S., Oyang, 
C., Atadja, P., & Li, E. (2017). An allosteric PRC2 inhibitor targeting the H3K27me3 

https://doi.org/10.1016/s1097-2765(03)00477-5
https://doi.org/10.1016/s0092-8674(01)00542-6
https://doi.org/10.1038/ng789
https://doi.org/10.1016/j.cell.2011.06.034
https://doi.org/https://doi.org/10.1016/j.cell.2011.06.034
https://doi.org/10.1152/ajpcell.00091.2011
https://doi.org/10.1038/s41580-021-00341-1
https://doi.org/doi:10.1126/sciadv.aax2887
https://doi.org/10.1038/onc.2011.45
https://doi.org/10.1080/15548627.2016.1277312
https://doi.org/10.1038/nbt.1685
https://doi.org/10.12703/p6-52
https://doi.org/10.1016/s0140-6736(08)60457-2


 168 

binding pocket of EED. Nat Chem Biol, 13(4), 381-388. 
https://doi.org/10.1038/nchembio.2304  

Qi, W., Zhao, K., Gu, J., Huang, Y., Wang, Y., Zhang, H., Zhang, M., Zhang, J., Yu, Z., Li, L., 
Teng, L., Chuai, S., Zhang, C., Zhao, M., Chan, H., Chen, Z., Fang, D., Fei, Q., Feng, L., 
Feng, L., Gao, Y., Ge, H., Ge, X., Li, G., Lingel, A., Lin, Y., Liu, Y., Luo, F., Shi, M., 
Wang, L., Wang, Z., Yu, Y., Zeng, J., Zeng, C., Zhang, L., Zhang, Q., Zhou, S., Oyang, 
C., Atadja, P., & Li, E. (2017). An allosteric PRC2 inhibitor targeting the H3K27me3 
binding pocket of EED. Nature Chemical Biology, 13(4), 381-388. 
https://doi.org/10.1038/nchembio.2304  

Qu, Y., Yang, Q., Liu, J., Shi, B., Ji, M., Li, G., & Hou, P. (2017). c-Myc is Required for 
BRAF(V600E)-Induced Epigenetic Silencing by H3K27me3 in Tumorigenesis. 
Theranostics, 7(7), 2092-2107. https://doi.org/10.7150/thno.19884  

Ragazzini, R., Pérez-Palacios, R., Baymaz, I. H., Diop, S., Ancelin, K., Zielinski, D., Michaud, 
A., Givelet, M., Borsos, M., Aflaki, S., Legoix, P., Jansen, P. W. T. C., Servant, N., 
Torres-Padilla, M.-E., Bourc’his, D., Fouchet, P., Vermeulen, M., & Margueron, R. 
(2019). EZHIP constrains Polycomb Repressive Complex 2 activity in germ cells. Nature 
Communications, 10(1), 3858. https://doi.org/10.1038/s41467-019-11800-x  

Rao, Z. Y., Cai, M. Y., Yang, G. F., He, L. R., Mai, S. J., Hua, W. F., Liao, Y. J., Deng, H. X., 
Chen, Y. C., Guan, X. Y., Zeng, Y. X., Kung, H. F., & Xie, D. (2010). EZH2 supports 
ovarian carcinoma cell invasion and/or metastasis via regulation of TGF-beta1 and is a 
predictor of outcome in ovarian carcinoma patients. Carcinogenesis, 31(9), 1576-1583. 
https://doi.org/10.1093/carcin/bgq150  

Rayasam, G. V., Wendling, O., Angrand, P. O., Mark, M., Niederreither, K., Song, L., Lerouge, 
T., Hager, G. L., Chambon, P., & Losson, R. (2003). NSD1 is essential for early post-
implantation development and has a catalytically active SET domain. Embo j, 22(12), 
3153-3163. https://doi.org/10.1093/emboj/cdg288  

Rea, S., Eisenhaber, F., O'Carroll, D., Strahl, B. D., Sun, Z. W., Schmid, M., Opravil, S., 
Mechtler, K., Ponting, C. P., Allis, C. D., & Jenuwein, T. (2000). Regulation of 
chromatin structure by site-specific histone H3 methyltransferases. Nature, 406(6796), 
593-599. https://doi.org/10.1038/35020506  

Redpath, N. T., Foulstone, E. J., & Proud, C. G. (1996). Regulation of translation elongation 
factor-2 by insulin via a rapamycin-sensitive signalling pathway. Embo j, 15(9), 2291-
2297.  

Revia, S., Seretny, A., Wendler, L., Banito, A., Eckert, C., Breuer, K., Mayakonda, A., Lutsik, 
P., Evert, M., Ribback, S., Gallage, S., Bakri, I. C., Breuhahn, K., Schirmacher, P., 
Heinrich, S., Gaida, M. M., Heikenwälder, M., Calvisi, D. F., Plass, C., Lowe, S. W., & 
Tschaharganeh, D. F. (2022). Histone H3K27 demethylase KDM6A is an epigenetic 
gatekeeper of mTORC1 signalling in cancer. Gut, 71(8), 1613-1628. 
https://doi.org/10.1136/gutjnl-2021-325405  

Ribrag, V., Morschhauser, F., McKay, P., Salles, G. A., Batlevi, C. L., Schmitt, A., Tilly, H., 
Cartron, G., Thieblemont, C., Fruchart, C., Gribben, J. G., Lamy, T., Le Gouill, S., 
Bouabdallah, R., Dickinson, M., Opat, S., Adib, D., Blakemore, S. J., Larus, J., & 
Johnson, P. (2018). Interim Results from an Ongoing Phase 2 Multicenter Study of 
Tazemetostat, an EZH2 Inhibitor, in Patients with Relapsed or Refractory (R/R) Diffuse 
Large B-Cell Lymphoma (DLBCL). Blood, 132, 4196. 
https://doi.org/https://doi.org/10.1182/blood-2018-99-113411  

https://doi.org/10.1038/nchembio.2304
https://doi.org/10.1038/nchembio.2304
https://doi.org/10.7150/thno.19884
https://doi.org/10.1038/s41467-019-11800-x
https://doi.org/10.1093/carcin/bgq150
https://doi.org/10.1093/emboj/cdg288
https://doi.org/10.1038/35020506
https://doi.org/10.1136/gutjnl-2021-325405
https://doi.org/https://doi.org/10.1182/blood-2018-99-113411


 169 

Riising, E. M., Comet, I., Leblanc, B., Wu, X., Johansen, J. V., & Helin, K. (2014). Gene 
silencing triggers polycomb repressive complex 2 recruitment to CpG islands genome 
wide. Mol Cell, 55(3), 347-360. https://doi.org/10.1016/j.molcel.2014.06.005  

Rinn, J. L., Kertesz, M., Wang, J. K., Squazzo, S. L., Xu, X., Brugmann, S. A., Goodnough, L. 
H., Helms, J. A., Farnham, P. J., Segal, E., & Chang, H. Y. (2007). Functional 
demarcation of active and silent chromatin domains in human HOX loci by noncoding 
RNAs. Cell, 129(7), 1311-1323. https://doi.org/10.1016/j.cell.2007.05.022  

Robertson, K. D. (2005). DNA methylation and human disease. Nat Rev Genet, 6(8), 597-610. 
https://doi.org/10.1038/nrg1655  

Robinson, G., Parker, M., Kranenburg, T. A., Lu, C., Chen, X., Ding, L., Phoenix, T. N., 
Hedlund, E., Wei, L., Zhu, X., Chalhoub, N., Baker, S. J., Huether, R., Kriwacki, R., 
Curley, N., Thiruvenkatam, R., Wang, J., Wu, G., Rusch, M., Hong, X., Becksfort, J., 
Gupta, P., Ma, J., Easton, J., Vadodaria, B., Onar-Thomas, A., Lin, T., Li, S., Pounds, S., 
Paugh, S., Zhao, D., Kawauchi, D., Roussel, M. F., Finkelstein, D., Ellison, D. W., Lau, 
C. C., Bouffet, E., Hassall, T., Gururangan, S., Cohn, R., Fulton, R. S., Fulton, L. L., 
Dooling, D. J., Ochoa, K., Gajjar, A., Mardis, E. R., Wilson, R. K., Downing, J. R., 
Zhang, J., & Gilbertson, R. J. (2012). Novel mutations target distinct subgroups of 
medulloblastoma. Nature, 488(7409), 43-48. https://doi.org/10.1038/nature11213  

Robitaille, A. M., Christen, S., Shimobayashi, M., Cornu, M., Fava, L. L., Moes, S., 
Prescianotto-Baschong, C., Sauer, U., Jenoe, P., & Hall, M. N. (2013). Quantitative 
phosphoproteomics reveal mTORC1 activates de novo pyrimidine synthesis. Science, 
339(6125), 1320-1323. https://doi.org/10.1126/science.1228771  

Rodrik-Outmezguine, V. S., Okaniwa, M., Yao, Z., Novotny, C. J., McWhirter, C., Banaji, A., 
Won, H., Wong, W., Berger, M., de Stanchina, E., Barratt, D. G., Cosulich, S., 
Klinowska, T., Rosen, N., & Shokat, K. M. (2016). Overcoming mTOR resistance 
mutations with a new-generation mTOR inhibitor. Nature, 534(7606), 272-276. 
https://doi.org/10.1038/nature17963  

Roux, P. P., Ballif, B. A., Anjum, R., Gygi, S. P., & Blenis, J. (2004). Tumor-promoting phorbol 
esters and activated Ras inactivate the tuberous sclerosis tumor suppressor complex via 
p90 ribosomal S6 kinase. Proc Natl Acad Sci U S A, 101(37), 13489-13494. 
https://doi.org/10.1073/pnas.0405659101  

Rozengurt, E., Soares, H. P., & Sinnet-Smith, J. (2014). Suppression of feedback loops mediated 
by PI3K/mTOR induces multiple overactivation of compensatory pathways: an 
unintended consequence leading to drug resistance. Mol Cancer Ther, 13(11), 2477-2488. 
https://doi.org/10.1158/1535-7163.Mct-14-0330  

Ruderman, N. B., Kapeller, R., White, M. F., & Cantley, L. C. (1990). Activation of 
phosphatidylinositol 3-kinase by insulin. Proc Natl Acad Sci U S A, 87(4), 1411-1415. 
https://doi.org/10.1073/pnas.87.4.1411  

Ryu, H. Y., & Hochstrasser, M. (2021). Histone sumoylation and chromatin dynamics. Nucleic 
Acids Res, 49(11), 6043-6052. https://doi.org/10.1093/nar/gkab280  

Sabatini, D. M. (2017). Twenty-five years of mTOR: Uncovering the link from nutrients to 
growth. Proceedings of the National Academy of Sciences, 114(45), 11818-11825. 
https://doi.org/doi:10.1073/pnas.1716173114  

Sadeghalvad, M., Mansouri, K., Mohammadi-Motlagh, H. R., Noorbakhsh, F., Mostafaie, A., 
Alipour, S., & Rezaei, N. (2022). Long non-coding RNA HOTAIR induces the 

https://doi.org/10.1016/j.molcel.2014.06.005
https://doi.org/10.1016/j.cell.2007.05.022
https://doi.org/10.1038/nrg1655
https://doi.org/10.1038/nature11213
https://doi.org/10.1126/science.1228771
https://doi.org/10.1038/nature17963
https://doi.org/10.1073/pnas.0405659101
https://doi.org/10.1158/1535-7163.Mct-14-0330
https://doi.org/10.1073/pnas.87.4.1411
https://doi.org/10.1093/nar/gkab280
https://doi.org/doi:10.1073/pnas.1716173114


 170 

PI3K/AKT/mTOR signaling pathway in breast cancer cells. Rev Assoc Med Bras (1992), 
68(4), 456-462. https://doi.org/10.1590/1806-9282.20210966  

Sahasrabuddhe, A. A., Chen, X., Chung, F., Velusamy, T., Lim, M. S., & Elenitoba-Johnson, K. 
S. J. (2015). Oncogenic Y641 mutations in EZH2 prevent Jak2/β-TrCP-mediated 
degradation. Oncogene, 34(4), 445-454. https://doi.org/10.1038/onc.2013.571  

Samuels, Y., & Waldman, T. (2010). Oncogenic mutations of PIK3CA in human cancers. Curr 
Top Microbiol Immunol, 347, 21-41. https://doi.org/10.1007/82_2010_68  

Sancak, Y., Peterson, T. R., Shaul, Y. D., Lindquist, R. A., Thoreen, C. C., Bar-Peled, L., & 
Sabatini, D. M. (2008). The Rag GTPases bind raptor and mediate amino acid signaling 
to mTORC1. Science, 320(5882), 1496-1501. https://doi.org/10.1126/science.1157535  

Sanulli, S., Justin, N., Teissandier, A., Ancelin, K., Portoso, M., Caron, M., Michaud, A., 
Lombard, B., da Rocha, S. T., Offer, J., Loew, D., Servant, N., Wassef, M., Burlina, F., 
Gamblin, S. J., Heard, E., & Margueron, R. (2015). Jarid2 Methylation via the PRC2 
Complex Regulates H3K27me3 Deposition during Cell Differentiation. Mol Cell, 57(5), 
769-783. https://doi.org/10.1016/j.molcel.2014.12.020  

Saramäki, O. R., Tammela, T. L., Martikainen, P. M., Vessella, R. L., & Visakorpi, T. (2006). 
The gene for polycomb group protein enhancer of zeste homolog 2 (EZH2) is amplified 
in late-stage prostate cancer. Genes Chromosomes Cancer, 45(7), 639-645. 
https://doi.org/10.1002/gcc.20327  

Sarbassov, D. D., Ali, S. M., Kim, D. H., Guertin, D. A., Latek, R. R., Erdjument-Bromage, H., 
Tempst, P., & Sabatini, D. M. (2004). Rictor, a novel binding partner of mTOR, defines a 
rapamycin-insensitive and raptor-independent pathway that regulates the cytoskeleton. 
Curr Biol, 14(14), 1296-1302. https://doi.org/10.1016/j.cub.2004.06.054  

Sarbassov, D. D., Guertin, D. A., Ali, S. M., & Sabatini, D. M. (2005). Phosphorylation and 
regulation of Akt/PKB by the rictor-mTOR complex. Science, 307(5712), 1098-1101. 
https://doi.org/10.1126/science.1106148  

Saucedo, L. J., Gao, X., Chiarelli, D. A., Li, L., Pan, D., & Edgar, B. A. (2003). Rheb promotes 
cell growth as a component of the insulin/TOR signalling network. Nat Cell Biol, 5(6), 
566-571. https://doi.org/10.1038/ncb996  

Sawicka, K., & Zukin, R. S. (2012). Dysregulation of mTOR signaling in neuropsychiatric 
disorders: therapeutic implications. Neuropsychopharmacology, 37(1), 305-306. 
https://doi.org/10.1038/npp.2011.210  

Saxton, R. A., & Sabatini, D. M. (2017). mTOR Signaling in Growth, Metabolism, and Disease. 
Cell, 168(6), 960-976. https://doi.org/10.1016/j.cell.2017.02.004  

Schmitges, Frank W., Prusty, Archana B., Faty, M., Stützer, A., Lingaraju, Gondichatnahalli M., 
Aiwazian, J., Sack, R., Hess, D., Li, L., Zhou, S., Bunker, Richard D., Wirth, U., 
Bouwmeester, T., Bauer, A., Ly-Hartig, N., Zhao, K., Chan, H., Gu, J., Gut, H., Fischle, 
W., Müller, J., & Thomä, Nicolas H. (2011). Histone Methylation by PRC2 Is Inhibited 
by Active Chromatin Marks. Molecular Cell, 42(3), 330-341. 
https://doi.org/10.1016/j.molcel.2011.03.025  

Sehgal, S. N., Baker, H., & Vézina, C. (1975). Rapamycin (AY-22,989), a new antifungal 
antibiotic. II. Fermentation, isolation and characterization. J Antibiot (Tokyo), 28(10), 
727-732. https://doi.org/10.7164/antibiotics.28.727  

Semlali, A., Papadakos, S., Contant, C., Zouaoui, I., & Rouabhia, M. (2022). Rapamycin inhibits 
oral cancer cell growth by promoting oxidative stress and suppressing ERK1/2, NF-κB 

https://doi.org/10.1590/1806-9282.20210966
https://doi.org/10.1038/onc.2013.571
https://doi.org/10.1007/82_2010_68
https://doi.org/10.1126/science.1157535
https://doi.org/10.1016/j.molcel.2014.12.020
https://doi.org/10.1002/gcc.20327
https://doi.org/10.1016/j.cub.2004.06.054
https://doi.org/10.1126/science.1106148
https://doi.org/10.1038/ncb996
https://doi.org/10.1038/npp.2011.210
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1016/j.molcel.2011.03.025
https://doi.org/10.7164/antibiotics.28.727


 171 

and beta-catenin pathways [Original Research]. Frontiers in Oncology, 12. 
https://doi.org/10.3389/fonc.2022.873447  

Senoo, H., Kamimura, Y., Kimura, R., Nakajima, A., Sawai, S., Sesaki, H., & Iijima, M. (2019). 
Phosphorylated Rho-GDP directly activates mTORC2 kinase towards AKT through 
dimerization with Ras-GTP to regulate cell migration. Nat Cell Biol, 21(7), 867-878. 
https://doi.org/10.1038/s41556-019-0348-8  

Serefidou, M., Venkatasubramani, A. V., & Imhof, A. (2019). The Impact of One Carbon 
Metabolism on Histone Methylation [Mini Review]. Frontiers in Genetics, 10. 
https://doi.org/10.3389/fgene.2019.00764  

Settembre, C., Zoncu, R., Medina, D. L., Vetrini, F., Erdin, S., Erdin, S., Huynh, T., Ferron, M., 
Karsenty, G., Vellard, M. C., Facchinetti, V., Sabatini, D. M., & Ballabio, A. (2012). A 
lysosome-to-nucleus signalling mechanism senses and regulates the lysosome via mTOR 
and TFEB. Embo j, 31(5), 1095-1108. https://doi.org/10.1038/emboj.2012.32  

Shah, O. J., Wang, Z., & Hunter, T. (2004). Inappropriate activation of the 
TSC/Rheb/mTOR/S6K cassette induces IRS1/2 depletion, insulin resistance, and cell 
survival deficiencies. Curr Biol, 14(18), 1650-1656. 
https://doi.org/10.1016/j.cub.2004.08.026  

Shahbazian, M. D., & Grunstein, M. (2007). Functions of site-specific histone acetylation and 
deacetylation. Annu Rev Biochem, 76, 75-100. 
https://doi.org/10.1146/annurev.biochem.76.052705.162114  

Shaw, R. J., Bardeesy, N., Manning, B. D., Lopez, L., Kosmatka, M., DePinho, R. A., & 
Cantley, L. C. (2004). The LKB1 tumor suppressor negatively regulates mTOR signaling. 
Cancer Cell, 6(1), 91-99. https://doi.org/10.1016/j.ccr.2004.06.007  

Shen, L., Cui, J., Liang, S., Pang, Y., & Liu, P. (2013). Update of research on the role of EZH2 
in cancer progression. Onco Targets Ther, 6, 321-324. https://doi.org/10.2147/ott.S42453  

Shen, X., Liu, Y., Hsu, Y. J., Fujiwara, Y., Kim, J., Mao, X., Yuan, G. C., & 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. 
https://doi.org/10.1016/j.molcel.2008.10.016  

Shilatifard, A. (2012). The COMPASS family of histone H3K4 methylases: mechanisms of 
regulation in development and disease pathogenesis. Annu Rev Biochem, 81, 65-95. 
https://doi.org/10.1146/annurev-biochem-051710-134100  

Shima, H., Pende, M., Chen, Y., Fumagalli, S., Thomas, G., & Kozma, S. C. (1998). Disruption 
of the p70s6k/p85s6k gene reveals a small mouse phenotype and a new functional S6 
kinase. The EMBO Journal, 17(22), 6649-6659. 
https://doi.org/https://doi.org/10.1093/emboj/17.22.6649  

Shimomura, I., Shimano, H., Korn, B. S., Bashmakov, Y., & Horton, J. D. (1998). Nuclear sterol 
regulatory element-binding proteins activate genes responsible for the entire program of 
unsaturated fatty acid biosynthesis in transgenic mouse liver. J Biol Chem, 273(52), 
35299-35306. https://doi.org/10.1074/jbc.273.52.35299  

Shin, D. S., Park, K., Garon, E., & Dubinett, S. (2022). Targeting EZH2 to overcome the 
resistance to immunotherapy in lung cancer. Seminars in Oncology, 49(3), 306-318. 
https://doi.org/https://doi.org/10.1053/j.seminoncol.2022.06.005  

Simon, J. A., & Kingston, R. E. (2009). Mechanisms of polycomb gene silencing: knowns and 
unknowns. Nat Rev Mol Cell Biol, 10(10), 697-708. https://doi.org/10.1038/nrm2763  

https://doi.org/10.3389/fonc.2022.873447
https://doi.org/10.1038/s41556-019-0348-8
https://doi.org/10.3389/fgene.2019.00764
https://doi.org/10.1038/emboj.2012.32
https://doi.org/10.1016/j.cub.2004.08.026
https://doi.org/10.1146/annurev.biochem.76.052705.162114
https://doi.org/10.1016/j.ccr.2004.06.007
https://doi.org/10.2147/ott.S42453
https://doi.org/10.1016/j.molcel.2008.10.016
https://doi.org/10.1146/annurev-biochem-051710-134100
https://doi.org/https://doi.org/10.1093/emboj/17.22.6649
https://doi.org/10.1074/jbc.273.52.35299
https://doi.org/https://doi.org/10.1053/j.seminoncol.2022.06.005
https://doi.org/10.1038/nrm2763


 172 

Sims, R. J., 3rd, Nishioka, K., & Reinberg, D. (2003). Histone lysine methylation: a signature for 
chromatin function. Trends Genet, 19(11), 629-639. 
https://doi.org/10.1016/j.tig.2003.09.007  

Śledź, P., & Jinek, M. (2016). Structural insights into the molecular mechanism of the m(6)A 
writer complex. Elife, 5. https://doi.org/10.7554/eLife.18434  

Slotkin, E. K., Patwardhan, P. P., Vasudeva, S. D., de Stanchina, E., Tap, W. D., & Schwartz, G. 
K. (2015). MLN0128, an ATP-competitive mTOR kinase inhibitor with potent in vitro 
and in vivo antitumor activity, as potential therapy for bone and soft-tissue sarcoma. Mol 
Cancer Ther, 14(2), 395-406. https://doi.org/10.1158/1535-7163.Mct-14-0711  

Smith, E. H., Janknecht, R., & Maher, L. J., 3rd. (2007). Succinate inhibition of alpha-
ketoglutarate-dependent enzymes in a yeast model of paraganglioma. Hum Mol Genet, 
16(24), 3136-3148. https://doi.org/10.1093/hmg/ddm275  

Smith, H. W., Hirukawa, A., Sanguin-Gendreau, V., Nandi, I., Dufour, C. R., Zuo, D., Tandoc, 
K., Leibovitch, M., Singh, S., Rennhack, J. P., Swiatnicki, M., Lavoie, C., Papavasiliou, 
V., Temps, C., Carragher, N. O., Unciti-Broceta, A., Savage, P., Basik, M., van Hoef, V., 
Larsson, O., Cooper, C. L., Vargas Calderon, A. C., Beith, J., Millar, E., Selinger, C., 
Giguère, V., Park, M., Harris, L. N., Varadan, V., Andrechek, E. R., O'Toole, S. A., 
Topisirovic, I., & Muller, W. J. (2019). An ErbB2/c-Src axis links bioenergetics with 
PRC2 translation to drive epigenetic reprogramming and mammary tumorigenesis. Nat 
Commun, 10(1), 2901. https://doi.org/10.1038/s41467-019-10681-4  

Son, J., Shen, S. S., Margueron, R., & Reinberg, D. (2013). Nucleosome-binding activities 
within JARID2 and EZH1 regulate the function of PRC2 on chromatin. Genes Dev, 
27(24), 2663-2677. https://doi.org/10.1101/gad.225888.113  

Souroullas, G. P., Jeck, W. R., Parker, J. S., Simon, J. M., Liu, J. Y., Paulk, J., Xiong, J., Clark, 
K. S., Fedoriw, Y., Qi, J., Burd, C. E., Bradner, J. E., & Sharpless, N. E. (2016). An 
oncogenic Ezh2 mutation induces tumors through global redistribution of histone 3 lysine 
27 trimethylation. Nat Med, 22(6), 632-640. https://doi.org/10.1038/nm.4092  

Spangle, J. M., Dreijerink, K. M., Groner, A. C., Cheng, H., Ohlson, C. E., Reyes, J., Lin, C. Y., 
Bradner, J., Zhao, J. J., Roberts, T. M., & Brown, M. (2016). PI3K/AKT Signaling 
Regulates H3K4 Methylation in Breast Cancer. Cell Rep, 15(12), 2692-2704. 
https://doi.org/10.1016/j.celrep.2016.05.046  

Spink, B. C., Cole, R. W., Katz, B. H., Gierthy, J. F., Bradley, L. M., & Spink, D. C. (2006). 
Inhibition of MCF-7 breast cancer cell proliferation by MCF-10A breast epithelial cells 
in coculture. Cell Biology International, 30(3), 227-238. 
https://doi.org/https://doi.org/10.1016/j.cellbi.2005.11.006  

Stein, S. C., Woods, A., Jones, N. A., Davison, M. D., & Carling, D. (2000). The regulation of 
AMP-activated protein kinase by phosphorylation. Biochem J, 345 Pt 3(Pt 3), 437-443.  

Stucki, M., Clapperton, J. A., Mohammad, D., Yaffe, M. B., Smerdon, S. J., & Jackson, S. P. 
(2005). MDC1 directly binds phosphorylated histone H2AX to regulate cellular 
responses to DNA double-strand breaks. Cell, 123(7), 1213-1226. 
https://doi.org/10.1016/j.cell.2005.09.038  

Sugiyama, M. G., Fairn, G. D., & Antonescu, C. N. (2019). Akt-ing Up Just About Everywhere: 
Compartment-Specific Akt Activation and Function in Receptor Tyrosine Kinase 
Signaling [Review]. Frontiers in Cell and Developmental Biology, 7. 
https://doi.org/10.3389/fcell.2019.00070  

https://doi.org/10.1016/j.tig.2003.09.007
https://doi.org/10.7554/eLife.18434
https://doi.org/10.1158/1535-7163.Mct-14-0711
https://doi.org/10.1093/hmg/ddm275
https://doi.org/10.1038/s41467-019-10681-4
https://doi.org/10.1101/gad.225888.113
https://doi.org/10.1038/nm.4092
https://doi.org/10.1016/j.celrep.2016.05.046
https://doi.org/https://doi.org/10.1016/j.cellbi.2005.11.006
https://doi.org/10.1016/j.cell.2005.09.038
https://doi.org/10.3389/fcell.2019.00070


 173 

Swigut, T., & Wysocka, J. (2007). H3K27 Demethylases, at Long Last. Cell, 131(1), 29-32. 
https://doi.org/10.1016/j.cell.2007.09.026  

Tabernero, J., Rojo, F., Calvo, E., Burris, H., Judson, I., Hazell, K., Martinelli, E., Ramon y 
Cajal, S., Jones, S., Vidal, L., Shand, N., Macarulla, T., Ramos, F. J., Dimitrijevic, S., 
Zoellner, U., Tang, P., Stumm, M., Lane, H. A., Lebwohl, D., & Baselga, J. (2008). 
Dose- and schedule-dependent inhibition of the mammalian target of rapamycin pathway 
with everolimus: a phase I tumor pharmacodynamic study in patients with advanced solid 
tumors. J Clin Oncol, 26(10), 1603-1610. https://doi.org/10.1200/jco.2007.14.5482  

Takahara, T., Amemiya, Y., Sugiyama, R., Maki, M., & Shibata, H. (2020). Amino acid-
dependent control of mTORC1 signaling: a variety of regulatory modes. Journal of 
Biomedical Science, 27(1), 87. https://doi.org/10.1186/s12929-020-00679-2  

Takuwa, N., Fukui, Y., & Takuwa, Y. (1999). Cyclin D1 Expression Mediated by 
Phosphatidylinositol 3-Kinase through mTOR-p70S6K-Independent Signaling in Growth 
Factor-Stimulated NIH 3T3 Fibroblasts. Molecular and Cellular Biology, 19(2), 1346-
1358. https://doi.org/10.1128/MCB.19.2.1346  

Tan, J., Yang, X., Zhuang, L., Jiang, X., Chen, W., Lee, P. L., Karuturi, R. K., Tan, P. B., Liu, E. 
T., & Yu, Q. (2007). Pharmacologic disruption of Polycomb-repressive complex 2-
mediated gene repression selectively induces apoptosis in cancer cells. Genes Dev, 21(9), 
1050-1063. https://doi.org/10.1101/gad.1524107  

Tang, B., Qi, G., Tang, F., Yuan, S., Wang, Z., Liang, X., Li, B., Yu, S., Liu, J., Huang, Q., Wei, 
Y., Zhai, R., Lei, B., Yu, H., Tomlinson, S., & He, S. (2016). Aberrant JMJD3 
Expression Upregulates Slug to Promote Migration, Invasion, and Stem Cell-Like 
Behaviors in Hepatocellular Carcinoma. Cancer Res, 76(22), 6520-6532. 
https://doi.org/10.1158/0008-5472.Can-15-3029  

Tao, Z., Li, T., Ma, H., Yang, Y., Zhang, C., Hai, L., Liu, P., Yuan, F., Li, J., Yi, L., Tong, L., 
Wang, Y., Xie, Y., Ming, H., Yu, S., & Yang, X. (2018). Autophagy suppresses self-
renewal ability and tumorigenicity of glioma-initiating cells and promotes Notch1 
degradation. Cell Death Dis, 9(11), 1063. https://doi.org/10.1038/s41419-018-0957-3  

Tatebe, H., & Shiozaki, K. (2017). Evolutionary Conservation of the Components in the TOR 
Signaling Pathways. Biomolecules, 7(4). https://doi.org/10.3390/biom7040077  

Taube, J. H., Sphyris, N., Johnson, K. S., Reisenauer, K. N., Nesbit, T. A., Joseph, R., Vijay, G. 
V., Sarkar, T. R., Bhangre, N. A., Song, J. J., Chang, J. T., Lee, M. G., Soundararajan, R., 
& Mani, S. A. (2017). The H3K27me3-demethylase KDM6A is suppressed in breast 
cancer stem-like cells, and enables the resolution of bivalency during the mesenchymal-
epithelial transition. Oncotarget, 8(39), 65548-65565. 
https://doi.org/10.18632/oncotarget.19214  

Thakar, S., Katakia, Y. T., Ramakrishnan, S. K., Pandya Thakkar, N., & Majumder, S. (2021). 
Intermittent High Glucose Elevates Nuclear Localization of EZH2 to Cause H3K27me3-
Dependent Repression of KLF2 Leading to Endothelial Inflammation. Cells, 10(10). 
https://doi.org/10.3390/cells10102548  

Thoreen, C. C., Kang, S. A., Chang, J. W., Liu, Q., Zhang, J., Gao, Y., Reichling, L. J., Sim, T., 
Sabatini, D. M., & Gray, N. S. (2009). An ATP-competitive mammalian target of 
rapamycin inhibitor reveals rapamycin-resistant functions of mTORC1. J Biol Chem, 
284(12), 8023-8032. https://doi.org/10.1074/jbc.M900301200  

Tian, T., Li, X., & Zhang, J. (2019). mTOR Signaling in Cancer and mTOR Inhibitors in Solid 
Tumor Targeting Therapy. Int J Mol Sci, 20(3). https://doi.org/10.3390/ijms20030755  

https://doi.org/10.1016/j.cell.2007.09.026
https://doi.org/10.1200/jco.2007.14.5482
https://doi.org/10.1186/s12929-020-00679-2
https://doi.org/10.1128/MCB.19.2.1346
https://doi.org/10.1101/gad.1524107
https://doi.org/10.1158/0008-5472.Can-15-3029
https://doi.org/10.1038/s41419-018-0957-3
https://doi.org/10.3390/biom7040077
https://doi.org/10.18632/oncotarget.19214
https://doi.org/10.3390/cells10102548
https://doi.org/10.1074/jbc.M900301200
https://doi.org/10.3390/ijms20030755


 174 

Tie, F., Siebold, A. P., & Harte, P. J. (2005). The N-terminus of Drosophila ESC mediates its 
phosphorylation and dimerization. Biochemical and Biophysical Research 
Communications, 332(2), 622-632. 
https://doi.org/https://doi.org/10.1016/j.bbrc.2005.04.157  

Tokunaga, R., Sakamoto, Y., Nakagawa, S., Miyake, K., Izumi, D., Kosumi, K., Taki, K., 
Higashi, T., Imamura, Y., Ishimoto, T., Iwatsuki, M., Baba, Y., Miyamoto, Y., Yoshida, 
N., Oki, E., Watanabe, M., & Baba, H. (2016). The Prognostic Significance of Histone 
Lysine Demethylase JMJD3/KDM6B in Colorectal Cancer. Ann Surg Oncol, 23(2), 678-
685. https://doi.org/10.1245/s10434-015-4879-3  

Tokunaga, R., Sakamoto, Y., Nakagawa, S., Miyake, K., Izumi, D., Kosumi, K., Taki, K., 
Higashi, T., Imamura, Y., Ishimoto, T., Iwatsuki, M., Baba, Y., Miyamoto, Y., Yoshida, 
N., Oki, E., Watanabe, M., & Baba, H. (2016). The Prognostic Significance of Histone 
Lysine Demethylase JMJD3/KDM6B in Colorectal Cancer. Annals of Surgical Oncology, 
23(2), 678-685. https://doi.org/10.1245/s10434-015-4879-3  

Torres, A. S., & Holz, M. K. (2021). Unraveling the multifaceted nature of the nuclear function 
of mTOR. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1868(2), 
118907. https://doi.org/https://doi.org/10.1016/j.bbamcr.2020.118907  

Tricarico, R., Nicolas, E., Hall, M. J., & Golemis, E. A. (2020). X- and Y-Linked Chromatin-
Modifying Genes as Regulators of Sex-Specific Cancer Incidence and Prognosis. Clin 
Cancer Res, 26(21), 5567-5578. https://doi.org/10.1158/1078-0432.Ccr-20-1741  

Tsai, M. C., Manor, O., Wan, Y., Mosammaparast, N., Wang, J. K., Lan, F., Shi, Y., Segal, E., & 
Chang, H. Y. (2010). Long noncoding RNA as modular scaffold of histone modification 
complexes. Science, 329(5992), 689-693. https://doi.org/10.1126/science.1192002  

Tsompana, M., & Buck, M. J. (2014). Chromatin accessibility: a window into the genome. 
Epigenetics Chromatin, 7(1), 33. https://doi.org/10.1186/1756-8935-7-33  

Ugarte, F., Sousae, R., Cinquin, B., Martin, E. W., Krietsch, J., Sanchez, G., Inman, M., Tsang, 
H., Warr, M., Passegué, E., Larabell, C. A., & Forsberg, E. C. (2015). Progressive 
Chromatin Condensation and H3K9 Methylation Regulate the Differentiation of 
Embryonic and Hematopoietic Stem Cells. Stem Cell Reports, 5(5), 728-740. 
https://doi.org/10.1016/j.stemcr.2015.09.009  

Umehara, T. (2022). Epidrugs: Toward Understanding and Treating Diverse Diseases. 
Epigenomes, 6(3), 18. https://www.mdpi.com/2075-4655/6/3/18  

Unnikrishnan, A., Gafken, P. R., & Tsukiyama, T. (2010). Dynamic changes in histone 
acetylation regulate origins of DNA replication. Nat Struct Mol Biol, 17(4), 430-437. 
https://doi.org/10.1038/nsmb.1780  

Ursini-Siegel, J., Hardy, W. R., Zuo, D., Lam, S. H., Sanguin-Gendreau, V., Cardiff, R. D., 
Pawson, T., & Muller, W. J. (2008). ShcA signalling is essential for tumour progression 
in mouse models of human breast cancer. Embo j, 27(6), 910-920. 
https://doi.org/10.1038/emboj.2008.22  

van Attikum, H., & Gasser, S. M. (2005). The histone code at DNA breaks: a guide to repair? 
Nat Rev Mol Cell Biol, 6(10), 757-765. https://doi.org/10.1038/nrm1737  

van der Knaap, J. A., & Verrijzer, C. P. (2016). Undercover: gene control by metabolites and 
metabolic enzymes. Genes Dev, 30(21), 2345-2369. 
https://doi.org/10.1101/gad.289140.116  

van Haaften, G., Dalgliesh, G. L., Davies, H., Chen, L., Bignell, G., Greenman, C., Edkins, S., 
Hardy, C., O'Meara, S., Teague, J., Butler, A., Hinton, J., Latimer, C., Andrews, J., 

https://doi.org/https://doi.org/10.1016/j.bbrc.2005.04.157
https://doi.org/10.1245/s10434-015-4879-3
https://doi.org/10.1245/s10434-015-4879-3
https://doi.org/https://doi.org/10.1016/j.bbamcr.2020.118907
https://doi.org/10.1158/1078-0432.Ccr-20-1741
https://doi.org/10.1126/science.1192002
https://doi.org/10.1186/1756-8935-7-33
https://doi.org/10.1016/j.stemcr.2015.09.009
https://www.mdpi.com/2075-4655/6/3/18
https://doi.org/10.1038/nsmb.1780
https://doi.org/10.1038/emboj.2008.22
https://doi.org/10.1038/nrm1737
https://doi.org/10.1101/gad.289140.116


 175 

Barthorpe, S., Beare, D., Buck, G., Campbell, P. J., Cole, J., Forbes, S., Jia, M., Jones, 
D., Kok, C. Y., Leroy, C., Lin, M. L., McBride, D. J., Maddison, M., Maquire, S., 
McLay, K., Menzies, A., Mironenko, T., Mulderrig, L., Mudie, L., Pleasance, E., 
Shepherd, R., Smith, R., Stebbings, L., Stephens, P., Tang, G., Tarpey, P. S., Turner, R., 
Turrell, K., Varian, J., West, S., Widaa, S., Wray, P., Collins, V. P., Ichimura, K., Law, 
S., Wong, J., Yuen, S. T., Leung, S. Y., Tonon, G., DePinho, R. A., Tai, Y. T., Anderson, 
K. C., Kahnoski, R. J., Massie, A., Khoo, S. K., Teh, B. T., Stratton, M. R., & Futreal, P. 
A. (2009). Somatic mutations of the histone H3K27 demethylase gene UTX in human 
cancer. Nat Genet, 41(5), 521-523. https://doi.org/10.1038/ng.349  

Vanhaesebroeck, B., Guillermet-Guibert, J., Graupera, M., & Bilanges, B. (2010). The emerging 
mechanisms of isoform-specific PI3K signalling. Nature Reviews Molecular Cell 
Biology, 11(5), 329-341. https://doi.org/10.1038/nrm2882  

Varambally, S., Dhanasekaran, S. M., Zhou, M., Barrette, T. R., Kumar-Sinha, C., Sanda, M. G., 
Ghosh, D., Pienta, K. J., Sewalt, R. G. A. B., Otte, A. P., Rubin, M. A., & Chinnaiyan, A. 
M. (2002). The polycomb group protein EZH2 is involved in progression of prostate 
cancer. Nature, 419(6907), 624-629. https://doi.org/10.1038/nature01075  

Walker, E., Manias, J. L., Chang, W. Y., & Stanford, W. L. (2011). PCL2 modulates gene 
regulatory networks controlling self-renewal and commitment in embryonic stem cells. 
Cell Cycle, 10(1), 45-51. https://doi.org/10.4161/cc.10.1.14389  

Wan, L., Xu, K., Wei, Y., Zhang, J., Han, T., Fry, C., Zhang, Z., Wang, Y. V., Huang, L., Yuan, 
M., Xia, W., Chang, W.-C., Huang, W.-C., Liu, C.-L., Chang, Y.-C., Liu, J., Wu, Y., Jin, 
V. X., Dai, X., Guo, J., Liu, J., Jiang, S., Li, J., Asara, J. M., Brown, M., Hung, M.-C., & 
Wei, W. (2018). Phosphorylation of EZH2 by AMPK Suppresses PRC2 
Methyltransferase Activity and Oncogenic Function. Molecular Cell, 69(2), 279-
291.e275. https://doi.org/10.1016/j.molcel.2017.12.024  

Wan, W., You, Z., Xu, Y., Zhou, L., Guan, Z., Peng, C., Wong, C. C. L., Su, H., Zhou, T., Xia, 
H., & Liu, W. (2017). mTORC1 Phosphorylates Acetyltransferase p300 to Regulate 
Autophagy and Lipogenesis. Mol Cell, 68(2), 323-335.e326. 
https://doi.org/10.1016/j.molcel.2017.09.020  

Wan, X., Harkavy, B., Shen, N., Grohar, P., & Helman, L. J. (2007). Rapamycin induces 
feedback activation of Akt signaling through an IGF-1R-dependent mechanism. 
Oncogene, 26(13), 1932-1940. https://doi.org/10.1038/sj.onc.1209990  

Wang, H., Wang, L., Erdjument-Bromage, H., Vidal, M., Tempst, P., Jones, R. S., & Zhang, Y. 
(2004). Role of histone H2A ubiquitination in Polycomb silencing. Nature, 431(7010), 
873-878. https://doi.org/10.1038/nature02985  

Wang, J. H., Chen, W. L., Li, J. M., Wu, S. F., Chen, T. L., Zhu, Y. M., Zhang, W. N., Li, Y., 
Qiu, Y. P., Zhao, A. H., Mi, J. Q., Jin, J., Wang, Y. G., Ma, Q. L., Huang, H., Wu, D. P., 
Wang, Q. R., Li, Y., Yan, X. J., Yan, J. S., Li, J. Y., Wang, S., Huang, X. J., Wang, B. S., 
Jia, W., Shen, Y., Chen, Z., & Chen, S. J. (2013). Prognostic significance of 2-
hydroxyglutarate levels in acute myeloid leukemia in China. Proc Natl Acad Sci U S A, 
110(42), 17017-17022. https://doi.org/10.1073/pnas.1315558110  

Wang, P., Doxtader, K. A., & Nam, Y. (2016). Structural Basis for Cooperative Function of 
Mettl3 and Mettl14 Methyltransferases. Mol Cell, 63(2), 306-317. 
https://doi.org/10.1016/j.molcel.2016.05.041  

Wang, W., Lim, K. G., Feng, M., Bao, Y., Lee, P. L., Cai, Y., Chen, Y., Zhang, H., Marzese, D., 
Hoon, D. S. B., & Yu, Q. (2018). KDM6B Counteracts EZH2-Mediated Suppression of 

https://doi.org/10.1038/ng.349
https://doi.org/10.1038/nrm2882
https://doi.org/10.1038/nature01075
https://doi.org/10.4161/cc.10.1.14389
https://doi.org/10.1016/j.molcel.2017.12.024
https://doi.org/10.1016/j.molcel.2017.09.020
https://doi.org/10.1038/sj.onc.1209990
https://doi.org/10.1038/nature02985
https://doi.org/10.1073/pnas.1315558110
https://doi.org/10.1016/j.molcel.2016.05.041


 176 

IGFBP5 to Confer Resistance to PI3K/AKT Inhibitor Treatment in Breast Cancer. Mol 
Cancer Ther, 17(9), 1973-1983. https://doi.org/10.1158/1535-7163.Mct-17-0802  

Wang, W., Wang, Q., Huang, D. B., Sun, Q. K., Wu, S. S., Zhao, Y. J., Jia, W., Hu, D. S., & He, 
Y. F. (2021). Tumor-associated mesenchymal stem cells promote hepatocellular 
carcinoma metastasis via a DNM3OS/KDM6B/TIAM1 axis. Cancer Lett, 503, 19-31. 
https://doi.org/10.1016/j.canlet.2021.01.011  

Wang, X., Li, W., Williams, M., Terada, N., Alessi, D. R., & Proud, C. G. (2001). Regulation of 
elongation factor 2 kinase by p90(RSK1) and p70 S6 kinase. Embo j, 20(16), 4370-4379. 
https://doi.org/10.1093/emboj/20.16.4370  

Wang, X., Long, Y., Paucek, R. D., Gooding, A. R., Lee, T., Burdorf, R. M., & Cech, T. R. 
(2019). Regulation of histone methylation by automethylation of PRC2. Genes Dev, 
33(19-20), 1416-1427. https://doi.org/10.1101/gad.328849.119  

Weber, M., Hellmann, I., Stadler, M. B., Ramos, L., Pääbo, S., Rebhan, M., & Schübeler, D. 
(2007). Distribution, silencing potential and evolutionary impact of promoter DNA 
methylation in the human genome. Nat Genet, 39(4), 457-466. 
https://doi.org/10.1038/ng1990  

Wei, F. Z., Cao, Z., Wang, X., Wang, H., Cai, M. Y., Li, T., Hattori, N., Wang, D., Du, Y., Song, 
B., Cao, L. L., Shen, C., Wang, L., Wang, H., Yang, Y., Xie, D., Wang, F., Ushijima, T., 
Zhao, Y., & Zhu, W. G. (2015). Epigenetic regulation of autophagy by the 
methyltransferase EZH2 through an MTOR-dependent pathway. Autophagy, 11(12), 
2309-2322. https://doi.org/10.1080/15548627.2015.1117734  

Wei, Y., Chen, Y.-H., Li, L.-Y., Lang, J., Yeh, S.-P., Shi, B., Yang, C.-C., Yang, J.-Y., Lin, C.-
Y., Lai, C.-C., & Hung, M.-C. (2011). CDK1-dependent phosphorylation of EZH2 
suppresses methylation of H3K27 and promotes osteogenic differentiation of human 
mesenchymal stem cells. Nature Cell Biology, 13(1), 87-94. 
https://doi.org/10.1038/ncb2139  

Weng, H., Huang, H., Wu, H., Qin, X., Zhao, B. S., Dong, L., Shi, H., Skibbe, J., Shen, C., Hu, 
C., Sheng, Y., Wang, Y., Wunderlich, M., Zhang, B., Dore, L. C., Su, R., Deng, X., 
Ferchen, K., Li, C., Sun, M., Lu, Z., Jiang, X., Marcucci, G., Mulloy, J. C., Yang, J., 
Qian, Z., Wei, M., He, C., & Chen, J. (2018). METTL14 Inhibits Hematopoietic 
Stem/Progenitor Differentiation and Promotes Leukemogenesis via mRNA m(6)A 
Modification. Cell Stem Cell, 22(2), 191-205.e199. 
https://doi.org/10.1016/j.stem.2017.11.016  

West, M. H., & Bonner, W. M. (1980). Histone 2B can be modified by the attachment of 
ubiquitin. Nucleic Acids Res, 8(20), 4671-4680. https://doi.org/10.1093/nar/8.20.4671  

West, M. J., Stoneley, M., & Willis, A. E. (1998). Translational induction of the c-myc oncogene 
via activation of the FRAP/TOR signalling pathway. Oncogene, 17(6), 769-780. 
https://doi.org/10.1038/sj.onc.1201990  

Woods, A., Johnstone, S. R., Dickerson, K., Leiper, F. C., Fryer, L. G., Neumann, D., Schlattner, 
U., Wallimann, T., Carlson, M., & Carling, D. (2003). LKB1 is the upstream kinase in 
the AMP-activated protein kinase cascade. Curr Biol, 13(22), 2004-2008. 
https://doi.org/10.1016/j.cub.2003.10.031  

Wu, G., Broniscer, A., McEachron, T. A., Lu, C., Paugh, B. S., Becksfort, J., Qu, C., Ding, L., 
Huether, R., Parker, M., Zhang, J., Gajjar, A., Dyer, M. A., Mullighan, C. G., Gilbertson, 
R. J., Mardis, E. R., Wilson, R. K., Downing, J. R., Ellison, D. W., Zhang, J., Baker, S. J., 
& St. Jude Children's Research Hospital–Washington University Pediatric Cancer 

https://doi.org/10.1158/1535-7163.Mct-17-0802
https://doi.org/10.1016/j.canlet.2021.01.011
https://doi.org/10.1093/emboj/20.16.4370
https://doi.org/10.1101/gad.328849.119
https://doi.org/10.1038/ng1990
https://doi.org/10.1080/15548627.2015.1117734
https://doi.org/10.1038/ncb2139
https://doi.org/10.1016/j.stem.2017.11.016
https://doi.org/10.1093/nar/8.20.4671
https://doi.org/10.1038/sj.onc.1201990
https://doi.org/10.1016/j.cub.2003.10.031


 177 

Genome, P. (2012). Somatic histone H3 alterations in pediatric diffuse intrinsic pontine 
gliomas and non-brainstem glioblastomas. Nature Genetics, 44(3), 251-253. 
https://doi.org/10.1038/ng.1102  

Wu, Q., Tian, Y., Zhang, J., Tong, X., Huang, H., Li, S., Zhao, H., Tang, Y., Yuan, C., Wang, 
K., Fang, Z., Gao, L., Hu, X., Li, F., Qin, Z., Yao, S., Chen, T., Chen, H., Zhang, G., Liu, 
W., Sun, Y., Chen, L., Wong, K. K., Ge, K., Chen, L., & Ji, H. (2018). In vivo CRISPR 
screening unveils histone demethylase UTX as an important epigenetic regulator in lung 
tumorigenesis. Proc Natl Acad Sci U S A, 115(17), E3978-e3986. 
https://doi.org/10.1073/pnas.1716589115  

Wu, S. C., & Zhang, Y. (2011). Cyclin-dependent Kinase 1 (CDK1)-mediated Phosphorylation 
of Enhancer of Zeste 2 (Ezh2) Regulates Its Stability *<sup>   </sup>. 
Journal of Biological Chemistry, 286(32), 28511-28519. 
https://doi.org/10.1074/jbc.M111.240515  

Wu, Y., Hu, H., Zhang, W., Li, Z., Diao, P., Wang, D., Zhang, W., Wang, Y., Yang, J., & 
Cheng, J. (2018). SUZ12 is a novel putative oncogene promoting tumorigenesis in head 
and neck squamous cell carcinoma. J Cell Mol Med, 22(7), 3582-3594. 
https://doi.org/10.1111/jcmm.13638  

Xiang, Y., Laurent, B., Hsu, C.-H., Nachtergaele, S., Lu, Z., Sheng, W., Xu, C., Chen, H., 
Ouyang, J., Wang, S., Ling, D., Hsu, P.-H., Zou, L., Jambhekar, A., He, C., & Shi, Y. 
(2017). RNA m6A methylation regulates the ultraviolet-induced DNA damage response. 
Nature, 543(7646), 573-576. https://doi.org/10.1038/nature21671  

Xiang, Y., Zhu, Z., Han, G., Lin, H., Xu, L., & Chen, C. D. (2007). JMJD3 is a histone H3K27 
demethylase. Cell Research, 17(10), 850-857. https://doi.org/10.1038/cr.2007.83  

Xiang, Y., Zhu, Z., Han, G., Lin, H., Xu, L., & Chen, C. D. (2007). JMJD3 is a histone H3K27 
demethylase. Cell Res, 17(10), 850-857. https://doi.org/10.1038/cr.2007.83  

Xiao, M., Yang, H., Xu, W., Ma, S., Lin, H., Zhu, H., Liu, L., Liu, Y., Yang, C., Xu, Y., Zhao, 
S., Ye, D., Xiong, Y., & Guan, K. L. (2012). Inhibition of α-KG-dependent histone and 
DNA demethylases by fumarate and succinate that are accumulated in mutations of FH 
and SDH tumor suppressors. Genes Dev, 26(12), 1326-1338. 
https://doi.org/10.1101/gad.191056.112  

Xie, G., Liu, X., Zhang, Y., Li, W., Liu, S., Chen, Z., Xu, B., Yang, J., He, L., Zhang, Z., Jin, T., 
Yi, X., Sun, L., Shang, Y., & Liang, J. (2017). UTX promotes hormonally responsive 
breast carcinogenesis through feed-forward transcription regulation with estrogen 
receptor. Oncogene, 36(39), 5497-5511. https://doi.org/10.1038/onc.2017.157  

Xing, M., Liu, Q., Mao, C., Zeng, H., Zhang, X., Zhao, S., Chen, L., Liu, M., Shen, B., Guo, X., 
Ma, H., Chen, H., & Zhang, J. (2020). The 18S rRNA m(6) A methyltransferase 
METTL5 promotes mouse embryonic stem cell differentiation. EMBO Rep, 21(10), 
e49863. https://doi.org/10.15252/embr.201949863  

Xu, B., On, D. M., Ma, A., Parton, T., Konze, K. D., Pattenden, S. G., Allison, D. F., Cai, L., 
Rockowitz, S., Liu, S., Liu, Y., Li, F., Vedadi, M., Frye, S. V., Garcia, B. A., Zheng, D., 
Jin, J., & Wang, G. G. (2015). Selective inhibition of EZH2 and EZH1 enzymatic activity 
by a small molecule suppresses MLL-rearranged leukemia. Blood, 125(2), 346-357. 
https://doi.org/10.1182/blood-2014-06-581082  

Xu, W., Yang, H., Liu, Y., Yang, Y., Wang, P., Kim, S. H., Ito, S., Yang, C., Wang, P., Xiao, M. 
T., Liu, L. X., Jiang, W. Q., Liu, J., Zhang, J. Y., Wang, B., Frye, S., Zhang, Y., Xu, Y. 
H., Lei, Q. Y., Guan, K. L., Zhao, S. M., & Xiong, Y. (2011). Oncometabolite 2-

https://doi.org/10.1038/ng.1102
https://doi.org/10.1073/pnas.1716589115
https://doi.org/10.1074/jbc.M111.240515
https://doi.org/10.1111/jcmm.13638
https://doi.org/10.1038/nature21671
https://doi.org/10.1038/cr.2007.83
https://doi.org/10.1038/cr.2007.83
https://doi.org/10.1101/gad.191056.112
https://doi.org/10.1038/onc.2017.157
https://doi.org/10.15252/embr.201949863
https://doi.org/10.1182/blood-2014-06-581082


 178 

hydroxyglutarate is a competitive inhibitor of α-ketoglutarate-dependent dioxygenases. 
Cancer Cell, 19(1), 17-30. https://doi.org/10.1016/j.ccr.2010.12.014  

Yan, J., Li, B., Lin, B., Lee, P. T., Chung, T.-H., Tan, J., Bi, C., Lee, X. T., Selvarajan, V., Ng, 
S.-B., Yang, H., Yu, Q., & Chng, W.-J. (2016). EZH2 phosphorylation by JAK3 mediates 
a switch to noncanonical function in natural killer/T-cell lymphoma. Blood, 128(7), 948-
958. https://doi.org/10.1182/blood-2016-01-690701  

Yang, C. C., LaBaff, A., Wei, Y., Nie, L., Xia, W., Huo, L., Yamaguchi, H., Hsu, Y. H., Hsu, J. 
L., Liu, D., Lang, J., Du, Y., Lien, H. C., Li, L. Y., Deng, R., Chan, L. C., Yao, J., Kleer, 
C. G., Hortobagyi, G. N., & Hung, M. C. (2015). Phosphorylation of EZH2 at T416 by 
CDK2 contributes to the malignancy of triple negative breast cancers. Am J Transl Res, 
7(6), 1009-1020.  

Yang, G., Murashige, D. S., Humphrey, S. J., & James, D. E. (2015). A Positive Feedback Loop 
between Akt and mTORC2 via SIN1 Phosphorylation. Cell Rep, 12(6), 937-943. 
https://doi.org/10.1016/j.celrep.2015.07.016  

Yang, L., Zha, Y., Ding, J., Ye, B., Liu, M., Yan, C., Dong, Z., Cui, H., & Ding, H. F. (2019). 
Histone demethylase KDM6B has an anti-tumorigenic function in neuroblastoma by 
promoting differentiation. Oncogenesis, 8(1), 3. https://doi.org/10.1038/s41389-018-
0112-0  

Yang, Y., & Li, G. (2020). Post-translational modifications of PRC2: signals directing its 
activity. Epigenetics & Chromatin, 13(1), 47. https://doi.org/10.1186/s13072-020-00369-
1  

Yang, Y., Luan, Y., Yuan, R.-X., & Luan, Y. (2021). Histone Methylation Related Therapeutic 
Challenge in Cardiovascular Diseases [Review]. Frontiers in Cardiovascular Medicine, 
8. https://doi.org/10.3389/fcvm.2021.710053  

Yap, D. B., Chu, J., Berg, T., Schapira, M., Cheng, S. W., Moradian, A., Morin, R. D., Mungall, 
A. J., Meissner, B., Boyle, M., Marquez, V. E., Marra, M. A., Gascoyne, R. D., 
Humphries, R. K., Arrowsmith, C. H., Morin, G. B., & Aparicio, S. A. (2011). Somatic 
mutations at EZH2 Y641 act dominantly through a mechanism of selectively altered 
PRC2 catalytic activity, to increase H3K27 trimethylation. Blood, 117(8), 2451-2459. 
https://doi.org/10.1182/blood-2010-11-321208  

Yea, S. S., & Fruman, D. A. (2013). Achieving cancer cell death with PI3K/mTOR-targeted 
therapies. Ann N Y Acad Sci, 1280(1), 15-18. https://doi.org/10.1111/nyas.12028  

Yi, S. A., Um, S. H., Lee, J., Yoo, J. H., Bang, S. Y., Park, E. K., Lee, M. G., Nam, K. H., Jeon, 
Y. J., Park, J. W., You, J. S., Lee, S. J., Bae, G. U., Rhie, J. W., Kozma, S. C., Thomas, 
G., & Han, J. W. (2016). S6K1 Phosphorylation of H2B Mediates EZH2 Trimethylation 
of H3: A Determinant of Early Adipogenesis. Mol Cell, 62(3), 443-452. 
https://doi.org/10.1016/j.molcel.2016.03.011  

Yu, W., Huang, W., Yang, Y., Qiu, R., Zeng, Y., Hou, Y., Sun, G., Shi, H., Leng, S., Feng, D., 
Chen, Y., Wang, S., Teng, X., Yu, H., & Wang, Y. (2019). GATA3 recruits UTX for 
gene transcriptional activation to suppress metastasis of breast cancer. Cell Death Dis, 
10(11), 832. https://doi.org/10.1038/s41419-019-2062-7  

Yu, Y., Yoon, S. O., Poulogiannis, G., Yang, Q., Ma, X. M., Villén, J., Kubica, N., Hoffman, G. 
R., Cantley, L. C., Gygi, S. P., & Blenis, J. (2011). Phosphoproteomic analysis identifies 
Grb10 as an mTORC1 substrate that negatively regulates insulin signaling. Science, 
332(6035), 1322-1326. https://doi.org/10.1126/science.1199484  

https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1182/blood-2016-01-690701
https://doi.org/10.1016/j.celrep.2015.07.016
https://doi.org/10.1038/s41389-018-0112-0
https://doi.org/10.1038/s41389-018-0112-0
https://doi.org/10.1186/s13072-020-00369-1
https://doi.org/10.1186/s13072-020-00369-1
https://doi.org/10.3389/fcvm.2021.710053
https://doi.org/10.1182/blood-2010-11-321208
https://doi.org/10.1111/nyas.12028
https://doi.org/10.1016/j.molcel.2016.03.011
https://doi.org/10.1038/s41419-019-2062-7
https://doi.org/10.1126/science.1199484


 179 

Yuan, M., Pino, E., Wu, L., Kacergis, M., & Soukas, A. A. (2012). Identification of Akt-
independent regulation of hepatic lipogenesis by mammalian target of rapamycin 
(mTOR) complex 2. J Biol Chem, 287(35), 29579-29588. 
https://doi.org/10.1074/jbc.M112.386854  

Yuan, W., Xu, M., Huang, C., Liu, N., Chen, S., & Zhu, B. (2011). H3K36 Methylation 
Antagonizes PRC2-mediated H3K27 Methylation *<sup>   </sup>. Journal of 
Biological Chemistry, 286(10), 7983-7989. https://doi.org/10.1074/jbc.M110.194027  

Yun, C. W., & Lee, S. H. (2018). The Roles of Autophagy in Cancer. Int J Mol Sci, 19(11). 
https://doi.org/10.3390/ijms19113466  

Zeng, J.-d., Wu, W. K. K., Wang, H.-y., & Li, X.-x. (2019). Serine and one-carbon metabolism, 
a bridge that links mTOR signaling and DNA methylation in cancer. Pharmacological 
Research, 149, 104352. https://doi.org/https://doi.org/10.1016/j.phrs.2019.104352  

Zha, L., Cao, Q., Cui, X., Li, F., Liang, H., Xue, B., & Shi, H. (2016). Epigenetic regulation of 
E-cadherin expression by the histone demethylase UTX in colon cancer cells. Medical 
Oncology, 33(3), 21. https://doi.org/10.1007/s12032-016-0734-z  

Zhang, H., Cicchetti, G., Onda, H., Koon, H. B., Asrican, K., Bajraszewski, N., Vazquez, F., 
Carpenter, C. L., & Kwiatkowski, D. J. (2003). Loss of Tsc1/Tsc2 activates mTOR and 
disrupts PI3K-Akt signaling through downregulation of PDGFR. The Journal of Clinical 
Investigation, 112(8), 1223-1233. https://doi.org/10.1172/JCI17222  

Zhang, H., Cicchetti, G., Onda, H., Koon, H. B., Asrican, K., Bajraszewski, N., Vazquez, F., 
Carpenter, C. L., & Kwiatkowski, D. J. (2003). Loss of Tsc1/Tsc2 activates mTOR and 
disrupts PI3K-Akt signaling through downregulation of PDGFR. J Clin Invest, 112(8), 
1223-1233. https://doi.org/10.1172/jci17222  

Zhang, H., Diab, A., Fan, H., Mani, S. K. K., Hullinger, R., Merle, P., & Andrisani, O. (2015). 
PLK1 and HOTAIR Accelerate Proteasomal Degradation of SUZ12 and ZNF198 during 
Hepatitis B Virus–Induced Liver Carcinogenesis. Cancer Research, 75(11), 2363-2374. 
https://doi.org/10.1158/0008-5472.Can-14-2928  

Zhang, J., Ying, Y., Li, M., Wang, M., Huang, X., Jia, M., Zeng, J., Ma, C., Zhang, Y., Li, C., 
Wang, X., & Shu, X. S. (2020). Targeted inhibition of KDM6 histone demethylases 
eradicates tumor-initiating cells via enhancer reprogramming in colorectal cancer. 
Theranostics, 10(22), 10016-10030. https://doi.org/10.7150/thno.47081  

Zhang, M., Song, J., Yuan, W., Zhang, W., & Sun, Z. (2021). Roles of RNA Methylation on 
Tumor Immunity and Clinical Implications [Review]. Frontiers in Immunology, 12. 
https://doi.org/10.3389/fimmu.2021.641507  

Zhang, X., Tang, N., Hadden, T. J., & Rishi, A. K. (2011). Akt, FoxO and regulation of 
apoptosis. Biochim Biophys Acta, 1813(11), 1978-1986. 
https://doi.org/10.1016/j.bbamcr.2011.03.010  

Zhang, Y., Shen, L., Stupack, D. G., Bai, N., Xun, J., Ren, G., Han, J., Li, L., Luo, Y., Xiang, R., 
& Tan, X. (2016). JMJD3 promotes survival of diffuse large B-cell lymphoma subtypes 
via distinct mechanisms. Oncotarget, 7(20), 29387-29399. 
https://doi.org/10.18632/oncotarget.8836  

Zhang, Y., Sun, Z., Jia, J., Du, T., Zhang, N., Tang, Y., Fang, Y., & Fang, D. (2021). Overview 
of Histone Modification. In D. Fang & J. Han (Eds.), Histone Mutations and Cancer (pp. 
1-16). Springer Singapore. https://doi.org/10.1007/978-981-15-8104-5_1  

Zheng, G., Dahl, J. A., Niu, Y., Fedorcsak, P., Huang, C. M., Li, C. J., Vågbø, C. B., Shi, Y., 
Wang, W. L., Song, S. H., Lu, Z., Bosmans, R. P., Dai, Q., Hao, Y. J., Yang, X., Zhao, 

https://doi.org/10.1074/jbc.M112.386854
https://doi.org/10.1074/jbc.M110.194027
https://doi.org/10.3390/ijms19113466
https://doi.org/https://doi.org/10.1016/j.phrs.2019.104352
https://doi.org/10.1007/s12032-016-0734-z
https://doi.org/10.1172/JCI17222
https://doi.org/10.1172/jci17222
https://doi.org/10.1158/0008-5472.Can-14-2928
https://doi.org/10.7150/thno.47081
https://doi.org/10.3389/fimmu.2021.641507
https://doi.org/10.1016/j.bbamcr.2011.03.010
https://doi.org/10.18632/oncotarget.8836
https://doi.org/10.1007/978-981-15-8104-5_1


 180 

W. M., Tong, W. M., Wang, X. J., Bogdan, F., Furu, K., Fu, Y., Jia, G., Zhao, X., Liu, J., 
Krokan, H. E., Klungland, A., Yang, Y. G., & He, C. (2013). ALKBH5 is a mammalian 
RNA demethylase that impacts RNA metabolism and mouse fertility. Mol Cell, 49(1), 
18-29. https://doi.org/10.1016/j.molcel.2012.10.015  

Zheng, Y., & Jiang, Y. (2015). mTOR Inhibitors at a Glance. Mol Cell Pharmacol, 7(2), 15-20.  
Zhou, H., Li, X. M., Meinkoth, J., & Pittman, R. N. (2000). Akt regulates cell survival and 

apoptosis at a postmitochondrial level. J Cell Biol, 151(3), 483-494. 
https://doi.org/10.1083/jcb.151.3.483  

Zhou, Y., Kong, Y., Fan, W., Tao, T., Xiao, Q., Li, N., & Zhu, X. (2020). Principles of RNA 
methylation and their implications for biology and medicine. Biomedicine & 
Pharmacotherapy, 131, 110731. 
https://doi.org/https://doi.org/10.1016/j.biopha.2020.110731  

Zhu, S., Evans, S., Yan, B., Povsic, T. J., Tapson, V., Goldschmidt-Clermont, P. J., & Dong, C. 
(2008). Transcriptional Regulation of Bim by FOXO3a and Akt Mediates Scleroderma 
Serum–Induced Apoptosis in Endothelial Progenitor Cells. Circulation, 118(21), 2156-
2165. https://doi.org/doi:10.1161/CIRCULATIONAHA.108.787200  

Zoghbi, H. Y., & Beaudet, A. L. (2016). Epigenetics and Human Disease. Cold Spring Harb 
Perspect Biol, 8(2), a019497. https://doi.org/10.1101/cshperspect.a019497  

Zou, Z., Tao, T., Li, H., & Zhu, X. (2020). mTOR signaling pathway and mTOR inhibitors in 
cancer: progress and challenges. Cell & Bioscience, 10(1), 31. 
https://doi.org/10.1186/s13578-020-00396-1  

Zullo, A. J., Jurcic Smith, K. L., & Lee, S. (2014). Mammalian target of Rapamycin inhibition 
and mycobacterial survival are uncoupled in murine macrophages. BMC Biochemistry, 
15(1), 4. https://doi.org/10.1186/1471-2091-15-4  
 

 

https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1083/jcb.151.3.483
https://doi.org/https://doi.org/10.1016/j.biopha.2020.110731
https://doi.org/doi:10.1161/CIRCULATIONAHA.108.787200
https://doi.org/10.1101/cshperspect.a019497
https://doi.org/10.1186/s13578-020-00396-1
https://doi.org/10.1186/1471-2091-15-4

