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ABSTRACT 

 
CANDACE JEAN POOLE 
 

The c-MYC oncogene deregulates global DNA methylation and 
hydroxymethylation to control genome-wide gene expression for tumor 
maintenance in leukemia/lymphoma 
 

(Under the direction of DR. JAN VAN RIGGELEN) 
 
 
Aberrant DNA methylation is a characteristic feature of tumor cells. However, our 

knowledge of how DNA methylation patterns are established and maintained to 

contribute to tumorigenesis is limited. Inactivation of the c-MYC oncogene triggers 

tumor regression in T-cell acute lymphoblastic leukemia (T-ALL) resulting in dramatic 

changes to the chromatin landscape including DNA methylation. In this study, I 

investigated how MYC regulates DNA methylation and hydroxymethylation patterns to 

contribute to gene expression programs important for tumor maintenance in T-ALL and 

Burkitt lymphoma. I report that MYC maintains 5-methylcytosine (5mC) and 5-hydroxy-

methylcytosine (5hmC) patterns by regulating the DNA methylation machinery, which is 

important for gene expression in T-ALL. DNA methyltransferases (DNMTs) initiate 

5mC marks, while Ten-eleven translocation methylcytosine dioxygenases (TETs) oxidize 

5mC to produce 5hmC as an intermediate modification, ultimately leading to active DNA 

de-methylation. I demonstrated that DNMT1 and DNMT3B are MYC target genes and 

that their expression is dependent on high MYC levels. Knockdown of DNMT3B in T-

ALL reduced cell proliferation through cell cycle arrest and caused the reactivation of 

gene transcription through reversing promoter/CpG island methylation. Furthermore, I 



 
 

demonstrated that TET1 and TET2 expression is MYC-dependent, as high TET1 and low 

TET2 levels depend on oncogenic MYC. Knockdown of TET1 in T-ALL reduced cell 

proliferation through cell cycle arrest and caused genome-wide changes in 5mC and 

5hmC corresponding to changes in gene programs important for ribosomal biosynthesis 

and protein synthesis. In contrast, ectopic expression of TET2 reduced tumor cell 

proliferation through apoptosis/necrosis and caused genome-wide changes in 5mC and 

5hmC corresponding to changes in transcriptional regulatory gene programs. My finding 

that a coordinated interplay between components of the DNA methylation machinery is 

necessary for MYC-driven tumor maintenance highlights the potential of targeting 

specific DNMT or TET proteins for therapeutic strategies. 

 
 
KEY WORDS: MYC, DNMTs, TETs, DNA methylation, DNA hydroxymethylation, 
DNA methyltransferases, Ten-eleven translocation methylcytosine dioxygenases, 
leukemia, lymphoma, cancer  
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I. INTRODUCTION 

A. Statement of the Problem 

The c-MYC oncogene (herein referred to as MYC, unless otherwise specified) is 

implicated in 60-70% of all human cancers, including aggressive hematopoietic 

malignancies such as Burkitt lymphoma and T-cell acute lymphoblastic leukemia (T-

ALL) (reviewed in (Dang et al., 2006; Grandori, Cowley, James, & Eisenman, 2000). 

MYC is a transcription factor that is only transiently expressed in non-malignant cells to 

control key cellular processes; however, deregulated, constitutive expression of MYC 

leads to autonomous cellular proliferation and growth, angiogenesis and genomic 

destabilization, while blocking cellular differentiation ultimately contributing to 

malignant transformation (reviewed in (Dang, 1999). Its frequent implications  in human 

carcinogenesis and the concept that tumors can be dependent on MYC expression, 

exhibiting oncogene addiction, makes the oncogene and its network a highly promising 

target for therapeutic strategies (Chin et al., 1999; Felsher & Bishop, 1999; Pelengaris, 

Littlewood, Khan, Elia, & Evan, 1999). However, despite intensive efforts in this regard, 

the development of a specific pharmacologic MYC inhibitor that can be translated into 

the clinical setting has not been successful yet.  

The many functions of MYC were initially attributed to its ability to regulate the 

expression of a large number of genes by directly binding to their promoters, either 

activating or repressing their transcription. However, more and more reports challenge 

this classic dogma of MYC as only being a site specific transcription factor. While MYC 

target genes have been identified in different cell types, the lack of overlap between 
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tumor types makes it difficult to allocate the oncogenic properties of MYC to a particular 

set of genes, suggesting alternative mechanisms. Providing evidence for the latter, MYC 

has been shown to bind virtually all active promoters and many enhancers boosting the 

total transcriptional output of a cell (termed transcriptional amplification model) (C. Y. 

Lin et al., 2012; Nie et al., 2012; Sabo et al., 2014). As additional fine-tuning 

mechanisms, MYC controls transcriptional pause release and the ratio of MYC-MIZ1 

occupying a promoter dictates whether a gene is positively or negatively regulated (Rahl 

et al., 2010; Walz et al., 2014). In parallel to these reports, MYC has been demonstrated 

to regulate chromatin structure in a genome-wide fashion through the upregulation of 

chromatin modifying proteins (Knoepfler et al., 2006; Li, Choi, Casey, Dill, & Felsher, 

2014; C. H. Wu et al., 2007; Zhu et al., 2004). Together, these findings suggest 

mechanisms that extends beyond the classic dogma of a site-specific transcription factor, 

suggesting that MYC acts as a master regulator of the cancer epigenome and 

transcriptome (reviewed in (Poole & van Riggelen, 2017).  

Fueling evidence for MYC as a global regulator of chromatin structure, Dean 

Felsher’s group have shown that an important mechanism of tumor regression upon MYC 

inactivation in T-ALL and other cancer types, is cellular senescence (van Riggelen, Yetil, 

& Felsher, 2010; C. H. Wu et al., 2007). Upon cellular senescence, genome-wide 

chromatin remodeling results in widespread changes in histone methylation (increase of 

H3K9me3) and acetylation (decrease of H4ac), suggesting that MYC maintains large 

domains of active chromatin during tumor maintenance. Indeed, there is growing 

evidence that MYC induces genome-wide alterations in chromatin structure in order to 

produce its neoplastic properties (reviewed in (Poole & van Riggelen, 2017). As the first 
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evidence of MYC’s global reach, N-MYC transcriptional upregulation of the histone 

acetyl-transferase, GCN5, was reported to cause genome-wide acetylation of histones 

(Knoepfler et al., 2006). Furthermore, MYC recently has been shown to suppress 

chromatin regulators, SIN3B, HBP1, SUV420h1, and BTG through the miR-17-92 

cluster (Li et al., 2014). Together, these results suggest that in tumors that elicit oncogene 

addiction, the MYC oncogene establishes and maintains an active chromatin state, while 

MYC inactivation triggers dramatic alterations in chromatin structure resulting in cellular 

senescence as an important mechanism of tumor regression. However, how genome-wide 

aberrant DNA methylation patterns are established and maintained to contribute to 

tumorigenesis and how DNA methylation contributes to MYC-driven tumor maintenance 

remains largely unknown. 

DNA methylation represents an important feature that controls gene expression 

programs in mammalian development and disease (Robertson, 2005; Smith & Meissner, 

2013). The current paradigm places the majority of DNA methylation in non-malignant 

cells at centromeric sequences and transposable elements to maintain genomic stability. 

Alterations of DNA methylation patterns by improper de novo methylation are a common 

event in human neoplasia and are known to contribute to tumorigenesis (Jones & Baylin, 

2002; Kulis & Esteller, 2010; H. Shen & Laird, 2013). Tumor cells typically display 

global hypomethylation of repetitive DNA elements which contributes to genomic 

instability, while promoter and CpG island hypermethylation extinguishes transcription 

of tumor suppressor genes. 

DNA methylation as 5-methylcytosine (5mC) is established by de novo DNA 

methyltransferases, DNMT3A and DNMT3B, while DNMT1 preferentially binds hemi-
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methylated DNA and maintains methylation patterns to prevent passive demethylation 

(reviewed in (Brenner & Fuks, 2006)). Recently, Ten-eleven translocation 

methylcytosine dioxygenases (TETs) were discovered as a mechanism for active 

demethylation. TET enzymes convert 5mC to 5-hydroxy-methylcytosine (5hmC) and 

other cytosine intermediates (5-formylcytosine (5fC) and 5-carboxycytosine (5caC)), 

which contribute to the process of DNA demethylation through base excision repair 

processes. Opposite to the repressive effects 5mC often has at promoters, the enrichment 

of 5hmC at gene promoters correlates with increased gene expression (Bhattacharyya et 

al., 2013; Ficz et al., 2011; Mellen, Ayata, Dewell, Kriaucionis, & Heintz, 2012; Song et 

al., 2011). It has been reported that genome-wide distribution of 5hmC is overall reduced 

in neoplastic tissue and tumor cell-specific 5hmC occurs at specific gene coding regions, 

revealing the importance of 5hmC in modulating gene expression (Bhattacharyya et al., 

2013; Mitrea et al., 2018). Understanding the molecular mechanisms behind how tumor 

cell-specific DNA methylation and hydroxymethylation patterns are established and 

maintained by MYC may provide novel therapeutic strategies, aiming at specific 

components of the DNA methylation machinery. 

My work aims to provide answers for how MYC regulates DNA methylation and 

hydroxymethylation in a genome-wide fashion to control gene expression programs 

important for the T-ALL phenotype. I hypothesized that MYC regulates the expression of 

DNMTs and/or TETs to control DNA methylation and hydroxymethylation as an 

important mechanism of gene regulation during tumor maintenance. My first aim focuses 

on unraveling the role that DNMTs play in establishing and maintaining 5mC marks for 

gene expression programs. My second aim focuses on the effect TET function has on 
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5mC and 5hmC patterns, and how these marks contribute to gene expression patterns for 

maintenance of the neoplastic phenotype in    T-ALL. 

 

Specific Aim 1: To demonstrate the effect DNMT3B has on DNA methylation, gene 

expression, and neoplastic phenotype during tumor maintenance in T-ALL. This aim tests 

the hypothesis that MYC-driven overexpression of DNMT3B function is necessary for 

the regulation of DNA methylation and corresponding gene expression programs during 

tumor maintenance in T-ALL. 

 

Specific Aim 2: To investigate the effect of TET1 and TET2 on DNA methylation, 

hydroxymethylation and gene expression during tumor maintenance in T-ALL. This aim 

tests the hypothesis that MYC deregulates TET1 and TET2 expression to control DNA 

methylation and hydroxymethylation, which in turn regulates a set of genes critical for 

tumor maintenance in T-ALL.  
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B. Review of the Related Literature 

1. The c-MYC oncogene as a critical factor in human neoplasia 

They MYC family comprised of c-MYC (herein referred to as MYC, unless 

otherwise specified), N-MYC, and L-MYC, which encode for basic helix-loop-helix 

leucine zipper (bHLH-Zip) transcription factors that have been found to play a unique 

role in regulating a wide variety of biological processes including stem cell-ness, cellular 

proliferation and neoplastic transformation (Blackwood & Eisenman, 1991). In non-

malignant cells, MYC is tightly regulated and its transient expression controls cell 

proliferation, metabolism, differentiation, and cell cycle; however, when MYC is 

overexpressed, it deregulates these processes, contributing to neoplastic transformation 

(Dalla-Favera, Wong-Staal, & Gallo, 1982; Little, Nau, Carney, Gazdar, & Minna, 1983; 

Nau et al., 1985; Schwab et al., 1983). It is well accepted that MYC employs its 

neoplastic features by increasing autonomous cellular proliferation, growth, angiogenesis 

and genomic destabilization, while blocking differentiation (Figure 1) (Evan & Vousden, 

2001). However, the diverse cellular functions of MYC are attributed to its ability to 

control the expression of a large set of genes through multiple different mechanisms.  

Overall, MYC is implicated in 60-70% of all human cancers, including 

hematopoietic malignancies such as T-cell acute lymphoblastic leukemia (T-ALL) and 

Burkitt lymphoma (reviewed in (Dang, 2012; Nilsson & Cleveland, 2003)). Genetic MYC 

inactivation in animal models results in tumor regression (exhibiting the phenomenon of 

oncogene addiction) through cellular senescence and apoptosis making it a promising 

therapeutic target (Felsher & Bishop, 1999; Weinstein & Joe, 2008; C. H. Wu et al., 

2007). The fact that elevated levels of MYC proteins are found in a large majority of 
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human cancers and the discovery that tumors can be dependent on continuous MYC 

expression, has made the family of oncogenes a highly promising therapeutic target. 

However, both the exact molecular mechanism of how MYC promotes tumorigenesis and 

a pharmacologic inhibitor selectively targeting MYC that can be translated into the clinic 

remain elusive, despite three decades of research effort in this regard.  
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Figure 1. MYC as a transcription factor and oncogene.  

Display of X-ray crystal structure of MYC-MAX heterodimer bound to DNA as a site-specific transcription 
factor complex (Nair & Burley, 2003; Pettersen et al., 2004). Overexpression of MYC causes the 
deregulation of central cellular processes including cell cycle progression, metabolism, differentiation, and 
angiogenesis together contributing to neoplastic transformation. Deregulated MYC expression is implicated 
in a wide variety of human cancer types including, but not limited to: Burkitt lymphoma, acute 
lymphoblastic leukemia and neuroblastoma. Image created with: UCSF Chimera; PDB: 1NKP. 
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2. MYC in Burkitt lymphoma and T-cell acute lymphoblastic leukemia (T-ALL) 

The c-MYC (MYC) oncogene is well known to be implicated in a wide variety of 

human cancers. Burkitt lymphoma (BL) is an aggressive non-Hodgkin’s B-cell 

lymphoma driven by MYC expression (Taub et al., 1982; Zech, Haglund, Nilsson, & 

Klein, 1976). BL exhibits a MYC translocation (most commonly 8;14), that places the 

oncogene under the control of the immunoglobulin heavy chain enhancer, which is 

actively expressed in B-cell lineages. This translocation causes the constitutive 

expression of MYC, making the oncogene a hallmark of BL cases. The expression of 

MYC contributes to malignant transformation and the accumulation of immature B-cells 

in the circulating blood (Taub et al., 1982; Zech et al., 1976). The buildup of immature 

blasts infiltrate into many tissues causing aggressive tumors. 

T-ALL is an aggressive disease of immature, CD4+/CD8+ (double-positive) T-

cells that infiltrate into the blood stream, lymph nodes, spleen, thymus, and bone marrow. 

Clinically, about 65% of all T-ALL cases express constitutive MYC, through an upstream 

activating mutation in the NOTCH1 pathway (Weng et al., 2004). High levels of MYC 

are seen in many T-ALL cases and is critical to suppress T-cell differentiation, while 

promoting cell growth, proliferation, and metabolism for neoplastic growth (Bonnet et 

al., 2011). T-ALL can be modeled in transgenic mice (EμSRα-tTA;tet-o-MYC) by 

expressing MYC in hematopoietic lineages (Felsher & Bishop, 1999). Intriguingly, the 

inactivation of MYC in tumor-bearing animals for two weeks was found to be sufficient 

to cause sustained tumor regression. This is one of the first reports to show that 

malignancies can depend entirely on the expression of a single oncogene, exhibiting a 
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phenomenon termed “oncogene addiction” (Chin et al., 1999; Felsher & Bishop, 1999; 

Pelengaris et al., 1999). 

However, the implications of deregulated MYC expression go far beyond the 

scope of hematopoietic malignancies and are seen as a key player in many human 

cancers, including but not limited to: breast, bladder, prostate, lung, liver and colon 

cancer (Ahmadiyeh et al., 2010; Kiemeney et al., 2008; N. F. Wasserman, Aneas, & 

Nobrega, 2010; Yeager et al., 2007; Zanke et al., 2007; X. Zhang et al., 2016).  

 

3. MYC in the classic model: a site-specific transcription factor 

3.1 Site-specific activation of canonical MYC target genes 

MYC proteins have first been described as sequence-specific transcription factors, 

forming heterodimeric complexes with MAX. MYC-MAX complexes recognize a 

consensus sequence (CACGTG) known as Enhancer box (“E-box”) as well as variants of 

this motif, activating the transcription of canonical target genes through recruitment of 

chromatin remodeling factors (Amati et al., 1993; Blackwell, Kretzner, Blackwood, 

Eisenman, & Weintraub, 1990; Kretzner, Blackwood, & Eisenman, 1992). When bound 

to E-box sites, MYC is known to recruit the adaptor protein, 

Transformation/Transcription Domain Associated Protein (TRRAP) which contributes to 

the transformation activity of MYC (McMahon, Van Buskirk, Dugan, Copeland, & Cole, 

1998; McMahon, Wood, & Cole, 2000). TRRAP is a component of many histone 

acetyltransferase (HAT) complexes and serves as a scaffold for assembling multiprotein 

complexes, recruiting the HATs, GCN5 (McMahon et al., 1998), and TIP60 (Figure 2B) 

(Frank et al., 2003). Upon recruitment, GCN5 and TIP60 acetylate lysine residues of 
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histones thereby loosening the interaction between nucleosomes and DNA in the vicinity 

of the binding site, allowing RNA Pol II to access the core promoter, ultimately leading 

to transcription of the corresponding genes (Ciurciu, Komonyi, Pankotai, & Boros, 2006; 

Kenneth et al., 2007; X. Liu, Tesfai, Evrard, Dent, & Martinez, 2003). 

 In parallel or as an alternative mechanism, MYC recruits p300/CBP as a 

stabilizing co-activator that promotes transactivation of canonical target genes (Figure 

2B) (Faiola et al., 2005). p300 and CBP activate transcription by opening chromatin 

structure through their intrinsic HAT activity, by acting as adaptor molecules for 

additional co-factors, and by recruiting the basal transcriptional machinery (Korzus et al., 

1998; Utley et al., 1998). MYC directly recruits p300/CBP, independent of the adaptor 

protein, TRRAP (Faiola et al., 2005; Frank et al., 2003). While the recruitment of 

GCN5/TIP60/p300/CBP is associated with a variety of acetylation marks, various 

combinations of these activating marks have been observed at different loci, suggesting 

that MYC might recruit distinct co-factors to certain promoters (Fernandez et al., 2003; 

Martinato, Cesaroni, Amati, & Guccione, 2008).  

3.2 Antagonizing site-specific activation of canonical MYC target genes 

The transactivation of E-box target genes by MYC–MAX can be antagonized by 

MAX-dimerization proteins (MXD). MXD family members such as MXD1 and MNT 

also form heterodimeric complexes with MAX, competing with MYC–MAX for binding 

to the same E-box sequences, but subsequently repress the corresponding gene (Figure 

2C) (Ayer, Kretzner, & Eisenman, 1993; Larsson, Pettersson, Oberg, Nilsson, & Luscher, 

1994). Under non-malignant conditions, equilibrium exists that is defined by the relative 

abundance of MYC and MXD proteins. However, in tumor cells the constitutive, 
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elevated expression of MYC shifts the balance toward activation. The MXD-dependent 

repression mechanism relies on the recruitment histone deacetylases (HDACs), such as 

HDAC1 and HDAC3, which reduce histone acetylation on local chromatin resulting in a 

more condensed nucleosomal conformation [63]. The recruitment of co-repressors is 

essential for all the cellular functions of MXD proteins. The recruitment of HATs by 

MYC/MAX complexes and HDACs by MXD/MAX complexes can be seen as a 

transcriptional switch that regulates the activity of canonical MYC target genes through 

histone acetylation, shifting an equilibrium by “opening” or “closing” the local chromatin 

structure, allowing or preventing RNA Pol II binding, respectively.  

3.3 Site-specific repression of non-canonical MYC target genes  
 

             MYC’s function as site-specific transcription factor not only comprises the 

activation, but also the repression of non-canonical target genes. In fact, both 

mechanisms are essential for MYC-driven tumor initiation and maintenance (Chang et 

al., 2008; Dang, 1999), and both mechanisms depend on the recruitment of chromatin 

modifying co-factors. An increasing number of non-canonical target genes have been 

identified, that MYC represses through protein-protein interaction with zinc finger 

transcription factors such as MIZ-1. The interaction with MIZ-1 is the best characterized 

example of how MYC represses transcription (Walz et al., 2014) (Figure 2D). MIZ-1 

recognizes a consensus sequence known as INR in core promoters and, in the absence of 

MYC, activates the transcription of the corresponding gene. However, MYC binding 

interferes with the transcriptional activator function of MIZ-1, blocking the interaction 

with co-activators while facilitating the recruitment of co-repressor complexes (Kime & 

Wright, 2003; Staller et al., 2001; Wanzel, Herold, & Eilers, 2003; S. Wu et al., 2003). 
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Evidence for MYC’s function as a repressor stems from a point mutant, MYCV394D, 

which is selectively deficient in its ability to interact with MIZ-1, while still dimerizing 

with MAX to transactivate canonical target genes. MYCV394D is unable to repress wild-

type MYC targets such as CDKN1A (p21CIP) and CDKN2B (p15INK4B), in a transgenic 

lymphoma model (van Riggelen, Muller, et al., 2010). Furthermore, protein-protein 

binding assays suggest that MYC displaces co-activators such as p300/CBP from 

interacting with MIZ-1 (Staller et al., 2001). This switch in transcriptional activity can be 

explained by MIZ-1 playing a role in preventing the association between MYC and the 

co-activator p300, resulting in a decrease of histone acetylation. In addition to the 

displacement of co-activators, MYC-mediated gene repression is associated with the 

recruitment of co-repressors.  

MYC–MAX/MIZ-1 complexes have been shown to recruit the DNMT3A to non-

canonical targets such as CDKN1A (p21CIP) and CDKN2B (p15INK4B) (Brenner et al., 

2005), increasing the DNA methylation of promoter regions or nearby CpG islands 

(Brenner et al., 2005). This is important during tumorigenesis, where MYC suppresses 

cyclin-dependent kinase inhibitors (CDKIs) to antagonize differentiation and cellular 

senescence, instead promoting cell proliferation (Staller et al., 2001; van Riggelen, 

Muller, et al., 2010; S. Wu et al., 2003). There is some evidence that MYC similarly 

interacts with DNMT3B (Brenner et al., 2005). In non-small-cell lung cancer (NSCLC), 

MYC recruits DNMT3B to the promoter of the tumor suppressor, RASSF1A, silencing 

its expression through DNA hypermethylation (Palakurthy et al., 2009; Wang, Walsh, 

Liu, Lee, & Mao, 2006). Whether transrepression by MYC–MAX/MIZ-1 during 

tumorigenesis generally requires DNMT3A and DNMT3B, and whether this applies also 
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to physiological conditions is less understood. (Momparler, Bouchard, Onetto, & Rivard, 

1984; Rivard et al., 1981; Weiss, Stambaugh, Mastrangelo, Laucius, & Bellet, 1972; 

Wijermans et al., 2000). 

While the role of histone acetylation in MYC-dependent transcriptional repression 

is less well characterized, two HDACs, HDAC1and HDAC3, have been reported to 

interact with MYC (Huerta et al., 2007; T. Liu et al., 2007; Matsuoka, Fukamachi, 

Uehara, Tsuda, & Tsubura, 2008). In both cases, they have been identified as part of co-

repressor complexes recruited by MYC to suppress transcription. HDAC1 was found to 

be recruited to the promoter of tTG (T. Liu et al., 2007) and HDAC3 to the promoter of 

ID-2 and GADD153 (Kurland & Tansey, 2008; Wang et al., 2014), correlating with a 

decrease in histone acetylation in these loci and transrepression of the corresponding 

genes. It would be interesting to see whether this represents a general mechanism for all 

INR-regulated or even all MYC-repressed genes. In the classic model, MYC’s ability to 

recruit either HATs or HDACs depends on the DNA binding motif. MYC–MAX 

complexes interact with HATs for transactivation of canonical target genes, while MYC–

MAX/MIZ-1 recruits HDACs for transrepression of non-canonical target genes. 

However, whether the recruitment of HDACs extends to MYC–MAX/MIZ-1 complexes 

repressing E-box promoters remains to be shown (Bhadury et al., 2014; Gottlicher et al., 

2001; Kramer et al., 2003).  

3.4 Fine-tuning site-specific regulation of canonical MYC target genes 
 

               Adding another level of complexity, the transactivating effect of MYC–MAX 

on E-box regulated genes has been found to be antagonized by MIZ-1 (Figure 2A) (Walz 

et al., 2014). While the interaction between MYC and MIZ-1 has been known to 
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transrepress non-canonical MYC target genes that contain the initiator element (INR) 

sequence motif, recent genome-wide location profiling revealed that MIZ-1 also interacts 

with MYC–MAX complexes occupying E-box sites (Walz et al., 2014). The relative 

amounts of MYC and MIZ-1 that are bound to the core promoter determine whether the 

gene is activated or repressed, respectively (Walz et al., 2014). While MYC-repressed E-

box genes were characterized by a MYC/MIZ-1 ratio close to 1, MYC-activated genes 

showed higher ratios. Interestingly, in tumor cells with high MYC expression, MIZ-1 was 

found to occupy many more sites in a MYC-dependent manner, indicating a mechanistic 

difference between the physiological and oncogenic properties of MYC. Together, this 

indicates a fine-tuning mechanism through which MYC can modulate the transcription of 

E-box containing target genes.  
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Figure 2. Site-specific transcriptional activation and repression of target genes through the MYC network.  

(A) The ratio of MYC–MIZ-1 and MYC–MAX at the enhancer box (E-box) determines whether a gene is 
repressed or activated, respectively. MIZ-1 can be recruited to form a trimeric complex with MYC–MAX 
that represses genes as an additional level of regulation; (B) MYC forms heterodimeric complexes with 
MAX binding E-box sequences to transactivate canonical target genes through recruitment of chromatin 
modifying co-factors. TIP60 and GCN5 via TRRAP and p300/CBP act as HATs increasing acetylation of 
histone H3 and H4 (H3ac and H4ac) in the vicinity of the binding site, inducing an open chromatin 
conformation, allowing RNA Polymerase II (RNA Pol II) machinery to bind the core promoter. (C) MYC’s 
transactivating function is antagonized by MXD-MAX heterodimers that compete with MYC–MAX for E-
box binding, but repress canonical target genes through recruitment of HDAC1 and HDAC3 via scaffolding 
protein mSIN3. (D) MYC–MAX/MIZ-1 mediated transrepression of non-canonical target genes such as 
CDKN1A/p21CIP and CDKN2B/p15INK4B involves recruitment of chromatin co-repressors. DNMT3A 
suppresses the corresponding gene through hypermethylation of CpGs in the vicinity. Filled circles 
represent methylated CpGs; transcription start site (TSS). 
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4. MYC in the global model: genomic-wide effects on gene expression 

MYC’s role as a site-specific transcription factor regulating the expression of a 

large set of specific target genes has long been thought to be the key to its diverse cellular 

functions. However, MYC’s influence on the activity of many of these promoters is weak 

(Cotterman et al., 2008), and genomic location profiles not always predict whether a gene 

is regulated in a MYC-dependent fashion (Kress et al., 2016). Furthermore, there is little 

overlap between MYC regulated genes in different cell types and attempts to identify a 

MYC target gene signature ended with only context-specific results (Chandriani et al., 

2009; Chen et al., 2007; Ji et al., 2011). Hence, it has been challenging to draw a general 

map of how elevated MYC controls gene expression programs in tumor cells. A new 

perspective on this long standing question has been provided by studies that reveal that 

the MYC oncogene influences chromatin structure in a global fashion (Figure 3). These 

findings indicate an exciting role for MYC that extends beyond the traditional concept of 

a site-specific transcription factor and promises new directions for therapeutic anti-MYC 

strategies. 

4.1 MYC increases global histone acetylation 
 

The first evidence of MYC’s global reach stem from neuronal progenitor cells in 

which the disruption of N-MYC expression causes wide-spread changes in chromatin 

organization accompanied by nuclear condensation and heterochromatin formation 

(Knoepfler et al., 2006). These genome-wide changes are characterized by a marked 

decrease in histone H3 and H4 acetylation and an increase in H3K9me3, both indicative 

of gene silencing. While these observations could not be explained anymore with the 

sheer number of MYC binding sites in the genome and MYC’s effect on local chromatin, 
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the oncogene was found to influence chromatin in a genome-wide fashion through 

upregulation of the HAT, GCN5 (Knoepfler et al., 2006). N-MYC (subsequently 

demonstrated also for c-MYC) was found to directly bind to two E-box sequences in the 

GCN5 promoter, thereby increasing its transcription in tumor cells. Consequently, GCN5 

activity increased wide-spread acetylation of histones, accumulating active chromatin 

domains. This established GCN5 as direct MYC target gene and provided the first 

evidence for regulation of genome-wide chromatin organization by an oncogene. 

Subsequently, N- and c-MYC’s influence on global chromatin architecture has 

been demonstrated for various additional cell types. In a Burkitt lymphoma model (P493-

6), the suppression of a conditional c-MYC allele induces global heterochromatic regions 

resembling the phenotype described for N-MYC in neuronal progenitor cells (Knoepfler 

et al., 2006). Similarly, the genetic inactivation of c-MYC in conditional mouse models 

of osteosarcoma, hepatocellular carcinoma and T-cell acute lymphoblastic lymphoma 

triggered a global reduction in histone H4 acetylation and an increase in heterochromatic 

H3K9me3 (C. H. Wu et al., 2007). The switchable nature of MYC in these transgenic 

tumor models allowed for analysis of the dynamics in chromatin structure and associated 

gene expression patterns. Within only a few hours of MYC inactivation, the first 

chromatin changes become apparent and develop over the course of 48 hours to wide-

spread inactive chromatin, including senescence-associated heterochromatic foci (SAHF) 

(Knoepfler et al., 2006; C. H. Wu et al., 2007). In parallel to chromatin, changes in gene 

expression programs occur in a similarly time-dependent manner, implicating a causative 

relationship (Muller et al., 2010; C. H. Wu et al., 2008). Intriguingly, even the 

reactivation of MYC in the osteosarcoma model does not reverse the gene expression 
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pattern generated and MYC’s ability to bind to promoter regions was altered as well, 

indicating permanent changes in the chromatin architecture. These changes are associated 

with cellular senescence as important mechanism of sustained tumor regression upon 

MYC inactivation (eliciting oncogene addiction) (C. H. Wu et al., 2007). 

4.2 MYC increases global histone deacetylation 
 

In parallel, MYC seems to also control histone deacetylation in a genome-wide 

fashion. HDAC2 expression has been found to be increased in a MYC-dependent fashion 

during APC-driven colorectal tumorigenesis (Zhu et al., 2004). Furthermore, both N-

MYC and c-MYC were found to upregulate HDAC2 expression in neuroblastoma and 

pancreatic cancer, respectively, which contributed to MYC-induced tumor cell 

proliferation and blocked apoptosis in these models (Marshall et al., 2010). This depends 

on a MYC binding motif in HDAC2 promoter region, which was confirmed by chromatin 

immunoprecipitation assay (Bhandari et al., 2011). This demonstrates that MYC is 

capable of upregulating HDAC2 gene expression, that MYC-induced HDAC2 

overexpression contributes to MYC-induced cancer cell proliferation, and that HDAC2 

overexpression is likely to be one of the key factors responsible for MYC-induced 

malignant transformation, tumor initiation and progression in vivo (Marshall et al., 2010). 

The notion that MYC upregulates both the HAT, GCN5, and HDAC2 raises questions 

regarding their differential specificity and function on a genome-wide level. 

4.3 MYC increases global histone methylation 
 

In contrast to histone acetylation and deacetylation, the role of global histone 

methylation in regulating MYC-mediated gene expression is more complex. Even though 

MYC overexpression had been observed to induce both localized and widespread histone 
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H3K4 trimethylation (and suppress H3K9me3), these changes were thought to be indirect 

rather than a genuine part of MYC’s mechanism of action. Only recently, light has been 

shed on the mechanism by which MYC utilizes the dual function of histone methylation 

as an activator or repressor of transcription globally.  

MYC has been uncovered to suppresses the SIN3 transcription regulator family 

member B (SIN3B), HMG-box transcription factor 1 (HBP1), suppressor of variegation 

4-20 homolog 1 (SUV420H1), and B cell translocation gene 1 (BTG1) through miR-17-

92 (Li et al., 2014). SIN3B interacts with HBP1 and recruits HDACs to silence 

proliferation-related genes and mediate cell cycle exit and senescence (David et al., 2008; 

Grandinetti et al., 2009; Swanson et al., 2004). SUV420H1 catalyzes di- and tri-

methylation of histone H4K20 (H4K20me2 and H4K20me3) (Pesavento, Yang, Kelleher, 

& Mizzen, 2008; Schotta et al., 2004; Schotta et al., 2008). H4K20me3 is a marker for 

heterochromatin and cellular senescence, and is commonly lost in human cancers (Fraga 

et al., 2005). Both H4K20me2 and H4K20me3 were found to increase upon MYC-

inactivation in lymphoma (Li et al., 2014). BTG1 is a tumor suppressor that is frequently 

lost in acute lymphoblastic leukemia (Lundin et al., 2012; Waanders et al., 2012) and is 

known to activate the HMT, PRMT1 to dimethylate histone H4 arginine 3 (H4R3me2) 

(Berthet et al., 2002; W. J. Lin, Gary, Yang, Clarke, & Herschman, 1996). H4R3me2 

increased upon MYC-inactivation in lymphoma. Interestingly, it is also a biomarker of 

chemotherapy-induced cellular senescence (Roninson, 2003). Once reactivated, these 

chromatin modifiers promote cell cycle arrest and cellular senescence, supporting the 

notion that MYC’s ability to sustain autonomous proliferation, self-renewal, and survival 

is mediated through chromatin regulatory and survival switches. 
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Figure 3. MYC- master regulator of the cancer epigenome and transcriptome.  

The MYC oncogene deregulates histone acetylation and methylation in a global fashion with implication 
for the cancer epigenome and transcriptome. MYC-MAX complexes recognize an E-Box sequence in the 
GCN5 promoter, leading to overexpression of GCN5. The consequently increased HAT activity of GCN5 
increases genome-wide acetylation of H3 and H4 (H3ac and H4ac). MYC-MAX also binds to the HDAC2 
promoter and upregulate its transcription leading to an increase in HDAC2 activity. MYC regulates the 
HMT, SUV420H1, in a similar fashion. MYC activates the transcription of miR-17-92, which represses 
SUV420H1, implicating that MYC prevents the methylation of histone H3 at K20 on a genome-wide level. 
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4.4 The effect of MYC on gene regulation and global chromatin structure 
 

Furthermore, MYC’s influence on chromatin structure extends beyond gene 

regulatory or genic regions and also includes expansive intergenic regions. Up to 95% of 

euchromatic histone marks in the genome (total H3K9 acetylation and H3K4 

methylation) depend on high N-MYC levels. (Cotterman et al., 2008). These results 

suggest that MYC’s ability to induce and maintain wide-spread regions of active 

chromatin is as important as its ability in the modulating the transcription of individual 

genes. Indeed, MYC has been shown to have broader effects on chromatin remodeling. 

MYC changes histone localization patterns through incorporation of the H2AX isoform 

into its target promoters, allowing for activation of target genes (Martinato et al., 2008). 

MYC also targets MTA1, a broad regulator of chromatin structure, as an essential 

member of the NURD (nucleosomal remodeling and deacetylase) co-repressor complex 

exhibiting deacetylase activity (X. Y. Zhang et al., 2005). MTA1 induction in MYC-

transformed cells is necessary for invasive growth. (Lachner, O'Carroll, Rea, Mechtler, & 

Jenuwein, 2001; Mazumdar et al., 2001). In addition, the insulator protein, CTCF, has 

been identified as a direct MYC target, allowing for transcriptional alterations of wide 

regions of the genome by blocking facultative heterochromatin (Chau, Zhang, McMahon, 

& Lieberman, 2006; Day et al., 2007). 

Fueling the oncogene’s enigmatic reputation further, recent studies revealed that 

MYC deregulates large gene expression programs in tumor cells through amplification of 

transcriptional programs. When MYC is overexpressed, it accumulates in the promoter 

regions of actively transcribed genes and acts as a general amplifier, further boosting a 

cell's transcriptional output and consequently the gene expression profile, termed 
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“transcriptional amplification” (C. Y. Lin et al., 2012; Nie et al., 2012; Sabo et al., 2014; 

Walz et al., 2014). Thus, rather than specifying the subset of genes that will be actively 

transcribed in any particular cell in a site-specific manner, MYC amplifies the output of 

the existing gene expression program. MYC binds E-box sites in the promoters of active 

genes and  facilitates transcription elongation by stimulating the recruitment of P-TEFb, 

which phosphorylates and activates  RNA Pol II elongation (Rahl & Young, 2014). It has 

also been shown that MYC plays a critical role in RNA Pol II pause release rather than 

RNA Pol II recruitment, revealing another important facet MYC controls to drive 

transcriptional amplification. It has also recently been implied that MYC may be tethered 

to chromatin domains such as euchromatic islands (active chromatin characterized by 

H3K4me, H3K79me, and H3ac) and this tethering is crucial for the rate-limiting step of 

MYC binding to site-specific DNA consensus sequences (Guccione et al., 2006).  

The overall increase of transcriptional output by MYC has a dramatic effect on 

proliferation and cellular biogenesis. The aspect of transcriptional amplification may be 

able to explain rate-limiting restraints on MYC-driven proliferation and also why MYC 

has broad oncogenic capabilities across a number of tissues and cell types. These studies 

support an evolving new dual model in which MYC’s influence on chromatin is far more 

complex than previously imagined. The ability of MYC to act both locally and globally 

on chromatin may be responsible for its wide-ranging effects on the biology of stem and 

tumor cells.  
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5. Components of the DNA methylation machinery 

DNA methylation is an epigenetic alteration that can alter gene expression 

without impacting the DNA sequence. This biological process is essential for gene 

regulation critical for mammalian development and disease. DNA methylation occurs 

when cytosines in the DNA are modified to add a methyl group to their 5’ position, 

creating 5-methylcytosine (5mC). This modification is written by DNA 

methyltransferases (DNMTs) by transferring the methyl group from the methyl donor, S-

adenosyl methionine (SAM). There are three enzymatically active DNMTs: DNMT1, 

DNMT3A and DNMT3B. DNMT3L is an accessory protein that lacks catalytic activity, 

but interacts with the other DNMTs to regulate DNA methylation in some cell types 

(Veland et al., 2019). DNMT1 is classically established to be a maintenance 

methyltransferases as it preferentially binds hemi-methylated DNA to preserve DNA 

methylation during replication. DNMT3A and DNMT3B are classically established as de 

novo methyltransferases, acting to set the initial DNA methylation marks typically at 

CpG dinucleotides, through recruitment to the DNA by other factors. However, as more 

research has emerged, it has become clear that DNMT3A and DNMT3B participate in 

maintenance methylation marks, and DNMT1 can act as a de novo methyltransferase 

(Jeltsch & Jurkowska, 2014; Jones & Liang, 2009). 

In the past ten years it has been revealed that DNA methylation is a dynamic 

process, and involves additional players that work to actively remove DNA methylation 

(Figure 4). Ten eleven translocation methylcytosine dioxygenases (TETs) actively 

modify 5mC to 5-hydroxy-methylcytosine (5hmC) as the first step towards active 

removal of DNA methylation (H. Wu & Zhang, 2011). The conversion of 5hmC to 5-
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formylcytosine (5fC) and eventually 5-carboxylcytosine (5caC) is the second critical 

step, as either 5fC or 5caC can be actively removed through Tdg and the base excision 

repair process replacing the modified cytosine to an un-modified cytosine (5C).  
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Figure 4. DNA methylation cycle and machinery.  

Cytosine can be modified to 5-methylcytosine (5mC) by DNA methyltransferases (DNMTs). Ten eleven 
translocation methylcytosine dioxygenases (TETs) actively modify 5mC to 5-hydroxy-methylcytosine 
(5hmC) as the first step towards active demethylation. The conversion of 5hmC to 5-formylcytosine (5fC) 
and eventually 5-carboxylcytosine (5caC) can be actively removed through the base excision repair process 
resulting in an unmodified cytosine (C). 
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6. DNA methylation: regulation of gene expression in tumorigenesis 

In non-malignant cells, the majority of DNA methylation (5mC) is placed at 

centromeric sequences and transposable elements to maintain genomic stability. 

Alterations of DNA methylation patterns by improper de novo methylation are a common 

event in human neoplasia and are known to contribute to tumorigenesis (Jones & Baylin, 

2002; Kulis & Esteller, 2010; H. Shen & Laird, 2013). Tumor cells typically display 

global hypomethylation of repetitive DNA elements which contributes to genomic 

instability. Promoter and CpG island (CGI) hypermethylation extinguishes the initiation 

of transcription of tumor suppressor genes; in contrast, hypermethylation of gene bodies 

can contribute to transcription stimulation of the corresponding gene and may contribute 

to splicing mechanisms. In tumor cells, hydroxymethylation is generally globally 

depleted and downregulation of 5hmC is accompanied by the downregulation of TET 

enzymes. Redistribution of 5hmC patterns in cancer is often seen with a reduction in 

5hmC at promoters and an increase in 5hmC within gene bodies (Bhattacharyya et al., 

2013). 

Active genes have hypomethylated CGI at nucleosome depleted areas, flanked by 

histones harboring the H2A.Z variant and exhibiting tri-methylation of lysine 4 on 

histone 3 (H3K4me3), a histone modification representing active chromatin (Conerly et 

al., 2010; Zilberman, Coleman-Derr, Ballinger, & Henikoff, 2008). Furthermore, the 

presence of TET1 at active genes prevents 5mC by converting any 5mC immediately to 

5hmC (Williams, Christensen, & Helin, 2011). Meanwhile, repressed genes exhibit 

hypermethylated CGI, usually accompanied with nucleosome enrichment at the 

transcription start site (TSS) and tri-methylation modifications on lysine 27 of histone 3 
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(H3K27me3), a repressive mark typically representing inactive chromatin. Methylated 

CpG-binding Proteins (MeCP) prevent binding of RNA pol II to methylated regions in 

the promoter, preventing transcription. 

Contrary to the role methylation plays at CGI promoters, methylation in the gene 

body stimulates transcription. Recent studies even indicate that gene body methylation is 

a more accurate readout of whether a gene is positively or negatively regulated than 

promoter methylation (Lou et al., 2014). Additionally, exons are shown to be more highly 

methylated than introns. Reports have shown that the degree of methylation at intron-

exon boundaries could recruit MeCP proteins and play a role in how genes are 

alternatively spliced (Laurent et al., 2010).  

In addition to the well-studied function of 5mC on gene regulation, recent 

evidence has emerged that the process of active DNA demethylation may also play a role 

in gene regulation. In contrast to the typical repressive mark of 5mC, the stable 5hmC 

modification can be seen as an activating mark at transcription factor binding sites, 

promoters, enhancers, and within gene bodies (Figure 5) (Ficz et al., 2011; Ito et al., 

2010; Stroud, Feng, Morey Kinney, Pradhan, & Jacobsen, 2011; Xu et al., 2011). In most 

tumor cells, 5hmC is generally globally reduced and redistributed across the genome 

(Bhattacharyya et al., 2013; Y. Huang & Rao, 2014). In some cancers such as MLL-

rearranged leukemia, however, there is actually an increase in 5hmC distribution (H. 

Huang et al., 2013). It has been seen that despite the global decrease in 5hmC in cancer, 

there is gain of the 5hmC modification in the promoters of growth-promoting genes 

contributing to increased gene expression (Bhattacharyya et al., 2013). 
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Despite the recent knowledge of how 5hmC impacts gene regulation, little is known of 

how these marks are established, if they are maintained, and whether TET enzymes have 

specificity in creating these marks. 
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Figure 5. DNA methylation modifications and impact on gene regulation.  

Un-methylated cytosines (C) at CpG island promoters result in transcriptional induction or activation of 
genes. In cancer, these genes are typically oncogenes and growth-promoting genes. Cytosine can then be 
modified to 5-methylcytosine (5mC) by DNA methyltransferases (DNMTs). 5mC at CpG island 
promoters results in transcriptional repression. In cancer, these genes are typically tumor suppressors, or 
growth inhibitory genes. Ten eleven translocation methylcytosine dioxygenases (TETs) then actively 
modify 5mC to 5-hydroxy-methylcytosine (5hmC) as the first step towards active demethylation. 5hmC 
in CpG island promoters acts as a mark for transcriptional induction or activation. In cancer, these genes 
are typically oncogenes and growth-promoting genes. 
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7. DNA methylation as a therapeutic target 

DNA methylation in tumorigenesis can cause positive or negative effects 

depending on where the methylation occurs and the consequence of which gene/genes are 

controlled. Broad DNA demethylation agents, such as azacytidine and decitibine, are 

FDA approved to treat hematopoietic malignancies, such as myelodysplastic syndrome 

(MDS), acute myeloid leukemia (AML), and chronic myelomonocytic leukemia 

(CMML) (Derissen, Beijnen, & Schellens, 2013; Jiang et al., 2009; Lubbert et al., 2016); 

however, these agents are cytosine analogs that incorporate into DNA and prevent DNA 

methylation modifications from occurring, including DNA methylation in non-malignant 

cells that may be protective against tumorigenesis. This causes broad DNA demethylation 

agents such as azacytidine and decitibine to not be tumor-cell specific and therefore 

cytotoxic (Pleyer & Greil, 2015).  

Recently new non-nucleoside inhibitors have evolved to be specific to certain 

DNMTs or TETs, alleviating some of the potential concerns of broad DNA methylation 

inhibitors. There are a number of non-nucleoside DNMT1 inhibitors (MG98, SGI-1027, 

SW155246, DC-05 analogs, Indole derivatives, and isoxazoline and oxazoline 

derivatives) that are in preclinical trials for both hematological and solid tumors 

(Pechalrieu, Etievant, & Arimondo, 2017). For targeting DNMT3B, the inhibitor 

Nanaomycin A is being currently tested in preclinical studies for both hematological and 

solid tumors (Kuck, Caulfield, Lyko, & Medina-Franco, 2010). Herein this dissertation, 

Nanaomycin A is also being used as a pharmacological approach to block DNMT3B 

function in T-ALL. Inhibitors targeting DNMT3A have recently emerged as well 

(quinazoline and propiophenone derivatives) currently being tested in preclinical studies 
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for both hematological and solid tumors (Erdmann et al., 2015). Only very recently, 

cytosine analogs have been established that block the activity of TET1 and TET2, while 

having little to no effect on the activity of DNMT3A (Chua et al., 2019). While inhibitors 

that target specific components of the DNA methylation machinery have not been 

translated for use in clinic just yet, there is hope that the generation of these inhibitors 

will eventually be used alone or in combination with existing therapies, as a targeted 

approach for diseases and cancers that exhibit deregulated expression of specific DNMT 

or TET proteins. 
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II. MATERIALS AND METHODS 

 

1. Cell culture 

Burkitt lymphoma cell lines (Daudi, Raji and CA46), T-cell leukemia/lymphoma 

cell lines (Jurkat, P12-Ichikawa, MOLT3, MOLT4, CCRF-CEM, CCRF-HSB2 and HPB-

ALL) and adherent packaging cell lines (HEK293T and Phoenix-ampho) were obtained 

from American Type Culture Collection (ATCC). Mouse T-ALL cell lines (6780, 1329, 

2833) were derived from the transgenic T-ALL mouse model (EµSRα-tTAα;tet-o-MYC) 

(Felsher & Bishop, 1999) and human Burkitt lymphoma-like cells (P493-6) (Pajic et al., 

2000) were obtained from American Type Culture Collection (ATCC).  

All leukemia/lymphoma cell lines were passaged less than 8 times, maintained in 

RPMI1640 supplemented with 10% FBS, 1% penicillin/streptomycin, 1% l-glutamine 

and 50 μM 2-mercaptoethanol, and incubated at 37°C humidified with 5% CO2. Adherent 

cell lines were passaged less than 8 times, maintained in DMEM supplemented with 10% 

FBS, 1% penicillin/streptomycin, 1% l-glutamine and 50 μM 2-mercaptoethanol, and 

incubated at 37°C humidified with 5% CO2. Routine mycoplasma detection is done on all 

cell lines to eliminate risk of contamination.  

Inducible cell lines, either derived from EµSRα-tTAα;tet-o-MYC mice or P493-6 

cells, allow for a time- and concentration-dependent inactivation of MYC expression. To 

titrate MYC expression levels in vitro, doxycycline (DOX) was added at concentrations 

ranging from 0.1-0.5 ng/mL for 2 days, while 20 ng/mL doxycycline was added to the 

cell culture medium for the indicated times to ablate MYC expression. For DNMT3B 
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inhibition, cell lines were treated with 25nM, 50nM, and 100nM of the DNMT3B 

inhibitor Nanaomycin A or DMSO control (Santa Cruz Biotechnology Inc.). 

2. shRNA-mediated knockdown 

Cell lines were infected with lentiviral vectors (pTRIPZ (inducible) or pLKO.      

1-puro (constitutive)) containing either scrambled control or specific shRNAs. Upon 

selection of positive cells with 2-4 µg of puromycin, shRNA expression was verified 

using RT-qPCR and WB. For inducible shRNA, cells were induced with 100 ng/mL of 

DOX for the indicated times. The specific oligo sequences of shRNA listed in Table 1.  

3.   Ectopic gene expression 

Cell lines were infected with retroviral vectors (pMSCV-PIG) containing either 

empty vector (EV) or a mouse TET2 full-length cDNA. Upon selection of positive cells 

with 2-4 µg of puromycin, cDNA expression was detected using RT-qPCR for TET2. 

pcDNA3-Tet2 (#60939) and pMSCV PIG (Puro IRES GFP) (#18751) plasmids were 

obtained from Addgene. Mm TET2 cDNA was subcloned from pCDNA3-Tet2 using 

SnaBI/NotI restriction sites, into adapted pMSCV-PIG (Puro-IRES-GFP) plasmid using 

HpaI/NotI restriction sites. Adapted pMSCV-PIG plasmid vector was modified with 

destroyed second EcoRI site, and introduced NotI site, and was a gift from Dr. Honglin 

Li, Augusta University. pMSCV-PIG-MmTET2 clone was verified via DNA sequencing. 
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shRNA sequence Gene targeted 

CCGGCCAAGGTAGTTATCCTTAAACTCGAG 
TTTAAGGATAACTACCTTGGTTTTTG Hs. MYC 

TTGGCATTAGAATATCAGAGCCTCGAGGCT 
CTGATATTCTAATGCCAA Mm. DNMT3Bsh1 

AATTGCTGGGTACAACTTGGGCTCGAGCCC 
AAGTTGTACCCAGCAATT Mm. DNMT3Bsh2 

CCGGACACAACTTGCTTCGATAATTCTCGA 
GAATTATCGA AGCAAGTTGTGTTTTTTG Hs. TET1sh1 

CCGGTTGTGCCTCTGGAGGTTATAACTCGA 
GTTAAACCTCCAGAGGCACAATTTTTG Hs. TET1sh2 

Table 1. Specific shRNA oligo sequences for genes targeted. 
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4.  Cloning and bacterial transformation 

To propagate plasmid DNA, transformation of plasmid DNA into competent 

E.coli was performed. Competent cells were thawed on ice for 30 minutes, 1-100 ng of 

plasmid DNA was added to the competent cells and iced for 30 minutes. Competent 

bacteria was heat shocked at 42°C for 45 seconds, and then returned to ice for 2 minutes. 

LB broth without antibiotic was added to the competent cells and incubated, shaking at 

37°C for 1 hour. After 1 hour of incubation, bacteria are plated onto antibiotic-containing 

LB agar plates. LB broth with antibiotic resistance was inoculated with a single clone of 

bacteria for 16 hours at 37°C. Plasmid DNA was then extracted, using the Plasmid 

Nucleospin kit (Macherey-Nagel Inc.) and held at -20°C. 

5.   Virus production and transduction 

Retrovirus was produced by transfecting Phoenix Amphotropic cells with 5 µg 

retroviral expression vector pMSCV or pMSCV-PIG. Lentivirus was produced by 

transfecting HEK293T cells with 2.5 µg lentiviral plasmid along with 1.275 µg pPAX2 

and 0.625 µg pMD.G packaging plasmids using Lipofectamine2000 (Invitrogen). At 48 

hours, virus was harvested and target cells were infected using spinocculation at 2,400 

rpm for 2 hours at 32°C with polybrene reagent (Clontech, Mountain View, CA). Virus 

was exposed to cells for 2 days and then removed to allow cells to recover. Post-

infection, cells were challenged with 2-4 μg/mL puromycin to generate stable cell lines. 

Validation of infected cells was confirmed using RT-qPCR and WB. 

6.  Cell growth and viability 

Growth curve and cell viability was done using Trypan Blue. Cells were seeded at 

the same concentration and monitored for growth over a number of days. Counts of 
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viable cells were performed in triplicates using the Nexcelom Bioscience 

Cellometer2000Auto cell counter with Nexcelom Bioscience™ SD100 counting slides.  

7.   Cell extracts and western blot analysis 

Total protein extracts were prepared using a lysis buffer (50 mM Tris, 2% SDS, 

10% glycerol, 0.74 M beta-mercaptoethanol), sonicated on ice using a Sonifier 250D 

(Branson Ultrasonics), and heated for 5 min at 99°C. Protein concentrations were 

determined with the Bio-Rad DC Protein Assay kit (BioRad) using bovine serum albumin 

as a standard. Protein extracts were separated in 10% SDS-PAGE, electrotransferred to 

PVDF membranes (Immobilon-P; EMD Millipore). Protein quantitation was performed 

using ImageJ software (https://imagej.nih.gov/ij/) (Schneider, Rasband, & Eliceiri, 2012). 

Antibodies used are listed in Table 2. 

8.   Tissue collection 

Human spleen (total RNA and protein lysate) obtained from a healthy donor, was 

purchased from Zyagen Inc. Human PBMCs (total RNA and protein lysate) and B-cells 

(total RNA) were obtained from the Augusta University Biorepository. 6-8 week old 

wild-type C57BL/6J mice were obtained from Jackson Laboratory. Healthy mouse spleen 

and thymus were collected and washed in PBS, and then snap frozen for further protein 

or RNA extraction. Mice were housed according to Augusta University’s animal care and 

IACUC guidelines.  
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Protein targeted Catalog number Company 

c-MYC 9E10 Ab32 Abcam, Cambridge, USA 

DNMT3B NB300-516 Novus Biologicals 

DNMT3B NB100-56514 Novus Biologicals 

DNMT3B  ab122932 Abcam, Cambridge, USA 

β-TUBULIN AB6046 Abcam, Cambridge, USA 

GAPDH  sc25778 Santa Cruz Biotechnology, USA 

ACTIN A5441 Sigma-Aldrich, USA 

Anti-RABBIT HRP 31460 Thermo Fisher, USA 

Anti-MOUSE HRP 31430 Thermo Fisher, USA 

Table 2. Antibodies used for western blot detection. 

 

9.   RNA extraction and analysis of gene expression 

Total RNA was isolated using the NucleoSpin RNA kit including DNase-I digest 

(Macherey-Nagel Inc.) following the manufacturer's protocol. 0.5 µg RNA was reverse 

transcribed into cDNA using the iScript cDNA kit (BioRad) following the manufacturer's 

protocol. Quantitative PCR (qPCR) was performed using iTAQ Universal SYBR 

GREEN (BioRad) in an ABI StepOne Plus analyzer (Applied Biosystems). The specific 

forward (F) and reverse (R) primer sequences are listed in Table 3. 
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RT-qPCR primer sequence Gene probe 

F: TCTCCATCCTATGTTGCGGTC 

R: TCCAAGTAACTCGGTCATCATCT 
Mm MYC 

F: AAGAATGGTGTTGTCTACCGAC 

R: CATCCAGGTTGCTCCCCTTG 
Mm DNMT1 

F: AAGGGGCCTTCAACGTG 

R: ATTTATCCAGACTCGCGTGC 
Mm DNMT3A 

F: GGCTTCAAGCCTACTGGGATCGAG 

R: CCACAGGACAAACAGCGGTCTTCC 
Mm DNMT3B 

F: GACGAGTTTGACTGCCACATC 

R: CGCAACATAGAACGCATCCTT 
Mm ODC1 

F: GGCTCCTCCCTAAGTCCATC 

R: CCTAGCAACAACGTGCTTCA 
Mm SOX12 

F: TGGACTTCAAGGCATACGAGC 

R:GCACGGGTCTGGAATACACA 
Mm FOXA1 

F: GACGAGCCCCTCGACCTAA 

R: AGCTCTCGATGCAAAGCATGA 
Mm GLIS2 

F: GGTCATAGGTCAGATCGGGTC 

R: GTCCCGTATTCCACCATGCT 
Mm SPRY1 

F: ATTTCCGCATCTGGGAACCTG 

R: GGAAGTTGATCTTTGGGGCAAT 
Mm TET1 

F: TGCTTTCCCAACACGGAACTA 

R: GCACCATTAGGCATTAGCACAAT 
Mm TET2 
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F: AGCCCAGTGTTACCACCAAG 

R: ACCCAAGAACAAGCACAAGG 
Mm UBC 

F: CTGCGACGAGGAGGAGAA 

R: GGCAGCAGCTCGAATTTCTT 
Hs MYC 

F: TTTACTGCCAAGGACATTCTGG 

R: GGAGAGCTTTTAACCACCTCAG 
Hs ODC1 

F: CCTAGCCCCAGGATTACAAGG 

R: ACTCATCCGATTTGGCTCTTTC 
Hs DNMT1 

F: AGTACGACGACGACGGCTA 

R: CACACTCCACGCAAAAGCAC 
Hs DNMT3A 

F: ACCTCGTGTGGGGAAAGATCA 

R: CCATCGCCAAACCACTGGA 
Hs DNMT3B 

F: CATCAGTCAAGACTTTAAGCCCT 

R: CGGGTGGTTTAGGTTCTGTTT 
Hs TET1 

F: GATAGAACCAACCATGTTGAGGG 

R: TGGAGCTTTGTAGCCAGAGGT 
Hs TET2 

F: TCCAGCAACTCCTAGAACTGAG 

R: AGGCCGCTTGAATACTGACTG 
Hs TET3 

F: CGGACCGTGCGAGGTAT 

R: CACCATCCGCTTTTTCTTGTC 
Hs RPL13A 

Table 3. Specific forward (F) and reverse (R) primer sequences for RT-qPCR detection. 
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10.   Cell cycle analysis using propidium iodide 

Cells were fixed in 70% methanol and stained using a Propidium Iodide (Acros 

Organics) solution containing PBS+0.5% BSA, 50µg/mL PI, and 200µg/mL RNaseA. 

Cells were then analyzed immediately on a LSR II flow cytometer (Becton Dickinson). 

FACS data was analyzed using FlowJo software (Tree Star). 

11.   Flow cytometric analysis of cell death 

Annexin V and propidium iodide staining was used for the study of cell cycle 

distribution and apoptosis using the Annexin V-FITC Early Apoptosis Detection kit (Cell 

Signaling) following the manufacturer's protocol. Briefly, cells were washed in PBS and 

suspended in 1X AnnexinV binding buffer. AnnexinV-FITC conjugate and propidium 

iodide were incubated for 10 min on ice and immediately analyzed on a FACScalibur 

flow cytometer (Becton Dickinson). FACS data were analyzed using FlowJo software 

(Tree Star). 

12.   RNA-sequencing 

Total RNA was extracted as described above using the Nucleospin RNA 

extraction kit (Macherey-Nagel Inc.), and samples were quantified using Nanodrop and 

qualified by 1% agarose gel electrophoresis. Briefly, mRNA was isolated from total RNA 

with NEBNext PolyA mRNA Magnetic Isolation Module. Alternatively, rRNA was 

removed from the total RNA with a RiboZero Magnetic Gold Kit; The enriched mRNA 

or rRNA depleted RNA was used for RNA-seq library preparation using KAPA Stranded 

RNA-Seq Library Prep kit (Illumina). The completed libraries were qualified on Agilent 

2100 Bioanalyzer for concentration, fragment size distribution between 400-600 bp, and 

adapter dimer contamination. The DNA fragments in mixed libraries were denatured with 
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0.1M NaOH to generate single-stranded DNA molecules, loaded onto channels of the 

flow cell at 8 pM concentration, and amplified in situ using TruSeq SRCluster kit v3-

cBot-HS (#GD-401-3001, Illumina). Sequencing was carried out by running 150 cycles 

with paired end reads, using the Illumina HiSeq 4000 according to the manufacturer’s 

instructions. RNA-sequencing was performed by Arraystar Inc. (Rockville, MD). 

13.   RNA-sequencing data analysis 

RNA-sequencing data analysis was performed by Arraystar Inc. (Rockville, MD). 

Post-quality control, the fragments were adaptor trimmed and filtered ≤20 bp reads with 

cutadapt software. The trimmed reads were aligned to reference genome with Hisat2 

software (Kim, Langmead, & Salzberg, 2015). The expression level (FPKM value) of 

known genes and transcripts were calculated using ballgown through the transcript 

abundances estimated with StringTie (Frazee et al., 2015). The number of identified 

genes and transcripts per group was calculated based on the mean of FPKM in group ≥ 

0.5.  

14.   Reduced representation bisulfite sequencing (RRBS) 

RRBS was performed by Diagenode, Inc. as described before (Veillard, Datlinger, 

Laczik, Squazzo, & Bock, 2016). Sequencing was carried out on an Illumina HiSeq 3000. 

Quality control of sequencing reads was performed using FastQC (Andrews). Adapter 

removal was performed using Trim Galore! v0.4.1 (Krueger)). Reads were then aligned 

to the reference genome using bismark v0.16.1 (Krueger & Andrews, 2011), followed by 

methylation calling using the corresponding bismark functionality. The comparative 

RRBS analysis was carried out using methylKit (Akalin et al., 2012), based on reference 

genome mm9 and CpG island annotation from UCSC (Rosenbloom et al., 2015). 



 
 

50 
 

Differentially methylated CpGs, as well as differentially methylated regions (DMRs) 

were identified (the latter with a window size of 1,000 bp, as this has been found to 

include the majority of DMRs (Juhling et al., 2016)). RRBS data has been deposited 

under GEO accession number GSE101907 (https://www. ncbi.nlm.nih.gov/gds).  

15.   MeDIP – and hMeDIP-sequencing 

Genomic DNA was isolated using the Nucleospin Tissue kit with RNase A 

(Macherey-Nagel Inc.). Purified genomic DNA was sonicated to ~200-800bp fragments, 

and 1 µg of fragmented DNA was ligated to Illumina’s genomic adapters with Genomic 

DNA Sample kit (#FC-102-1002, Illumina), following the manufacturer’s instructions. 

~300-900bp ligated DNA fragments were further immunoprecipitated using an anti-5-

methylcytosine antibody (for MeDIP) or an anti-5-hydroxymethylcytosine antibody (for 

hMeDIP). The enriched DNA was amplified by PCR and purified by AMPure XP beads. 

The DNA fragments in mixed libraries were denatured with 0.1M NaOH to generate 

single-stranded DNA molecules, loaded onto channels of the flow cell at 8 pM 

concentration, and amplified in situ using HiSeq3000/4000 PE Cluster kit (#PE-410-

1001, Illumina). Sequencing was carried out by running 150 cycles with paired end reads, 

using HiSeq3000/4000 SBS kit (#FC-410-1003, Illumina) on Illumina HiSeq4000 

according to the manufacturer’s instructions. MeDIP- and hMeDIP-sequencing was 

performed by Arraystar Inc. (Rockville, MD). 

16.   MeDIP – and hMeDIP-sequencing data analysis 

Raw sequencing data generated from Illumina HiSeq 4000 that pass the Illumina 

chastity filter are used for following analysis. The fragments were 5’, 3’-adaptor trimmed 

and filtered ≤16 bp reads with cutadapt software. Trimmed reads (trimmed 5’, 3’-adaptor 
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bases) are mapped to reference genome (hg19 or mm10) with Hisat2 software. The 

mapped reads were used for statistically significant unbiased methylation/ 

hydroxymethylation region detection. LncRNA, mRNA and Small ncRNA associated 

DMRs and hDMRs enriched regions (peaks) with statistically significant were identified 

by diffReps (Cut-off: log2FC ≥ 1, P-value ≤ 10-4) (L. Shen et al., 2013). LncRNA, 

mRNA and Small ncRNA associated hDMRs within promoter were annotated by the 

nearest gene using the UCSC RefSeq database. Promoter peaks were defined as 2,000 bp 

upstream and downstream from the transcription start site (TSS); Gene Body Peaks were 

defined as +2,000 bp downstream of the transcription start site (TSS) to the transcription 

termination site (TTS); Intergenic Peaks were defined as the other genomic regions not 

included in either promoters or gene body. MeDIP and hMeDIP analysis was performed 

by Arraystar Inc. (Rockville, MD). MeDIP and hMeDIP-seq data has been deposited 

under GEO accession number GSE126029 (https://www. ncbi.nlm.nih.gov/gds).  

17.   Chromatin immunoprecipitation (ChIP) 

For ChIP, cells were crosslinked with 1% formaldehyde followed by quenching 

with 0.2 M glycine. After washing with PBS, the cells were resuspended in lysis buffer 

(10 mM EDTA pH 8.0, 50 mM Tris-HCl pH 8.0, 1% SDS). Chromatin was sheared by 

sonication for 10 min using a Branson 250 Sonifier, diluted in ChIP Dilution Buffer 

(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA pH 8.0, 16.7 mM Tris-HCl pH 8.0 and 

167 mM NaCl) and incubated with 5 µg of specific antibody overnight. The bound 

material was recovered after 2 hours incubation with 50 µL Dynabeads/Protein G 

(Invitrogen/Thermo-Fisher), rotating at 4°C. The beads were washed, once in Low Salt 

Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8.0, 20 mM Tris-HCl pH 8.0 and 
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150 mM NaCl), twice in High Salt Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA 

pH 8.0, 20 mM Tris-HCl pH 8.0 and 500 mM NaCl), twice in LiCl Buffer (0.25 M LiCl, 

1% NP-40, 1% Na-Deoxycholate, 1 mM EDTA pH 8.0 and 10 mM Tris-HCl pH 8) and 

twice in TE buffer. ChIPed material was eluted by two 15 minute incubations at room 

temperature with 250 µl Elution Buffer (1% SDS and 0.1 M NaHCO3). Chromatin was 

reverse-crosslinked by adding 0.2 M NaCl for 4 hours at 65°C. After RNase and 

proteinase K treatment, DNA was extracted using phenol-chloroform and used for 

hybridization to Agilent Mouse Promoter Microarrays following the manufacturer’s 

protocol. 

ChIP followed by promoter array analysis (ChIP-chip) was performed using the 

244K Mouse Promoter Microarray kit (Agilent Technologies) covering ~19,000 defined 

mouse genes following the manufacturer’s protocol. ChIP DNA was used for microarray 

hybridization following the manufacturer’s protocol. ChIP-chip data processing was 

performed using Agilent Technologies ChIP Analytics Platform v1.3.1 by mapping to 

data to NCBI36/mm8. ChIP figures were generated using the UCSC genome browser 

(https://genome.ucsc.edu/). E-box motif search was performed for the genomic DNA 

sequence surrounding MYC binding peaks using JASPAR (http://jaspar.genereg.net) (W. 

W. Wasserman & Sandelin, 2004). 

ChIP followed by quantitative PCR was performed using SYBR GREEN 

(BioRad) in an ABI StepOne Plus analyzer. The specific forward (F) and reverse (R) 

primer sequences and their genomic locations are listed in Table 4. 
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ChIP-qPCR primer sequence ChIP primer and location 

F: CATGGCCACAACATCTCACT 

R: TTATCTCACCAGCCCCAGAC 

Mm DNMT1 ChIP-1 

(chr9:20,700,891-20,701,004) 

F: GAATGACCGAGGACCAGAAA 

R: TGTGTACATGTGCGTGGGTA 

Mm DNMT1 ChIP-2 

(chr9:20,704,688-20,704,791) 

F: TCTTAGTAGCCAGGGCCAGA 

R: TGGGTGCAGCTCTGAGTATG 

Mm DNMT1 ChIP-3 

(chr9:20,706,395-20,706,510) 

F: TTGTGTTTCTCCAGTGGTTCAG 

R: CATACATGTTCCCCCAACTACC 

Mm DNMT3B ChIP-1 

(chr2:153,340,243-153,340,357) 

F: CTCAGTAGAGTGCTTCCGGACT 

R: TACCTGAGGTTTCCAAGGTCTG 

Mm DNMT3B ChIP-2 

(chr2:153,342,147-153,342,265) 

F: AGATAGCGCTTGCTAAATCTGG 

R: CACTACCTGGGGGTAAAGAACA 

Mm DNMT3B ChIP-3 

(chr2:153,343,559-153,343,676) 

Table 4. Specific forward (F) and reverse (R) primer sequences for ChIP-qPCR detection. 

 

18.   Gene set enrichment analysis (GSEA) 

GSEA (version 2.2.4) analysis was performed using java-based software 

(http://software.broadinstitute.org/gsea/index.jsp) to distinguish important biological 

processes pathways enriched between two samples (Subramanian et al., 2005). 

Enrichment score was calculated for gene sets within a pathway and were selected based 

on nominal P ≤ 0.05.  
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19.   Functional annotation of biological processes 

Database for Annotation, Visualization and Integrated Discovery (DAVID) 

(version 6.8) analysis was performed based on online software 

(https://david.ncifcrf.gov/home.jsp) (Huang da, Sherman, & Lempicki, 2009). Gene 

Ontology (GO) analysis of biological processes was performed to indicate genes 

expressed differentially in biological pathways between two samples. Statistical 

parameters were based on default DAVID parameters including a threshold count of 2 

with EASE of 0.1, P-value ≤ 0.05 and Benjamini threshold ≤ 1. 

20.   Clinical specimen data analysis 

Gene expression analysis in clinical specimens was performed using Oncomine 

(http://www.oncomine.org) data sets.  

21.   Statistical analysis 

All experiments were performed on biological replicates unless otherwise 

specified. Sample size is reported in the respective figure legends. All quantitative PCR 

were run in triplicates and standard deviation is shown in the figures. Two-tailed unpaired 

student’s t-test was used to calculate P-values; statistically significant values are 

specified in the figure legends. Statistical significance: NS = not significant *P < 0.05, 

**P < 0.01, ***P < 0.001. 
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III. RESULTS 

 
1. Tumor regression upon MYC inactivation in T-ALL is associated with genome-wide 

changes in DNA methylation and hydroxymethylation.  

Inactivation of the MYC oncogene in a mouse model of T-ALL (EµSRα-tTAα;tet-

o-MYC) causes sustained tumor regression by eliciting the phenomenon of oncogene 

addiction (Felsher & Bishop, 1999). Using this T-ALL model, Dean Felsher’s group 

previously demonstrated that tumor regression upon MYC inactivation depends on 

activation of cellular senescence pathways associated with genome-wide changes in 

chromatin structure including histone acetylation (decrease of H4ac) and methylation 

(increase of H3K9me3), associated with heterochromatin formation (van Riggelen, 

Muller, et al., 2010; C. H. Wu et al., 2007; Yetil et al., 2015). Together, these findings 

suggest that MYC maintains large domains of active chromatin during tumor 

maintenance, and that MYC inactivation is tightly linked to genome-wide changes to 

chromatin structure upon tumor regression. 

To determine the effect MYC inactivation in tumors has on DNA methylation 

(5mC) and hydroxymethylation (5hmC), I carried out methylated DNA 

immunoprecipitation (MeDIP- and hMeDIP-seq, respectively) analysis. Taking 

advantage of the tetracycline-regulated c-myc allele in T-ALL cells derived from EµSRα-

tTAα;tet-o-MYC mice, I compared mouse T-ALL cells (6780) in vitro before (CTRL) and 

upon inactivation of MYC by adding 20ng/mL doxycycline (+DOX) to the culture 

medium for 2 days (Figure 6). For each sample, 45–60 million Illumina sequencing reads 

were generated. Of these, ~45-80% was successfully mapped to either strand of the 

mouse genome (mm10). To identify significantly differentially methylated regions 
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(DMRs) and differentially hydroxymethylated regions (hDMRs), I performed a genome-

wide, unbiased DMR and hDMR detection using a complete tiling of the mouse genome 

using a cutoff of log2FC ≥ 1 with a P-value of ≤ 10-4. 

I identified a total of 615,875 DMRs and 545,504 hDMRs that become 

significantly hypo- or hypermethylated upon MYC inactivation for 2 days. The genomic 

location of DMRs and hDMRs between MYC on and off states, displayed as circular 

plot, indicates genome-wide changes in 5mC and 5hmC distribution (Figure 6A). I next 

mapped the DMRs and hDMRs (both hypo- and hypermethylated) to the annotated 

RefSeq genes in the mouse genome. I found 366 and 323 DMRs and hDMRs associated 

with mRNAs, 186 and 123 with enhancers, 1,113 and 1,093 with super enhancers, 

613,839 and 543,625 with small ncRNAs and 358 and 326 with long ncRNAs, 

respectively (Figure 6B). I further annotated DMRs and hDMRs associated with protein 

coding genes for cis-regulatory elements. Of those DMRs and hDMRs, I found 3.11% 

and 1.78% associated with CpG islands, 17.46% and 9.20% with exons, 40.67% and 

52.23% introns, 4.07% and with 3.26% 5’- or 3’-UTRs, and 34.69% and 33.53% with 

sequences 2 kb or more upstream or downstream of the nearest gene, respectively (Figure 

6C). The fold change of DMRs and hDMRs associated with protein coding genes is 

displayed as heatmap, respectively (Figure 6D and 6E). Of the 366 and 323 genes 

associated with DMRs and hDMRs, I found 275 and 240 to increase, and 91 and 83 to 

decrease in DNA methylation and hydroxymethylation, respectively. 

To determine the biological processes associated with DNA methylation changes 

upon MYC inactivation in T-ALL, I performed gene ontology analysis using the 

Database for Annotation, Visualization and Integrated Discovery (DAVID). Consistent 
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with MYC’s broad reach, I found a wide variety of processes associated with DMRs and 

hDMRs, ranging from regulation of cell growth and proliferation, to differentiation, and 

metabolism (Figure 6) (Dang, 2012).  

Taken together, the MeDIP- and hMeDIP-seq analyses reveal genome-wide 

changes in 5mC and 5hmC distribution associated with a wide variety of biological 

processes upon MYC inactivation. My findings indicate that MYC maintains tumor cell-

specific DNA methylation and hydroxymethylation patterns in a genome-wide fashion 

during tumor maintenance in T-ALL. 
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Figure 6. Tumor regression upon MYC inactivation in T-ALL is associated with genome-wide changes in DNA 
methylation and hydroxymethylation.  

MeDIP- and hMeDIP-seq analysis of T-ALL cells (6780) derived from EµSRα-tTAα;tet-o-MYC mice before 
and upon MYC inactivation through treatment with 20ng/mL DOX for 2 days. (A) Genomic distribution of 
DMRs and hDMRs is displayed as chromosome-based circular plot. Cutoff: log2FC ≥ 1 with a P-value of ≤ 10-

4. (B) Hypo- or hypermethylated DMRs and hDMRs are shown annotated for their association with mRNAs, 
enhancers, super enhancers, small noncoding RNAs, and long noncoding RNAs. (C) Hypo- or hypermethylated 
DMRs and hDMRs associated with mRNAs are shown annotated for cis-regulatory elements: CpG islands, 
exons, introns, 5’-/3’-UTRs, and sequences 2 kb upstream or downstream of the nearest gene. Heatmap 
showing hierarchical clustering of (D) DMRs and (E) hDMRs associated with protein coding genes. (F) Gene 
ontology analysis (DAVID) indicating biological processes associated with DMRs and hDMRs. 
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2. DNMT1 and DNMT3B are overexpressed in T-ALL and Burkitt lymphoma cell 

lines. 

MYC-driven hematopoietic malignancies harbor aberrant DNA methylation 

patterns. However, how these tumor cell-specific marks are established and maintained 

through the interplay between the DNA methylation machinery is still elusive. To unravel 

the role of DNA methyltransferases (DNMTs) in MYC-driven hematopoietic 

malignancies, I performed expression profiling for DNMT1, DNMT3A and DNMT3B 

comparing MYC-driven T-ALL and Burkitt lymphoma cells to non-malignant control 

cells. 

First, I took advantage of EµSRα-tTA;tet-o-MYC transgenic mice, in which the 

ectopic expression of MYC in hematopoietic lineages gives rise to T-ALL (Felsher & 

Bishop, 1999). The malignant phenotype is characterized by enlarged thymus, lymph 

nodes and spleen harboring CD4+/CD8+ (double-positive) T-lymphocytes resembling 

the human disease (Felsher & Bishop, 1999). Dean Felsher’s group previously reported 

that T-ALL in this model elicits oncogene addiction, and that MYC inactivation causes 

tumor regression by triggering cellular senescence (van Riggelen, Muller, et al., 2010; C. 

H. Wu et al., 2007). Tumor regression was associated with global epigenetic changes, 

highlighting the notion that MYC controls chromatin organization in a genome-wide 

fashion. 

RT-qPCR and western blot analysis of tumor cells derived from EµSRα-tTA;tet-o-

MYC transgenic mice indicate that DNMT3B expression levels were elevated in MYC-

driven T-ALL compared to normal spleen from wild-type C57BL/6J mice (Figure 7A, B 

and C). T-ALL cells (6780, 2833 and 1329) expressed significantly increased DNMT3B 
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mRNA (2.73-, 4.68- and 6.33-fold, respectively, P<0.001) and corresponding protein 

levels than non-malignant tissue. I also found DNMT1 mRNA to be overexpressed in all 

three T-ALL samples (5.79-, 31.41- and 5.28-fold, P<0.001, respectively). In contrast, 

DNMT3A mRNA levels were lower in 2833 and 1329 (3.68-fold and 1.87-fold, 

respectively, P<0.001) than in non-malignant tissue; only 6780 expressed more 

DNMT3A (1.97-fold, P<0.001). As expected, MYC expression levels were very low in 

non-malignant tissues compared to tumor cells. 

Next, I compared a panel of human T-ALL and Burkitt lymphoma cell lines to 

non-malignant human spleen, peripheral blood mononuclear cells (PBMCs) and B-cells 

obtained from healthy donors (Figure 7D, E and F). Both T-ALL (Jurkat and HPB-ALL) 

and Burkitt lymphoma (CA46 and Raji) cell lines showed significantly increased 

DNMT3B mRNA (3.18- to 8.82-fold, respectively, P<0.001) and protein expression in 

comparison to non-malignant spleen and B-cells, respectively. Similarly, DNMT1 mRNA 

expression was increased in all human T-ALL and Burkitt lymphoma cell lines (17.30- to 

41.54-fold, P<0.001) compared to normal spleen and B-cells, respectively. In contrast, 

DNMT3A mRNA was increased in all human T-ALL (49.35- and 61.88-fold, P<0.001), 

but not in all Burkitt lymphoma cell lines. While I detected 1.73-fold (P<0.001) more 

DNMT3A in CA46 cells, Raji cells showed a significantly decreased 27.91-fold 

(P<0.001) DNMT3A mRNA expression. 

 Based on expression profiling, I conclude that DNMT1 and DNMT3B are 

consistently overexpressed in MYC-driven T-ALL and Burkitt lymphoma cell lines, 

while DNMT3A is overexpressed in human T-ALL cell lines only. 
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Figure 7. DNMT1 and DNMT3B are overexpressed in mouse and human T-ALL and Burkitt lymphoma 
cell lines.  

Expression analysis of DNMT1, DNMT3A and DNMT3B in MYC-driven T-ALL and Burkitt lymphoma 
compared to non-malignant tissue. (A) RT-qPCR of MYC and DNMT3B, (B) western blot analysis of MYC 
and DNMT3B, and (C) RT-qPCR of DNMT1 and DNMT3A in cell lines (6780, 2833 and 1329) derived 
from a transgenic T-ALL mouse model (EµSRα-tTA;tet-o-MYC) in comparison to spleen tissue obtained 
from wild-type C57BL/6J mice. (D) RT-qPCR of MYC and DNMT3B, (E) western blot analysis of MYC (* 
marks a non-specific band) and DNMT3B, and (F) RT-qPCR of DNMT1 and DNMT3A in human T-ALL 
(Jurkat and HPB-ALL) and Burkitt lymphoma (CA46 and Raji) compared to normal spleen, peripheral 
blood mononuclear cells (PBMCs) and B-cells obtained from healthy donors. RT-qPCR data was 
normalized to UBC or RPL13A; ACTIN or GAPDH serves as loading control for western blot. Error bars 
represent mean ± SEM; n = 3; two-tailed Student’s t-test: **P < 0.01; ***P < 0.001. 
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3. DNMT1 and DNMT3B are overexpressed in clinical T-ALL and Burkitt lymphoma 

specimens. 

To evaluate whether clinical T-ALL and Burkitt lymphoma specimens resemble 

the data from mouse and human tumor cell lines, I took advantage of publically available 

clinical expression data sets. By analyzing Oncomine data derived from Haferlach et al., 

(Haferlach et al., 2010) I determined that DNMT1, DNMT3A and DNMT3B mRNA 

expression levels are elevated in clinical T-ALL compared to non-malignant Peripheral 

Blood Mononuclear Cells (PBMCs) (Figure 8A). In T-ALL, DNMT1 (1.54-fold, 

P=1.78x10-107), DNMT3A (3.03-fold, P=6.35x10-70) and DNMT3B (1.96-fold, 

P=1.95x10-34) were all significantly increased. 

Furthermore, by analyzing Oncomine data derived from Brune et al., (Brune et 

al., 2008) I determined that human Burkitt lymphoma (BL) specimens significantly 

overexpress DNMT1 (1.44-fold, P=0.032) and DNMT3B (1.46-fold, P=4.71x10-4) when 

compared to non-malignant B-cells (BC) obtained from healthy donors (Figure 8B). In 

contrast, DNMT3A mRNA levels were not much higher in Burkitt lymphoma (1.09-fold, 

P=0.031) than in normal B-cells, which is consistent with the cell line analysis. Taken 

together, clinical specimens resembled my data from mouse and human cell line models 

in regards to DNMT1 and DNMT3B overexpression in T-ALL and Burkitt lymphoma. 
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Figure 8. DNMT1, DNMT3A and DNMT3B are overexpressed in clinical T-ALL and Burkitt lymphoma 
specimens.  

DNMT1, DNMT3A and DNMT3B expression profiles in clinical specimens obtained from Oncomine 
(http://www.oncomine.org) are displayed in comparison to non-malignant control cells. (A) DNMT1, 
DNMT3A and DNMT3B mRNA levels are displayed for T-cell acute lymphoblastic leukemia (T-ALL) 
compared to Peripheral Blood Mononuclear Cells (PBMCs) obtained from Haferlach et al., (Haferlach et 
al., 2010). (B) DNMT1, DNMT3A and DNMT3B mRNA levels are displayed for non-malignant B-cells 
(BC) compared to human Burkitt lymphoma (BL) obtained from Brune et al., (Brune et al., 2008). Boxes 
indicate the interquartile range; the line within the box represents the median. Whiskers indicate the non-
outlier minimum and maximum. Outliers are represented by circles. Significant p-values and fold changes 
are indicated. 
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4. Overexpression of DNMT1 and DNMT3B in T-ALL and Burkitt lymphoma is MYC-

dependent. 

To determine whether DNMT3B overexpression in T-ALL and Burkitt lymphoma 

is MYC-dependent, I took advantage of the tetracycline-regulated c-MYC allele in mouse 

T-ALL (EµSRα-tTA;tet-o-MYC) as well as in a human Burkitt lymphoma model (P493-

6). P493-6 cells are immortalized human peripheral blood B-lymphocytes engineered to 

harbor a tetracycline-repressible c-MYC transgene (Pajic et al., 2000; Schuhmacher et al., 

1999). P493-6 cells served as a model for MYC activation in Burkitt lymphoma. 

Administering of doxycycline (DOX) inactivates MYC transcription in both models in a 

time- and concentration-dependent manner (Felsher & Bishop, 1999; Shachaf et al., 

2008). Utilizing the T-ALL mouse model, Dean Felsher’s group previously reported that 

tumors depend on the continuous expression of MYC and undergo tumor regression upon 

inactivation of the oncogene, thereby exhibiting oncogene addiction (Felsher & Bishop, 

1999). Dean Felsher’s group demonstrated that sustained tumor regression is dependent 

on cellular senescence, associated with genome-wide changes in chromatin structure and 

gene expression programs (Muller et al., 2010; Shachaf et al., 2008; van Riggelen, 

Muller, et al., 2010; C. H. Wu et al., 2007; Yetil et al., 2015).  

To determine whether MYC and DNMT expression correlate in a time-dependent 

manner, I treated mouse T-ALL (2833) and human Burkitt lymphoma-like cells (P493-6) 

for 1 and 2 days with 20 ng/mL DOX. In parallel, MYC expression was titrated through 

increasing DOX concentrations (0.1-0.5ng/mL) for 2 days to measure the concentration-

dependence. Subsequent RT-qPCR and western blot analysis revealed a correlation 

between MYC and DNMT3B expression levels (Figure 9). In both T-ALL and Burkitt 
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lymphoma-like cells, treatment with 20ng/mL DOX for 1 and 2 days quickly abrogated 

MYC transcription; DNMT3B showed a decrease of mRNA followed by the 

corresponding protein. Titrating MYC expression with 0.1-0.5 ng/mL DOX for 2 days 

led to a stepwise decrease of DNMT3B mRNA and protein levels. DNMT1 mRNA levels 

also correlated with the time- and concentration-dependent depletion of MYC in both T-

ALL and Burkitt lymphoma-like cells; however, while DNMT3A mRNA levels followed 

the same trend in T-ALL, DNMT3A levels were less consistent with the titration of MYC 

in Burkitt lymphoma-like cells. Taken together, DNMT1 and DNMT3B expression 

exhibited a correlation to MYC levels in both mouse T-ALL and human Burkitt 

lymphoma models. 
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Figure 9. Overexpression of DNMT1 and DNMT3B in T-ALL and Burkitt lymphoma is MYC-dependent.  

Analysis of DNMT expression in T-ALL and Burkitt lymphoma models before and upon MYC 
inactivation. (A) RT-qPCR of MYC and DNMT3B, (B) western blot analysis of MYC and DNMT3B, and 
(C) RT-qPCR of DNMT1 and DNMT3A in T-ALL cells (2833) derived from EµSRα-tTA;tet-o-MYC mice, 
before and upon inactivation of MYC for 1 and 2 days with 20 ng/mL DOX. Addition of increasing DOX 
concentrations (0.1-0.5 ng/mL) for 2 days allowed for titration of MYC. (D) RT-qPCR of MYC and 
DNMT3B, (E) western blot analysis of MYC and DNMT3B, and (F) RT-qPCR of DNMT1 and DNMT3A 
in human Burkitt lymphoma-like cells (P493-6) expressing a conditional c-MYC allele, before and upon 
inactivation of MYC for 1 and 2 days with 20 ng/mL DOX. Addition of increasing DOX concentrations 
(0.1-0.5 ng/mL) for 2 days allowed for titration of MYC. RT-qPCR data was normalized to UBC or 
RPL13A; β-TUBULIN serves as loading control for western blot. Error bars represent mean ± SEM; n = 3; 
two-tailed Student’s t-test: NS = non-significant; *P < 0.05; **P < 0.01; ***P < 0.001. 
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5. DNMT1 and DNMT3B are direct transcriptional target of MYC in T-ALL and 

Burkitt lymphoma.  

To determine whether DNMT1 and DNMT3B transcription in T-ALL and Burkitt 

lymphoma-like cells is directly regulated by oncogenic MYC, we performed chromatin 

immunoprecipitation (ChIP) analysis measuring MYC binding to the genomic loci of 

DNMT1, DNMT3A and DNMT3B. 

For MYC-driven T-ALL cells (1329) derived from EµSRα-tTA;tet-o-MYC 

transgenic mice we utilized ChIP followed by promoter microarray hybridization (ChIP-

chip) (Figure 10A). I found MYC to be significantly enriched at the DNMT1 locus 

directly upstream of exon 1 (relative enrichment: 33) and at the DNMT3B locus 

downstream of exon 1 (relative enrichment: 70). I validated the MYC binding peaks 

identified by ChIP-chip using direct ChIP-qPCR analysis for DNMT1 and DNMT3B in T-

ALL (Figure 11). To determine whether Burkitt lymphoma mimic T-ALL in this regard, I 

took advantage of publically available ChIP-seq data sets for P493-6 cells from Sabo et 

al. (Sabo et al., 2014) (Figure 10B). Consistent with the results in T-ALL, I found MYC 

to occupy the DNMT1 promoter in P493-6 cells upstream of exon 1 (relative enrichment: 

1,559), and DNMT3B downstream of exon 1 (relative enrichment: 132) as well as at two 

more sites in the gene body, which was not covered by the promoter array analysis in 

mouse T-ALL. While, the DNMT3A locus did not show any significant enrichment for 

MYC in T-ALL, I found multiple sites in the gene body to be bound by MYC in P493-6 

cells. 

To further elucidate the mechanism of transcriptional DNMT1 and DNMT3B 

regulation by MYC, I retrieved the genomic DNA sequences of the MYC binding peaks 
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including surrounding sequences from the UCSC genome browser and performed an E-

box motif search using the transcription factor binding profile software JASPAR (W. W. 

Wasserman & Sandelin, 2004). I identified canonical E-box sequences in close proximity 

to the MYC enrichment peak near the transcription start site (TSS) of DNMT1 and 

DNMT3B in both T-ALL and Burkitt lymphoma-like cells  (Figure 10A and 10B). To 

gain further insights into whether MYC binding sites are located in a regulatory region, I 

extended the analysis to include the chromatin status of DNMT1, DNMT3A and DNMT3B 

overlaid with MYC binding peaks. For that purpose, I turned to publically available 

ENCODE (Consortium, 2012) ChIP-seq and RNA-seq data sets for human CML (K562) 

and human embryonic stem cells (H1-hESCs) displaying the status of H3K27Ac, 

H3K4Me1, H3K4Me3 and MYC for the genomic loci of DNMT1, DNMT3A and 

DNMT3B (Figure 12 and Figure 13). I found that in CML the MYC binding site upstream 

of DNMT1 exon 1 is enriched for the active chromatin marks H3K27Ac and H3K4Me3, 

as well as for H3K4Me1, which is associated with enhancer elements (Creyghton et al., 

2010; Heintzman et al., 2009). Similarly, the MYC binding site downstream of DNMT3B 

exon 3 is enriched for all three marks, H3K27Ac, H3K4Me1 and H3K4Me3. In contrast, 

DNMT3A lacked MYC binding peaks and also did not indicate enrichment for H3K27Ac, 

H3K4Me1 or H3K4Me3 near the TSS (Figure 12). Indeed, this result is consistent with 

the ChIP-seq profiling in H1-ESCs (Figure 13).  

In summary, the genomic location analysis together with expression profiling 

indicates that MYC directly binds to the DNMT1 and DNMT3B in T-ALL and Burkitt 

lymphoma, thereby establishing both DNMTs as direct transcriptional targets of the MYC 

oncoprotein. Furthermore, the distribution of H3K27Ac, H3K4Me1 or H3K4Me3 
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suggests that the MYC binding sites for DNMT1 and DNMT3B are located within active 

promoter/enhancer regions further strengthening the model of a direct transcriptional 

regulation. 
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Figure 10. MYC occupies the promoter of DNMT1 and DNMT3B in T-ALL and Burkitt lymphoma.  

Chromatin immunoprecipitation (ChIP) analysis indicates high relative enrichment for MYC at the DNMT1 
and DNMT3B promoters in mouse T-ALL and human Burkitt lymphoma-like cells. (A) Agilent mouse 
promoter microarrays covering -5.5kb to +2.5kb of the transcription start site were used for ChIP-chip 
analysis. MYC ChIP-chip data for mouse T-ALL cells (EµSRα-tTA;tet-o-MYC) indicating enrichment for 
the DNMT1, DNMT3A and DNMT3B locus. (B) MYC ChIP-seq data for Burkitt lymphoma-like cells 
(P493-6) obtained from Sabo et al. (Sabo et al., 2014b) indicating enrichment scores for DNMT1, DNMT3A 
and DNMT3B. Traces for DNMT1, DNMT3A and DNMT3B were generated based on reference genome 
mm8 and hg19, respectively, using the UCSC Genome Browser. The chromosomal location is indicated in 
bp, and the scale in kb. MYC binding peaks are displayed as red vertical bars; numbers represent the 
relative fold enrichment for MYC. E-box sequences and their location are shown in blue for the vicinity of 
MYC binding peaks. Exons (E) are displayed as black vertical bars, the UTR is represented by a black line, 
and the transcription start site (TSS) is marked by an arrow indicating the direction of transcription.  
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Figure 11. ChIP-qPCR validation of MYC binding to the DNMT1 and DNMT3B loci.  

(A and B) Schematic of amplicon locations used for ChIP-qPCR validations. ChIP-qPCR for (C) DNMT1 
and (D) DNMT3B showing MYC or IgG enrichment (ChIP/input) for peak (peak), downstream (down) and 
upstream (up) regions in mouse T-ALL (EμSRα-tTA;tet-o-MYC) cells. Error bars represent mean ± SEM; n 
= 3; two-tailed Student’s t-test: ***P < 0.001. 
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Figure 12. RNA-seq and ChIP-seq analysis for H3K27Ac, H3K4Me1, H3K4Me3 and MYC for the 
DNMT1, DNMT3A and DNMT3B loci in CML cells.  

Publically available RNA-seq (transcription) and ChIP-seq data (IP: H3K27Ac, H3K4Me1, H3K4Me3 and 
MYC) for human CML cells (K562) were analyzed to display the relative enrichment (Y axis) for the 
genomic loci (X axis) of (A) DNMT1 (B) DNMT3A and (C) DNMT3B. ENCODE (Consortium, 2012) data 
sets: RNA-seq (GSM958729), H3K27Ac (GSM733656), H3K4Me1 (GSM733692), H3K4Me3 
(GSM733680), MYC (GSM935516). Enrichment peaks for MYC are displayed as red vertical bars; the 
number represents the signal value. The chromosomal location is indicated in bp, and the scale in kb. Exons 
are displayed as black vertical bars, the UTR is represented by a line, and the transcription start site (TSS) 
is marked by an arrow indicating the direction of transcription. Schematic was generated based on 
reference genome hg19 using the UCSC Genome Browser. 
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Figure 13. RNA-seq and ChIP-seq analysis for H3K27Ac, H3K4Me1, H3K4Me3 and MYC for the 
DNMT1, DNMT3A and DNMT3B loci in human embryonic stem cells.  

Publically available RNA-seq (transcription) and ChIP-seq data (IP: H3K27Ac, H3K4Me1, H3K4Me3 and 
MYC) for human embryonic stem cells (H1-hESCs) were analyzed to display the relative enrichment (Y 
axis) for the genomic loci (X axis) of (A) DNMT1 (B) DNMT3A and (C) DNMT3B. ENCODE 
(Consortium, 2012) data sets: RNA-seq (GSM958737), H3K27Ac (GSM733718), H3K4Me1 
(GSM733782), H3K4Me3 (GSM733657), MYC (GSM935509). Enrichment peaks for MYC are displayed 
as red vertical bars; the number represents the signal value. The chromosomal location is indicated in bp, 
and the scale in kb. Exons are displayed as black vertical bars, the UTR is represented by a line, and the 
transcription start site (TSS) is marked by an arrow indicating the direction of transcription. Schematic was 
generated on reference genome hg19 using the UCSC Genome Browser.  
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6. Suppression of endogenous MYC in human T-ALL, Burkitt lymphoma, and CML 

cell lines leads to decreased DBMT3B expression. 

 To determine whether DNMT3B overexpression levels in human B- and T-cell 

lymphoma cell lines depend on high levels of endogenous MYC, I analyzed a panel of 

human T-cell lymphoma and Burkitt lymphoma cell lines before and upon knockdown of 

MYC via tetracycline-inducible shRNA (Figure 14). Jurkat, MOLT4, P12-Ichikawa and 

CCRF-CEM (T-ALL), Daudi and CA46 (Burkitt lymphoma), and K562 (chronic myeloid 

leukemia (CML)) were infected with an inducible shRNA targeting human MYC (+MYC 

shRNA). Before and upon induction of the shRNA through addition of 100 ng/mL DOX 

to the culture medium for 2 days, the expression level of MYC, its canonical target gene 

ODC1, as well as DNMT1, DNMT3A and DNMT3B were determined by RT-qPCR. MYC 

and its canonical target gene ODC1 were drastically decreased confirming efficient MYC 

knockdown in all cell lines. All analyzed cell lines show a consistent significant decrease 

in DNMT3B mRNA levels upon MYC inactivation. Taken together, the expression 

analysis indicates a direct correlation between MYC and DNMT3B expression levels in 

human B- and T-cell lymphoma and CML. In combination with the promoter binding 

assay, the expression analysis provides evidence for a direct transcriptional regulation of 

DNMT3B by MYC in human T-ALL, Burkitt lymphoma, and CML. 
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Figure 14. Knockdown of endogenous MYC leads to diminished DNMT3B expression levels in human T-
ALL, Burkitt lymphoma, and CML cell lines.  

shRNA-mediated knockdown of endogenous MYC in human T-ALL, Burkitt lymphoma, and CML cell 
lines. RT-qPCR analysis of (A) MYC and (B) its canonical target gene, ODC1, serving as control, as well 
as (C) DNMT1, (D) DNMT3A and (E) DNMT3B. Human T-ALL (MOLT4, CCRF-CEM, P12-Ichikawa 
and Jurkat), Burkitt lymphoma (Daudi and CA46), and CML (K562) cell lines before and upon 
tetracycline-inducible knockdown of MYC (+MYC shRNA) for 2 days. RT-qPCR data was normalized to 
UBC. Error bars represent mean ± SEM; n = 3; two-tailed Student’s t-test: NS = non-significant; *P < 0.05; 
**P < 0.01; ***P < 0.001. 
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7. Loss of DNMT3B function decreases tumor cell proliferation. 

To determine whether loss of DNMT3B function affects tumor cell proliferation 

and viability I carried out shRNA-mediated knockdown as well as pharmacologic 

inhibition of DNMT3B in MYC-driven T-ALL cells. I compared T-ALL cells upon 

stable shRNA-mediated knockdown of DNMT3B (3Bsh1 and 3Bsh2) to scrambled 

shRNA control (SCR). RT-qPCR and western blot analysis confirmed a decrease of 

DNMT3B upon knockdown using two different shRNA sequences, 3Bsh1 (5.95-fold, 

P<0.001) and 3Bsh2 (3.82-fold, P<0.001).  MYC expression did not change significantly 

in 3Bsh1 but increased 1.5-fold in 3Bsh2 (P<0.05) (Figure 15A and 15B). DNMT1 and 

DNMT3A mRNA levels decreased 1.28-fold (P<0.01) and 2.16-fold (P<0.001) for 

3Bsh1, respectively, compared to the control cells (Figure 15C). In parallel, I analyzed 

cell growth, viability and cell cycle. The growth curve indicates that loss of DNMT3B 

function decreases tumor cell proliferation significantly (Figure 15D). RT-qPCR analysis 

revealed a significant upregulation of the direct DNMT3B target, CDKN1A (p21CIP1), in 

3Bsh1 and 3Bsh2 cells (2.66-fold, P<0.001 and 1.73-fold, P<0.001, respectively) (Dodge 

et al., 2005). Furthermore, I found a number of cyclin-dependent kinase inhibitors to 

increase significantly upon knockdown of DNMT3B. CDKN2B (p15INK4b) increased 

1.60- and 1.65-fold (P<0.05 and P<0.001), CDKN2A (p16INK4a) increased 1.42- and 

1.54-fold (P<0.01 and P<0.01), and CDKN2D (p19INK4d) increased 1.63- and 1.57-fold 

(P<0.001 and P<0.01) in 3Bsh1 and 3Bsh2, respectively, compared to SCR. Flow 

cytometric cell viability and cell cycle analysis based on propidium iodide (PI) confirmed 

a decrease in cell proliferation, indicating a decrease in S phase cells from 40.3% for 

SCR, to 32.1% for 3Bsh1 (P<0.001) and 37.6% for 3Bsh2 (P<0.05) (Figure 15F and 



 
 

80 
 

15G). In parallel, I measured apoptosis by Annexin V and PI staining followed by flow 

cytometric analysis (Figure 15H and 15I). While I did not observe a statistically 

significant change for 3Bsh2, apoptosis in 3Bsh1 cells increased by 1.9% (P<0.01). In 

summary, I conclude that loss of DNMT3B expression in T-ALL leads to increase of 

cyclin-dependent kinase inhibitors and diminished cell proliferation through cell cycle 

arrest, rather than apoptosis. 
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Figure 15. shRNA-mediated knockdown of DNMT3B decreased tumor cell proliferation.  

shRNA-mediated knockdown of DNMT3B in mouse T-ALL (EμSRα-tTA;tet-o-MYC). T-ALL cells (6780) 
upon shRNA-mediated knockdown of DNMT3B using two distinct sequences (3Bsh1 and 3Bsh2), were 
compared to control cells (SCR). (A) RT-qPCR analysis of MYC and DNMT3B. (B) western blot analysis 
of DNMT3B; TUBULIN serves as loading control. (C) RT-qPCR analysis of DNMT1 and DNMT3A. (D) 
Growth curve comparing viable cell counts. (E) RT-qPCR analysis of cyclin-dependent kinase inhibitors 
CDKN2B, CDKN1A, and MENT (methylated in normal thymocytes). (F) Flow cytometric cell cycle 
analysis using propidium iodide (PI) staining. (G) Cell cycle distribution (G1, S and G2/M) displayed in 
percent. (H) Flow cytometric analysis of apoptosis using Annexin V/PI staining. Flow cytometry profile of 
Annexin V staining (X axis) and PI (Y axis) is shown for representative samples. The lower right quadrant 
indicates the percentage of early apoptotic cells in each condition; the upper right quadrant indicates the 
percentage of late apoptotic cells. (I) Apoptotic cells (Annexin V-positive cells) are displayed as the 
percentage of gated cells. Error bars represent mean ± SEM; n = 3; two-tailed Student’s t-test: *P < 0.05; 
**P < 0.01; ***P < 0.001. 
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8. Pharmacological inhibition of DNMT3B using Nanaomycin A reduced tumor cell 

proliferation in T-ALL. 

To compare shRNA mediated knockdown of DNMT3B to pharmacologic 

inhibition, I treated mouse T-ALL cells with the DNMT3B inhibitor Nanaomycin A 

(Kuck et al., 2010). Treatment with 25, 50, and 100nM Nanaomycin A (NA) diminished 

cell proliferation and viability drastically compared to DMSO treated control cells 

(Figure 16A), indicating a dose-dependent effect on tumor cells. This was accompanied 

by a decrease of MYC, DNMT3B, DNMT3A, and DNMT1 expression (Figure 16B and 

16C). In contrast to the shRNA-mediated knockdown of DNMT3B, NA caused a 

significant downregulation of CDKN1A, (1.86, 2.08, 3.18-fold, respectively (P<0.001)), 

CDKN2D (1.47, 2.02, 3.95-fold respectively (P<0.001)) and CDKN2B mRNA levels 

(1.88, 2.44, 5.50-fold, respectively, (P<0.01 and P<0.001)) (Figure 16D). Flow 

cytometric cell viability and cell cycle analysis based on PI staining did not show a 

significant decrease in cell proliferation (Figure 16E and 16F). However, Annexin V/PI 

staining revealed a dose-dependent increase in apoptotic cells from 0.48% to 2.69% 

(P<0.001) upon 100nM NA treatment for 2 days (Figure 16G and 16H), suggesting cell 

death rather than cell cycle arrest as the mechanism of action. Contrasting the shRNA-

mediated knockdown result, I conclude that the latter outcome has to be contributed to a 

broad cytotoxic effect. Treatment of non-malignant human embryonic kidney 

(HEK293T) cells, which don’t express detectable levels of DNMT3B, with NA led to a 

significant, but less drastic reduction in cell proliferation (25nM NA reduced T-ALL 

proliferation by 31.1%, while affecting HEK293T cells by 17.5%) (Figure 17). While the 

only commercially available DNMT3B inhibitor (NA) exhibited a broad cytotoxic 
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response, I conclude that specific shRNA-mediated knockdown of DNMT3B decreased 

tumor cell proliferation by upregulating tumor suppressor genes and triggering a cell 

cycle arrest rather than cell death. Taken together, this indicates that DNMT3B function 

is required for MYC-driven tumor maintenance in T-ALL. 
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Figure 16. Pharmacologic inhibition of DNMT3B function decreased tumor cell proliferation.  

Pharmacologic inhibition of DNMT3B in mouse T-ALL (EµSRα-tTA;tet-o-MYC). T-ALL (6780) were 
treated with 25nM, 50nM and 100nM of the DNMT3B inhibitor Nanaomycin A, compared to DMSO 
control. (A) Growth curve comparing viable cell counts are displayed on a logarithmic scale. (B) RT-qPCR 
analysis of MYC and DNMT3B. (C) RT-qPCR analysis of DNMT1 and DNMT3A. (D) RT-qPCR analysis of 
cyclin-dependent kinase inhibitors, CDKN2B and CDKN1A. RT-qPCR was normalized to UBC. (E) Flow 
cytometric cell cycle analysis based on propidium iodide (PI) staining. (F) Cell cycle distribution (G1, S 
and G2/M) displayed in percent. (G) Flow cytometric analysis of apoptosis based on Annexin V/PI 
staining. Flow cytometry profile of Annexin V staining (X axis) and PI (Y axis) is shown for representative 
samples. The lower right quadrant indicates the percentage of early apoptotic cells in each condition; the 
upper right quadrant indicates the percentage of late apoptotic cells. (H) Apoptotic cells (Annexin V-
positive cells) are displayed as the percentage of gated cells. Error bars represent mean ± SEM; n = 3; two-
tailed Student’s t-test: NS = non-significant; *P < 0.05; **P < 0.01; ***P < 0.001. 
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Figure 17. Pharmacologic inhibition of DNMT3B in non-malignant HEK293T cells.  

Human embryonic kidney cells (HEK293T) were treated with 25nM, 50nM, and 100nM of the DNMT3B 
inhibitor Nanaomycin A, compared to DMSO control. (A) Growth curve comparing viable cell counts 
plotted on a logarithmic scale. Error bars represent mean ± SEM; n = 3; two-tailed Student’s t-test: ***P < 
0.001. (B) Western blot expression analysis of DNMT3B protein in T-ALL (6780) and HEK293T cells. β-
TUBULIN is used as a loading control for WB. 
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9. DNMT3B knockdown affects genome-wide DNA methylation in T-ALL. 

To determine the effect of loss of DNMT3B function on genome-wide DNA 

methylation, I applied reduced representation bisulfite sequencing (RRBS). I compared 

the above described MYC-driven T-ALL cells (EμSRα-tTA;tet-o-MYC) stably expressing 

a DNMT3B-specific shRNA (6780 3Bsh2) to cells harboring a scrambled shRNA (6780 

SCR) as control (Figure 18). We generated 35–40 million Illumina sequencing reads for 

each sample. Of these, 70% were successfully mapped to either strand of the mouse 

genome (mm9). We were able to consistently determine the methylation status of 

approximately 1.9–2.1 million CpGs. Over 20,000 CpG islands (CGIs), which accounts 

for more than 80% of annotated CGIs in the genome, were examined. The genomic 

distribution of differentially methylated CpGs between 6780 SCR and 3Bsh2 indicates 

genome-wide changes in CpG islands, CpG island shelves, CpG island shores and open 

sea (Figure 18A), as well as in enhancers, exons, intergenic regions, introns and 

promoters (Figure 18B). To identify differentially methylated regions (DMRs) in this 

data set, we performed a genome-wide, unbiased DMR detection using a complete tiling 

of the mouse genome in 1,000 bp windows with a percent methylation difference cutoff 

of 25% and q-value of 0.01. I found a total of 30,330 DMRs that were hyper- or 

hypomethylated upon DNMT3B knockdown. Thus, the genome-wide analysis indicates 

global changes in the DNA methylation pattern of T-ALL cells upon loss of DNMT3B.  
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Figure 18. Genomic distribution of differentially methylated CpGs in T-ALL before and upon DNMT3B 
knockdown.  

T-ALL (EμSRα-tTA;tet-o-MYC) cells were analyzed upon shRNA-mediated knockdown of DNMT3B (6780 
3Bsh2) compared to scrambled control cells (6780 SCR) by reduced representation bisulfite sequencing 
(RRBS). (A) Genomic distribution of differentially methylated CpGs indicating CpG islands, CpG island 
shelves, CpG island shores and open sea. (B) Genomic distribution of differentially methylated CpGs 
indicating enhancers, exons, intergenic regions, introns and promoters. 
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Within the RRBS data set, I identified 6,224 genes that were differentially 

methylated within their promoters and 8,552 genes differentially methylated within their 

exonic regions upon knockdown of DNMT3B. Furthermore, I found 8,645 defined CpG 

islands which were differentially methylated. To show the effect of DNMT3B 

knockdown on the DNA methylation of specific genes, I displayed the distribution of 

methylated CpGs in 6780 SCR vs. 3Bsh2 across four candidates: SPRY1 (sprouty RTK 

signaling antagonist 1) and FOXA1 (forkhead box A1) (Figure 19A and 19C), SOX12 

(SRY (sex determining region Y)-box 12) and GLIS2 (GLIS family zinc finger 2) (Figure 

20A and 20C). For all shown genes, loss of DNMT3B expression was associated with a 

marked decrease of DNA methylation in CpG islands located near the transcription start 

site (TSS). I conclude that loss of DNMT3B can reverse promoter/CpG island 

hypermethylation in T-ALL. To show the functional consequences of hypomethylation 

events in regulatory regions, I performed expression profiling for the above genes. 

Indeed, RT-qPCR expression analysis indicates a marked increase in mRNA for SPRY1 

(21.53-fold, P<0.001) and FOXA1 (13.85-fold, P<0.001) (Figure 19B and 19D), SOX12 

(15.29-fold, P<0.001) and GLIS2 (4.19-fold, P<0.001) (Figure 20B and 20D) upon loss 

of DNMT3B. In summary, I conclude that DNMT3B contributes to tumor maintenance 

of MYC-driven T-ALL cells through its effects on DNA methylation, and that loss of 

DNMT3B causes the reactivation of gene transcription through reversing promoter/CpG 

island methylation. 
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Figure 19. Gene-specific DNA methylation analysis for SPRY1 and FOXA1 before and upon DNMT3B 
knockdown in T-ALL using RRBS.  

T-ALL (EμSRα-tTA;tet-o-MYC) cells were analyzed upon shRNA-mediated knockdown of DNMT3B (6780 
3Bsh2) compared to scrambled control cells (6780 SCR) by RRBS. DNA methylation is displayed for the 
genomic loci of (A) SPRY1 (sprouty RTK signaling antagonist 1) and (C) FOXA1 (forkhead box A1). 
Methylation level of CpG nucleotides is indicated on the Y axis; genomic location is indicated on the X 
axis. The chromosomal location and scale is indicated in bp. Exons are displayed as black vertical bars, the 
UTR is represented by a line, and the transcription start site (TSS) is marked by an arrow indicating the 
direction of transcription. CpG islands are displayed as green bars; the number of CpGs per island is 
indicated. Schematic was generated based on reference genome mm9 using the UCSC Genome Browser. 
RT-qPCR expression profiling of (B) SPRY1, and (D) FOXA1 before (SCR) and upon knockdown of 
DNMT3B (3Bsh2) in T-ALL (6780) cells. RT-qPCR was normalized to UBC. Error bars represent mean ± 
SEM; n = 3; two-tailed Student’s t-test: ***P < 0.001. 



 
 

92 
 

 
Figure 20. Gene-specific DNA methylation analysis of GLIS2 and SOX12 before and upon DNMT3B 
knockdown in T-ALL using RRBS.  

T-ALL (EμSRα-tTA;tet-o-MYC) cells were analyzed upon shRNA-mediated knockdown of DNMT3B (6780 
3Bsh2) compared to scrambled control cells (6780 SCR) by RRBS. DNA methylation is displayed for the 
genomic loci of (A) SOX12 (SRY (sex determining region Y)-box 12), and (C) GLIS2 (GLIS family zinc 
finger 2). Methylation level of CpG nucleotides is indicated on the Y axis; genomic location is indicated on 
the X axis. The chromosomal location and scale is indicated in bp. Exons are displayed as black vertical 
bars, the UTR is represented by a line, and the transcription start site (TSS) is marked by an arrow 
indicating the direction of transcription. CpG islands are displayed as green bars; the number of CpGs per 
island is indicated. Schematic was generated based on reference genome mm9 using the UCSC Genome 
Browser. RT-qPCR expression profiling of (B) SOX12, and (D) GLIS2 before (SCR) and upon knockdown 
of DNMT3B (3Bsh2) in T-ALL (6780) cells. RT-qPCR was normalized to UBC. Error bars represent mean 
± SEM; n = 3; two-tailed Student’s t-test: ***P < 0.001. 
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10. DNMT3B knockdown affects genome-wide gene expression in T-ALL. 

To determine the effect of loss of DNMT3B function on genome-wide gene 

expression programs, I applied RNA-sequencing (RNA-seq). I compared the above 

described MYC-driven T-ALL cells (EμSRα-tTA;tet-o-MYC) stably expressing a 

DNMT3B-specific shRNA (6780 3Bsh2) to cells harboring a scrambled shRNA (6780 

SCR) as control. Using an FC≥1.2, I identified 1,116 statistically significant differentially 

expressed genes (DEGs) (Figure 21). Of which 435 of those decreased, while 681 

increased in expression upon DNMT3B KD (Figure 21A). To determine the biological 

processes associated with the DEGs, I performed gene ontology analysis using DAVID. I 

found a wide variety of biological processes that were upregulated including cell 

differentiation, transport, development, and proliferation processes. Of those genes that 

were downregulated included programs of signal transduction, apoptosis, and cell 

proliferation programs (Figure 21B). Together, these results indicate that reduced 

proliferation of T-ALL cells upon loss of DNMT3B function is associated with an 

increase in differentiation programs and overall regulation of cell proliferation programs. 

Similarly, inactivation of MYC in T-ALL has previously been shown to promote 

differentiation programs associate with cellular senescence resulting in tumor regression 

(Felsher, 2010; Shachaf & Felsher, 2005). I conclude that in T-ALL, MYC-driven 

overexpression of DNMT3B contributes to tumor cell-specific 5mC patterns and thus 

gene expression programs that are important for differentiation suppression during tumor 

cell maintenance. 
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Figure 21. RNA-sequencing analysis before and upon DNMT3B knockdown in T-ALL.  

T-ALL (EμSRα-tTA;tet-o-MYC) cells were analyzed upon shRNA-mediated knockdown of DNMT3B (6780 
3Bsh2) compared to scrambled control cells (6780 SCR) by RNA-seq. (A) Shown as distribution of 
upregulated and downregulated genes upon DNMT3B knockdown. (B) Gene ontology analysis (DAVID) 
based on biological processes either upregulated or downregulated upon DNMT3B knockdown. 
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11. TET1 is overexpressed, while TET2 is suppressed in human T-ALL cell lines and 

clinical specimens. 

To translate my results from transgenic models to patient-derived cell lines 

overexpressing endogenous MYC, I performed gene expression profiling for TET1 and 

TET2, comparing a panel of human T-ALL cell lines to peripheral blood mononuclear 

cells (PBMCs) and spleen obtained from healthy donors (Figure 22A-C). RT-qPCR 

analysis of MYC mRNA levels were significantly higher in CCRF-CEM (177.43-fold), 

MOLT3 (7.04-fold), MOLT4 (32.93-fold), CCRF-HSB2 (3.89-fold) and Jurkat (8.08-

fold), compared to normal PBMCs. RT-qPCR analysis of TET1 mRNA levels were 

significantly higher in CCRF-CEM (63.80-fold), MOLT3 (13.23-fold), MOLT4 (32.07-

fold), CCRF-HSB2 (21.83-fold) and Jurkat (36.34-fold), compared to normal PBMCs. In 

contrast, I found TET2 expression to be significantly lower in CCRF-CEM (1.83-fold), 

MOLT3 (5.56-fold), MOLT4 (1.48-fold), CCRF-HSB2 (2.09-fold) and Jurkat (4.14-

fold). To test whether clinical T-ALL specimens resemble the results from established 

cell lines, I analyzed publically available expression data obtained from Haferlach et al. 

(Haferlach et al., 2010) via Oncomine (Figure 22D). I found that TET1 mRNA expression 

levels are elevated (1.483-fold, P=3.63x10-40), while TET2 expression levels are lower 

(1.226-fold, P=1.0) in clinical T-ALL (n=174) than in normal PBMCs (n=74), which is 

consistent with my findings in cell lines. Taken together, the expression profiling reveals 

that TET1 is overexpressed, while TET2 is suppressed in patient-derived T-ALL cell lines 

and clinical specimens, mimicking the above results from transgenic models. 
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Figure 22. TET1 is overexpressed, while TET2 is suppressed in human T-ALL cell lines and clinical 
specimens.  

Expression profiling of TET1 and TET2 in human T-ALL cell lines and clinical specimens compared to 
non-malignant tissue. RT-qPCR of (A) MYC, (B)TET1 and (C) TET2 in human T-ALL (CCRF-CEM, 
MOLT3, MOLT4, CCRF-HSB2, JURKAT) compared to peripheral blood mononuclear cells (PBMCs) and 
spleen obtained from healthy donors. RT-qPCR data was normalized to RPL13A. Error bars represent 
mean ± SEM; n = 3; two-tailed Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001. (D) TET1 and TET2 
expression profiles in clinical specimens obtained though Oncomine (http://www.oncomine.org) from 
Haferlach et al. (Haferlach et al., 2010). TET1 and TET2 mRNA levels are displayed for T-ALL (n=174) 
compared to PBMCs (n=74). Boxes indicate the interquartile range; the line within the box represents the 
median. Whiskers indicate the non-outlier minimum and maximum. Outliers are represented by circles. 
Significant P-values and fold changes are indicated. 

 
 
 
 
 



 
 

97 
 

12. TET1 and TET2 expression levels in T-ALL are MYC-dependent, and are inversed 

upon MYC inactivation. 

I previously reported that MYC causes overexpression of DNMT1 and DNMT3B 

in T-ALL, thereby establishing and maintaining specific 5mC and thus gene expression 

patterns (Poole et al., 2017). To further investigate the mechanism underlying global 

5mC and 5hmC changes upon MYC inactivation, I performed gene expression profiling 

for TET enzymes (Figure 23). I compared T-ALL cells (6780) derived from EµSRα-

tTAα;tet-o-MYC mice, and human B-cell lymphoma-like cells (P493-6), both harboring a 

tetracycline-regulated c-myc allele, before (CTRL) und upon MYC inactivation (+DOX) 

over the course of 3 days. RT-qPCR analysis for MYC and its canonical target gene, 

Ornithine Decarboxylase 1 (ODC1), verified MYC inactivation (96.17-fold, P=8.41x10-

9, and 12.36-fold, P=1.2x10-5 on day 3) in EµSRα-tTAα;tet-o-MYC-derived T-ALL cells 

(Figure 23A). Subsequently, RT-qPCR for TET1 and TET2 revealed a direct correlation 

between MYC and TET1 expression levels, while showing an inverse correlation between 

MYC and TET2 levels (Figure 23B). In mouse T-ALL, TET1 levels decreased 

significantly (6.63-fold, P=0.021), while TET2 mRNA increased significantly (2.55-fold, 

P=9.4x10-5) upon MYC inactivation after 3 days. Furthermore, I used P493-6 cells as 

model for high and low MYC expression in human lymphocytes, allowing for MYC 

inactivation. RT-qPCR showed a significant decrease (64.39-fold, P=7.67x10-6) in MYC 

mRNA expression upon 2 days of DOX treatment (Figure  23C). Mimicking my results 

in T-ALL, TET1 mRNA decreased (5.25-fold, P=0.0015), while TET2 levels increased 

(3.72-fold, P=2.20x10-5) (Figure 23D). Together, these results indicate that TET1 

expression is high, while TET2 is low in T-ALL derived from EµSRα-tTAα;tet-o-MYC 
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and in a Burkitt-lymphoma model, revealing a direct correlation between MYC and 

TET1, and an inverse correlation between MYC and TET2 expression levels. 

To further determine whether MYC directly binds to the TET1 and TET2 genes 

and controls their transcription, I analyzed chromatin immunoprecipitation (ChIP-seq) 

data for P493-6 cells generated by Sabo et al. (Sabo et al., 2014) (see Figure 23E). I 

found MYC binding to the genomic TET1 and TET2 loci to be significantly enriched in 

P493-6 cells, revealing that MYC occupies sequences at the TET1 locus upstream of exon 

1 (enrichment: 157.61) and exon 3 (enrichment: 78.43), as well as the TET2 locus 

downstream of exon 1 (enrichment: 361.05). Taking the expression profiling together 

with genomic location analysis, I conclude that high TET1 and low TET2 expression 

levels in mouse T-ALL and human Burkitt lymphoma-like cells are directly MYC-

dependent and are inversed upon MYC inactivation. 
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Figure 23. TET1 and TET2 levels are dependent on MYC expression.  

MYC inactivation in T-ALL cells (6780) derived from EµSRα-tTAα;tet-o-MYC mice, and human B-cell 
lymphoma-like (P493-6) cells, harboring a tetracycline-regulated c-MYC allele, in a time-dependent 
manner for 1, 2, and 3 days using 20ng/mL DOX. Mouse T-ALL cells: (A) RT-qPCR analysis of MYC and 
its canonical target gene Ornithine Decarboxylase 1 (ODC1), and (B) of TET1 and TET2. RT-qPCR data 
was normalized to UBC. Human B-cell lymphoma-like cells: (C) RT-qPCR of MYC and (D) TET1 and 
TET2 in P493-6 cells before (CTL) and upon MYC inactivation through treatment with 20ng/mL DOX for 
2 days (+DOX). RT-qPCR data was normalized to RPL13A. (E) MYC ChIP-seq data for P493-6 cells 
obtained from Sabo et al. (36) indicating enrichment score for MYC at the TET1 and TET2 loci. Traces 
were generated based on reference genome hg19 using the UCSC Genome Browser. The chromosomal 
location is indicated in bp. MYC binding peaks are displayed as red vertical bars; numbers represent the 
relative fold enrichment for MYC. Exons are displayed as black vertical bars, the UTR is represented by a 
black line, and the transcription start site (TSS) is marked by an arrow indicating the direction of 
transcription. 
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13. TET1 knockdown reduces cell proliferation of human T-ALL cells. 

To determine whether loss of TET1 function affects tumor cell proliferation and 

viability, I carried out shRNA-mediated TET1 knockdown (KD) in human T-ALL cells 

(CCRF-CEM). CCRF-CEM is an established T-ALL cell line, exhibiting high MYC 

expression. I compared CCRF-CEM cells upon shRNA-mediated knockdown of TET1 to 

a scrambled shRNA control (Figure 24). First, I validated TET1 KD as well as MYC, 

TET2 and TET3 expression levels by RT-qPCR (Figure 24A and 24B). Compared to 

scrambled control (SCR), CCRF-CEM cells expressing TET1sh1 shows 3.63-fold 

reduction, and TET1sh2 showed 1.32-fold less TET1 mRNA levels, while MYC, TET2 

and TET3 levels were similar. The corresponding growth curve indicates that TET1 

knockdown in CCRF-CEM decreased cell proliferation (Figure 24C). To determine to 

mechanism underlying reduced cell proliferation, flow cytometric cell viability and cell 

cycle analysis were performed. Cell cycle analysis based on propidium iodide (PI) 

confirmed a decrease in CCRF-CEM cell proliferation, indicating a significant decrease 

in G1 phase cells from 45.2% for SCR, to 40.3% for TET1sh1, and an increase in G2/M 

phase cells from 28.1% for SCR, to 37.3% for TET1sh1 (Figure 24D).  In parallel, I 

quantified cell death by Annexin V and PI staining followed by flow cytometric analysis 

(Figure 24E). While I did not detect significant changes in the fraction of necrotic cells, I 

found a small decrease in apoptotic cells upon TET1 KD, for both TET1sh1 and 

TET1sh2. I conclude that loss of TET1 expression in human T-ALL cells leads to 

reduced cell proliferation primarily through cell cycle arrest mechanisms.  
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Figure 24. TET1 knockdown reduces cell proliferation of human T-ALL cell lines.  

Human T-ALL cells (CCRF-CEM) were compared before (SCR) and upon TET1 knockdown (TET1sh1). 
RT-qPCR of (A) MYC and TET1, (B) TET2 and TET3. RT-qPCR data was normalized to RLP13a. (C) 
Growth curve comparing viable cell counts. (D) Flow cytometric cell cycle analysis based on propidium 
iodide (PI) staining. The cell cycle distribution (G1, S and G2/M) is displayed in percent. (E) Flow 
cytometric analysis of apoptosis based on Annexin V/PI staining. Flow cytometry profile of Annexin V 
staining (X axis) and PI (Y axis) is shown for representative samples. The lower right quadrant indicates 
the percentage of early apoptotic cells in each condition; the upper right quadrant indicates the percentage 
of late apoptotic cells; the upper left quadrant indicates the percentage of necrotic cells. Apoptotic cells 
(Annexin V-positive cells) are displayed as the percentage of gated cells. Error bars represent mean ± SEM; 
n = 3; two-tailed Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001. 
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14. Knockdown of TET1 in human T-ALL cells alters DNA methylation and 

hydroxymethylation patterns and gene expression programs.  

To investigate the molecular mechanisms underlying reduced tumor cell 

proliferation upon TET1 KD in human T-ALL cells, I measured DNA methylation, 

hydroxymethylation and RNA expression changes, using MeDIP-, hMeDIP- and RNA-

seq analysis, comparing CCRF-CEM cells before (SCR) and upon TET1 KD (TET1sh1) 

(Figure 25). For each sample, we generated 30–40 million Illumina sequencing reads, of 

which ~40-85% was successfully mapped to either strand of the human genome (hg19). 

To identify statistically significant DMRs and hDMRs, we used a cutoff of log2FC ≥ 1 

with a P-value of ≤ 10-4.  

I identified a total of 17,712 DMRs and 31,253 hDMRs that in- or decreased 

significantly upon TET1 KD in CCRF-CEM cells. The chromosome-based circular plot 

reveals genome-wide changes in the 5mC and 5hmC patterns upon loss of TET1 

expression (Figure 25A). Annotating DMRs and hDMRs (both hypo- and 

hypermethylated) with the nearest gene, I found 259 and 277 DMRs and hDMRs 

associated with mRNAs, 12,386 and 22,786 with enhancers, 2,011 and 3,068 with super 

enhancers, 2,770 and 5,054 with small ncRNAs and 295 and 378 with long ncRNAs, 

respectively (Figure 25B). By further annotating DMRs and hDMRs associated with 

protein coding genes with cis-regulatory elements, I found 3.23% and 2.76% of the 

DMRs and hDMRs associated with CpG islands, 91.58% and 93.40% with introns, 

6.04% and 3.91% with exons, 2.05% and 0.93% with 5’- or 3’-UTRs, and 0% and 1.49% 

with sequences 2 kb upstream or downstream of the nearest gene, respectively (Figure 
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25C). Thus, TET1 KD in human T-ALL cells leads to genome-wide changes in DNA 

methylation and hydroxymethylation patterns associated mostly with introns.  

To determine the effect of alterations in DNA methylation and 

hydroxymethylation upon TET1 KD on RNA expression in CCRF-CEM cells, we next 

performed RNA-seq. I identified 3,300 statistically significant DEGs (Figure 26A). 1,806 

of those decreased, while 1,494 increased in expression upon TET1 KD. To determine 

the biological processes associated with the DEGs, I performed gene ontology analysis 

using DAVID. I found a wide variety of processes including regulation of transcription, 

RNA metabolism, intracellular signaling as well as cell cycle and cell death related 

pathways to be affected (Figure 26B). To further associate RNA expression with 

biological processes, I performed Gene Set Enrichment Analysis (GSEA). Among the 

largest enrichments, I found ribosome biogenesis (n=272), ribosome assembly (n=60), 

translational initiation (n=136), and tRNA processing (n=81), all associated with protein 

synthesis (Figure 26C). Together, these results indicate that reduced proliferation of T-

ALL cells upon loss of TET1 function is associated with decreased global protein 

synthesis. Similarly, inactivation of MYC in T-ALL has previously been shown to shut 

down global protein synthesis eliciting cellular senescence and tumor regression (C. H. 

Wu et al., 2008; C. H. Wu et al., 2007). 
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Figure 25. TET1 KD in human T-ALL cells alters DNA methylation and hydroxymethylation. 

 MeDIP-, hMeDIP-seq analysis of human T-ALL cells (CCRF-CEM) before (SCR) and upon TET1 KD 
(TET1sh1). (A) Genomic distribution of DMRs and hDMRs is displayed as chromosome-based circular 
plot. Cutoff: log2FC ≥ 1 with a P-value of ≤ 10-4. (B) Hypo- or hypermethylated DMRs and hDMRs are 
shown annotated for their association with mRNAs, enhancers, super enhancers, small noncoding RNAs, 
and long noncoding RNAs. (C) Hypo- or hypermethylated DMRs and hDMRs associated with mRNAs are 
shown annotated for cis-regulatory elements: CpG islands, exons, introns, 5’-/3’-UTRs, and sequences >2 
kb upstream or downstream of the nearest gene. 
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Figure 26. TET1 KD in human T-ALL cells alters gene expression.  

RNA-seq analysis of human T-ALL cells (CCRF-CEM) before (SCR) and upon TET1 KD (TET1sh1). (A) 
Heatmap showing hierarchical clustering of 3,302 DEGs. (B) Gene ontology analysis (DAVID) based on 
DEGs. (C) Gene Set Enrichment Analysis (GSEA) analysis of RNA expression associated with biological 
processes. 
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To further determine the relationship between DNA methylation, 

hydroxymethylation and gene expression changes in CCRF-CEM cells upon TET1 KD, I 

selected for DEGs that are associated with changes in 5mC or 5hmC enrichment. I 

plotted DMRs, hDMRs and DEGs in a Venn diagram (Figure 27A). The intersection 

graph shows a total of 3,300 DEGs, as well as 209 DMRs and 242 hDMRs that are 

associated with protein coding genes. Of the 3,300 DEGs, I identified 31 to be associated 

with DMRs and 35 with hDMRs (Figure 27B and 27C). I found that 21 DMRs and 

hDMRs overlap with each other. One gene, RASA4B (RAS P21 Protein Activator 4B), 

was significantly changed in all three categories, DEGs, DMRs and hDMRs. I conclude 

that in T-ALL, MYC-driven overexpression of TET1 contributes to tumor cell-specific 

5mC and 5hmC patterns and thus gene expression programs that are important for 

enhanced global protein synthesis and tumor cell proliferation. 



 
 

107 
 

 
Figure 27. TET1 KD in human T-ALL cells alters gene expression by changing DNA methylation and 
hydroxymethylation.  

MeDIP-, hMeDIP- and RNA-seq analysis of human T-ALL cells (CCRF-CEM) before (SCR) and upon 
TET1 KD (TET1-sh1). (A) Intersection between DMRs, hDMRs and DEGs. Heatmap showing hierarchical 
clustering of genes both differentially expressed and differentially methylated/hydroxymethylated: (B) 
DEGs and DMRs and (C) DEGs and hDMRs.  
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15. Ectopic expression of TET2 decreased tumor cell proliferation. 

To determine whether reconstitution of TET2 expression in human T-ALL cells 

affects tumor cell proliferation and viability, I retrovirally introduced full-length TET2 

cDNA into CCRF-CEM cells (Figure 28). RT-qPCR analysis confirmed ectopic TET2 

mRNA expression in CCRF-CEM (TET2-cDNA) compared to empty vector (EV) control 

cells (Figure 28A), while MYC expression levels remained unchanged (Figure 28B). The 

corresponding growth curve revealed that ectopic TET2 expression significantly 

decreases proliferation of CCRF-CEM cells (Figure 28C). To determine the cellular 

mechanism underlying reduced cell proliferation, I performed flow cytometric cell 

viability and cell cycle analysis. Cell cycle analysis based on propidium iodide (PI) 

indicated no significant change in G1, S, or G2/M phase of the cell cycle (Figure 28D).  

In parallel, I quantified cell death by Annexin V and PI staining followed by flow 

cytometric analysis (Figure 28E). While I did not detect significant changes in the 

fraction of apoptotic cells, I found a significant increase in necrotic cells (1.7% to 2.6%) 

upon ectopic TET2 expression. I conclude that ectopic TET2 expression in human T-

ALL disrupts tumor cell growth and results in reduced cell proliferation primarily 

through apoptotic and necrotic mechanisms.  
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Figure 28. Ectopic TET2 expression reduces cell proliferation of human T-ALL cell lines.  

Human T-ALL cells (CCRF-CEM), engineered to ectopically express TET2 (TET2-cDNA) were compared 
to empty vector (EV) controls. RT-qPCR analysis of (A) TET2 and (B) MYC expression. RT-qPCR data 
was normalized to RLP13a. (C) Growth curve comparing viable cell counts. (D) Flow cytometric cell cycle 
analysis based on propidium iodide (PI) staining. Cell cycle distribution (G1, S and G2/M) displayed in 
percent. (E) Flow cytometric analysis of apoptosis based on Annexin V/PI staining. Flow cytometry profile 
of Annexin V staining (X axis) and PI (Y axis) is shown for representative samples. The lower right 
quadrant indicates the percentage of early apoptotic cells in each condition; the upper right quadrant 
indicates the percentage of late apoptotic cells; the upper left quadrant indicates the percentage of necrotic 
cells. Apoptotic cells (Annexin V-positive cells) are displayed as the percentage of gated cells. Error bars 
represent mean ± SEM; n = 3; two-tailed Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001. 
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16. Ectopic expression of TET2 in human T-ALL cells alters gene expression programs 

by changing DNA methylation and hydroxymethylation.  

To determine the effect ectopic TET2 expression has on DNA methylation, 

hydroxymethylation and RNA expression in human T-ALL cells, we carried out MeDIP-, 

hMeDIP-, and RNA-seq analysis, comparing CCRF-CEM cells  before (EV) and upon 

ectopic TET2 expression (TET2 cDNA) (Figure 29). For each MeDIP/hMeDIP sample, 

30–40 million Illumina sequencing reads were generated, of which ~40-85% were 

successfully mapped to either strand of the human genome (hg19). To identify DMRs and 

hDMRs, we performed a genome-wide, unbiased detection by complete tiling of the 

human genome using a methylation or hydroxymethylation difference cutoff of log2FC ≥ 

1 with a P-value of ≤ 10-4.  

I identified a total of 16,666 DMRs and 28,681 hDMRs that were significantly 

hypo- or hypermethylated upon ectopic TET2 expression in CCRF-CEM cells. The 

genomic location of DMRs and hDMRs indicates genome-wide changes in 5mC and 

5hmC distribution upon ectopic TET2 expression (Figure 29A). Annotating DMRs and 

hDMRs (hypo- and hypermethylated) with the nearest gene, I found 158 and 238 DMRs 

and hDMRs associated with mRNAs, 11,746 and 21,224 with enhancers, 1,957 and 2,665 

with super enhancers, 2,588 and 4,272 with small ncRNAs and 226 and 292 with long 

ncRNAs, respectively (Figure 29B). I further annotated DMRs and hDMRs associated 

with mRNA genes with cis-elements. Of the total DMRs and hDMRs, I found 86.96% 

and 91.93% associated with introns, 4.21% and 3.39% with exons, 3.80% and 2.57% 

with 5’- or 3’-UTRs, and 3.80% and 2.11% with sequences 2 kb or more upstream or 

downstream of the nearest gene, respectively (Figure 29C). Thus, similar to TET1 KD, 
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ectopic expression of TET2 in human T-ALL cells led to genome-wide changes in 5mC 

and 5hmC patterns associated mostly with intron sequences. 

To determine the effect of alterations in DNA methylation and 

hydroxymethylation upon ectopic TET2 expression on RNA expression in CCRF-CEM 

cells, we next performed RNA-seq. I identified 1,771 statistically significant DEGs, of 

which 917 genes decreased, while 854 increased in expression upon TET1 KD (Figure 

30A). To determine the biological processes associated with the DEGs, I performed gene 

ontology analysis using DAVID (Figure 30B). I found regulation of transcription, 

negative regulation of cell proliferation and positive regulation of apoptosis among the 

processes associated with ectopic TET2 expression in T-ALL. I further performed gene 

enrichment analysis to associate RNA expression with biological processes. The results 

indicate that upon ectopic TET2 expression, there is a decreasing trend for genes 

involved in cell cycle arrest (n=84), negative regulation of extrinsic apoptotic signaling 

(n=66), positive regulation of endothelial cell proliferation (n=77), and regulation of 

transcription from RNA Pol II promoter in response to stress (n=58) (Figure 30C). 
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Figure 29. Ectopic TET2 expression in human T-ALL cells alters DNA methylation and 
hydroxymethylation.  

MeDIP-, hMeDIP- seq analysis of human T-ALL cells (CCRF-CEM) upon ectopic expression of TET2 
(TET2-cDNA) compared to empty vector (EV) control. (A) Genomic distribution of DMRs and hDMRs is 
displayed as chromosome-based circular plot. Cutoff: log2FC ≥ 1 with a P-value of ≤ 10-4. (B) Hypo- or 
hypermethylated DMRs and hDMRs are shown annotated for their association with mRNAs, enhancers, 
super enhancers, small noncoding RNAs, and long noncoding RNAs. (C) Hypo- or hypermethylated DMRs 
and hDMRs associated with mRNAs are shown annotated for cis-regulatory elements: CpG islands, exons, 
introns, 5’-/3’-UTRs, and sequences >2 kb upstream or downstream of the nearest gene. 
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Figure 30. Ectopic TET2 expression in human T-ALL cells alters gene expression.  

RNA-seq analysis of human T-ALL cells (CCRF-CEM) upon ectopic expression of TET2 (TET2-cDNA) 
compared to empty vector (EV) control. (A) RNA-seq analysis: Heatmap showing hierarchical clustering 
of 1,771 DEGs. (B) Gene ontology analysis (DAVID) based on DEGs. (C) Gene Set Enrichment Analysis 
(GSEA) analysis of RNA expression associated with biological processes. 
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To determine the relationship between DNA methylation, hydroxymethylation 

and gene expression changes in CCRF-CEM cells upon ectopic TET2 expression, I 

selected for DEGs that are associated with changes in 5mC or 5hmC enrichment. I 

plotted DMRs, hDMRs associated with mRNAs and DEGs in a Venn diagram (Figure 

31A). The intersection graph shows a total of 1,771 DEGs, as well as 150 DMRs and 200 

hDMRs that are associated with protein coding genes. Of the 1,771 DEGs, I identified 10 

to be associated with DMRs and 13 with hDMRs (Figure 31B and 31C). I found that 25 

DMR and hDMR associated protein coding genes overlap. CCDC107 (Coiled-coil 

domain-containing protein 107), was significantly changed in all three categories, DEGs, 

DMRs and hDMRs. Taken together, I conclude that in T-ALL the MYC-dependent 

suppression of TET2 function protects tumor cell specific 5mC and 5hmC patterns and 

thus gene expression programs important for positive cell control and tumor cell 

proliferation. 
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Figure 31. Ectopic TET2 expression in human T-ALL cells alters gene expression by changing DNA 
methylation and hydroxymethylation.  

MeDIP-, hMeDIP- and RNA-seq analysis of human T-ALL cells (CCRF-CEM) upon ectopic expression of 
TET2 (TET2-cDNA) compared to empty vector (EV) control. (A) Intersection between DMRs, hDMRs 
and DEGs. Heatmap showing hierarchical clustering of genes both differentially expressed and 
differentially methylated/hydroxymethylated: (B) DEGs and DMRs and (C) DEGs and hDMRs. 
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17. TET1, TET2 and MYC target genes overlap.  

To determine the overlap between TET1, TET2 and MYC target genes in T-ALL, 

I used the DEGs upon TET1 KD and ectopic expression of TET2 in human T-ALL cells 

(CCRF-CEM), and compared them to previously identified MYC target genes, obtained 

from the Molecular Signatures Database (MSigDB) (Liberzon et al., 2011; Subramanian 

et al., 2005; Zeller, Jegga, Aronow, O'Donnell, & Dang, 2003). (Figure 32). Of the 3,300 

DEGs identified upon TET1 KD and the 1,771 DEGs identified upon ectopic expression 

of TET2, I found 778 genes overlap with each other. At the same time, I found 282 genes 

that were both regulated by TET1 and MYC, and 141 genes that were both regulated 

between TET2 and MYC. Last, I found 53 genes that all three data sets had in common. 

Taken together, this indicates that there is some overlap between TET1 and TET2 

targets, even though the two enzymes have distinct functions in T-ALL. At the same 

fewer TET1 and TET2 targets overlap with MYC, revealing that the majority of TET 

targets are not directly occupied by MYC, but rather regulated indirectly, highlighting an 

indirect genome-wide mechanism. 
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Figure 32. TET1, TET2 and MYC target genes overlap.  

Overlap between DEGs upon TET1 KD and ectopic TET2 expression in human T-ALL cells (CCRF-
CEM), and previously identified MYC target genes, obtained from the Molecular Signatures Database 
(MSigDB) (Liberzon et al., 2011; Subramanian et al., 2005; Zeller et al., 2003). The intersection between 
genes is displayed as Venn diagram. 
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IV. DISCUSSION 
 

While aberrant DNA methylation is a characteristic feature of tumor cells, the 

mechanisms of how tumor cell-specific DNA methylation and hydroxymethylation 

patterns are written, maintained and erased through the coordinated action of DNA 

methylating and demethylating enzymes are poorly understood. My study demonstrates 

for the first time that the MYC oncogene deregulates the expression of DNA 

methyltransferases (DNMTs) and Ten-eleven translocation methylcytosine dioxygenases 

(TETs). By controlling the expression of the DNA methylation machinery components, 

MYC thereby regulates global DNA methylation and hydroxymethylation for gene 

expression programs important to maintain tumor cell proliferation.  

By carrying out a comprehensive genome-wide DNA methylation and 

hydroxymethylation analysis, I show that cellular senescence and tumor regression upon 

MYC inactivation in a mouse model of T-ALL (EµSRα-tTAα;tet-o-MYC) is associated 

with genome-wide changes in 5mC and 5hmC patterns. Using this T-ALL model, Dean 

Felsher’s group previously reported that tumor regression depends on activation of 

cellular senescence pathways associated with genome-wide changes in chromatin 

structure including histone acetylation and methylation, associated with heterochromatin 

formation [3, 18, 30]. Fueling the model of MYC as a global regulator of the epigenome, 

my MeDIP- and hMeDIP-seq analyses reveal genome-wide changes in 5mC and 5hmC 

patterns associated with a wide variety of biological processes upon MYC inactivation, 

cellular senescence and tumor regression.  

My results indicate that MYC maintains tumor cell-specific DNA methylation and 

hydroxymethylation patterns in T-ALL. I reveal a novel mechanism through which the 
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MYC oncoprotein establishes and maintains tumor cell-specific DNA methylation, 

hydroxymethylation and gene expression programs in a genome-wide fashion. 

1. Essential role of DNMT3B during MYC-driven tumor maintenance 
 

I provide novel evidence that DNMT1 and DNMT3B are overexpressed in 

transgenic models, human tumor cell lines and clinical specimens in T-ALL and BL. My 

findings are consistent with reports that DNMT activity is often elevated in tumor cells 

and is subsequently implicated in carcinogenesis (W. Zhang & Xu, 2017). Indeed, all 

three DNMT enzymes have been reported to be overexpressed in hematological 

malignancies such as acute myelogenous leukemia (AML), chronic myelogenous 

leukemia (CML), diffuse large B-cell lymphoma (DLBCL) as well as mantel cell 

lymphoma (MCL) (Alkebsi et al., 2013; Aoki et al., 2003; Melki & Clark, 2002; Mizuno 

et al., 2001). In AML, microRNA-29b targets DNMT3A and DNMT3B directly and 

DNMT1 indirectly thereby inducing global DNA hypomethylation and tumor suppressor 

gene expression (Garzon et al., 2009). Interestingly, increased DNMT3B levels are a 

negative prognostic factor in AML and DLBCL (Amara et al., 2010; Hayette et al., 2012; 

Monteferrario et al., 2014; Niederwieser et al., 2015). It would be interesting to determine 

whether DNMT1 or DNMT3B overexpression is also associated with poor clinical 

outcome in T-ALL and BL. However, due to the lack of prognostic outcome data for T-

ALL and BL, this remains to be determined.  

Further examination of the underlying regulatory mechanism in T-ALL and BL 

revealed a direct correlation of DNMT1 and DNMT3B expression with high MYC levels, 

which led me to assess whether transcriptional regulation is MYC-dependent. Indeed, I 

found that DNMT1 and DNMT3B are overexpressed in a MYC-dependent manner. 
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Furthermore, subsequent ChIP analysis revealed that MYC occupies sites within the 

DNMT1 and DNMT3B regulatory regions, suggesting a direct transcriptional regulation 

in mouse T-ALL and human Burkitt lymphoma-like cells. Using sequence analysis, I 

identified canonical E-box sites for the MYC enrichment peaks for both DNMT1 and 

DNMT3B loci, supporting the model of a direct MYC binding. Extending my analysis to 

include the chromatin status of DNMT1 and DNMT3B, I found that MYC binding peaks 

are enriched for H3K27Ac and H3K4Me3 typically placed near active regulatory 

promoter elements. Furthermore, I found H3K4Me1 which is linked to distal regulatory 

regions to co-localize, overall strengthening the model in which MYC directly 

upregulates DNMT1 and DNMT3B transcription.  

Knockdown of endogenous MYC in human T-ALL and Burkitt lymphoma cell 

lines supports above findings, indicating that DNMT3B overexpression directly depends 

on high levels of MYC. Only a few direct transcriptional regulators of DNMT3B such as 

SP1, SP3, FOXO3A, and STAT3 (Ibrahim et al., 2018; Jinawath, Miyake, Yanagisawa, 

Akiyama, & Yuasa, 2005; Y. C. Yang et al., 2014) have been identified and only some 

that are known have such a clear and important link to cancer (for example, FOXO3A 

negatively regulates DNMT3B promoter activity in lung cancer (Y. C. Yang et al., 2014), 

and STAT3 positively regulates the DNMT3B promoter in colon epithelial cells to silence 

IRF8, promoting colon cancer incidence (Ibrahim et al., 2018)). Hence, my finding that 

MYC directly increases transcription of DNMT3B in T-ALL and BL reveals a novel 

mechanism of deregulation in cancer. The notion that the effect of MYC on DNMT1 

expression is less consistent than on DNMT3B might indicate that DNMT1 levels are the 

reflection of cell proliferation rather than MYC activity directly(Poole et al., 2017). 
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Considering the role of DNMT1 as maintenance DNMT this fits my working model 

(Figure 33). However, since in T-ALL MYC levels directly affect proliferation, the two 

are difficult to dissect. In combination with the promoter binding assay, the expression 

analysis provides evidence that increased DNMT3B expression is directly dependent on a 

positive transcriptional regulation by MYC. 

My findings suggest that a complex interplay of DNMTs is required for MYC-

driven tumor maintenance. Indeed, shRNA-mediated loss of DNMT3B expression 

impaired cell proliferation in T-ALL. While this was associated with a significant 

decrease of S phase cells, I did not detect a drastic increase in apoptotic cells. Supporting 

the notion of a cell cycle arrest rather than cell death as mechanism, I found a number of 

tumor suppressor genes, including CDKN2B (p15INK4b), CDKN2A (p16INK4a), 

CDKN2D (p19INK4d), and CDKN1A (p21CIP1) to increase upon DNMT3B knockdown. 

This indicates that the above genes are either directly or indirectly suppressed by 

DNMT3B during T-ALL maintenance, suggesting that DNMT3B acts as a tumor 

promoter in this context.  

Controversially, recent reports indicate that DNMT3B functions as tumor 

suppressor during tumor initiation. Knockout of DNMT3B accelerates the initiation of 

MYC-driven T- and B-cell lymphoma in mouse models (EµSRα-tTA;tet-o-MYC and Eµ-

MYC) (Hlady et al., 2012; Shah et al., 2010; Vasanthakumar et al., 2013), while increased 

DNA methylation of DNMT3B targets delays leukemogenesis (Schulze et al., 2016). 

Similarly, DNMT3B repression independent of methylation contributes to oncogenic 

activity of DNMT3A in MYC-induced T-cell lymphomagenesis (Haney et al., 2015). 

Conversely, loss of DNMT1 has been shown to delay the onset of T-cell lymphoma by 
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suppressing tumor cell proliferation (Peters et al., 2013). The divergence to my results 

might be explained by the circumstance that above studies are based on knockout mice 

that develop MYC-driven tumors in the absence of DNMT3B. This suggests a 

differential role of DNMT3B during tumor initiation versus maintenance. However, 

further studies are required to answer whether individual DNMTs can indeed function as 

tumor promoter or suppressor depending on the disease context. 

Gaining mechanistic insight into the role of DNMT3B in establishing and 

maintaining DNA methylation patterns in T-ALL cells, I found that loss of DNMT3B 

expression caused genome-wide changes in DNA methylation associated with changes in 

gene expression. The approximately 30,000 differentially methylated regions that were 

hyper- or hypomethylated are distributed across CpG islands (CGI) (regions > 500 bp and 

> 55% GC content), CpG island shelves (4kbp away from CGI), CpG island shores (up to 

2kbp away from CGI), and open sea (isolated CpGs in the genome), as well as gene 

regulatory elements like enhancers, exons, intergenic regions, introns and promoters. 

More than 6,200 genes were differentially methylated within their promoters and more 

than 8,600 CpG islands were differentially methylated. For four candidate genes, SPRY1, 

FOXA1, SOX12, and GLIS2, I show that loss of DNMT3B expression was associated 

with a marked decrease of DNA methylation in CpG islands that are located near the 

transcription start site, accompanied by reactivation of the corresponding genes. Hence, I 

conclude that DNMT3B contributes to tumor maintenance of MYC-driven T-ALL 

through its effects on establishing and maintaining DNA methylation, and that loss of 

DNMT3B causes the reactivation of gene transcription through reversing CpG island 

methylation. 
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Taken together, I propose a working model in which MYC controls DNA 

methylation in a global manner through overexpression of DNMT1 and DNMT3B during 

tumor maintenance (Figure 33). In non-malignant cells MYC levels are low, 

corresponding with low DNMT1 and DNMT3B expression. This correlates with 

literature reporting hypomethylation of CpG islands and promoter regions of tumor 

suppressor genes, allowing for transcription with growth-limiting consequences (Jones & 

Baylin, 2002; Kulis & Esteller, 2010; H. Shen & Laird, 2013). In contrast, constitutively 

high MYC levels in tumor cells drive the expression of DNMT1 and DNMT3B. As 

consequence, tumor suppressor genes are silenced through hypermethylation in a 

genome-wide fashion. In parallel, DNMT3A is recruited by MYC-MIZ1 for repression of 

direct target genes via site-specific hypermethylation (Brenner & Fuks, 2006). MYC 

inactivation in T-ALL causes tumor regression, which depends on reactivation of tumor 

suppressor genes that in turn trigger cellular senescence (Felsher & Bishop, 1999; van 

Riggelen, Muller, et al., 2010; C. H. Wu et al., 2007). To allow their reactivation, CpG 

islands and promoter regions need to be hypomethylated, which is associated with 

diminished DNMT1 and DNMT3B levels. Further investigations are needed to unravel 

the complex interplay between the DNMT enzymes in establishing tumor-cell specific 

DNA methylation patterns. In the light of an elusive pharmacologic MYC inhibitor, my 

results reveal the potential of targeting specific components of the DNA methylation 

machinery for therapeutic strategies. 
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Figure 33. Working model of DNMTs during tumor maintenance in T-ALL.  

MYC controls DNA methylation in a genome-wide fashion through overexpression of DNMT1 and 
DNMT3B. Non-malignant state: MYC levels are low, corresponding with low DNMT1 and DNMT3B 
expression. Tumor maintenance: MYC levels are constitutively high, driving the expression of DNMT1 and 
DNMT3B. Tumor regression/cell cycle arrest: MYC-inactivation in T-ALL causes tumor regression, 
associated with low DNMT1 and DNMT3B expression. Knockdown (shRNA) or pharmacologic inhibition 
(Nanaomycin A) of DNMT3B in tumor cells decreases proliferation. Loss of DNMT3B expression can 
reverse CpG island/promoter methylation thereby reactivating the corresponding genes. Taken together 
MYC induces and maintains global DNA methylation through control of tumor cell-specific DNMT1 and 
DNMT3B expression. 
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2.   Essential role of TETs during MYC-driven tumor maintenance 
 

In parallel to my findings on DNMTs, I found that in T-ALL TET1 and TET2 are 

expressed in a MYC-dependent fashion. I found that in the presence of oncogenic MYC, 

TET1 is overexpressed while TET2 transcription is repressed across all human T-ALL 

cell lines and clinical specimens I analyzed. Consistently, I was able to demonstrate that 

MYC inactivation in T-ALL leads to an inverse expression pattern, decreasing TET1 

levels, while increasing TET2 levels. Together with the ChIP data indicating that MYC 

binds to the TET1 and TET2 loci, my results implicate a direct transcriptional regulation. 

Both DNMT and TET expression and activity have been found deregulated in various 

cancer types, including hematologic malignancies (Niederwieser et al., 2015; Rasmussen 

& Helin, 2016; W. Zhang & Xu, 2017). I conclude that the MYC oncogene upregulates 

TET1 while suppressing TET2 expression in T-ALL, and speculated whether TET 

function was essential for tumor maintenance.  

Indeed, I found that TET1 KD or ectopic expression of TET2 decreased cell 

proliferation in T-ALL and was associated with genome-wide changes in 5mC and 

5hmC, suggesting a tumor promoting function of TET1, and a tumor suppressing role for 

TET2. My findings are consistent with recent reports that TET1 acts as an oncogene in 

AML development and that high TET1 levels are predictive of poor overall survival in 

AML (Wang et al., 2018). Oncogenic TET1 plays an important role in the development 

of MLL-rearranged leukemia (H. Huang et al., 2013; H. Huang et al., 2016; Ittel et al., 

2013). TET1 is also overexpressed in 40% of patients with triple-negative breast cancer, 

where it is associated with DNA hypomethylation and activation of oncogenic pathways, 

leading to poor overall survival (Good et al., 2018). However, TET1 expression has been 
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found low in many other solid tumor types including colon, gastric, and ER-negative 

breast cancer (Frycz et al., 2014; Li et al., 2018; Neri et al., 2015; L. Yang, Yu, Hong, 

Yang, & Shao, 2015), where TET1 is downregulated through MiR-29, HMGA2 or NF-

kB activation (Collignon et al., 2018; Pei, Lei, & Liu, 2016). Thus, TET1 may act as 

either tumor promotor or suppressor dependent on the context, a notion that also has been 

reported for other epigenetic regulators, including DNMTs. 

In T-ALL, I found loss of TET1 function to be associated with decreased 

ribosome biogenesis and assembly, translational regulation and tRNA processing. Indeed, 

MYC is well known to regulate ribosome biogenesis and translation through multiple 

mechanisms (reviewed in (van Riggelen, Yetil, et al., 2010)). Dean Felsher’s group 

previously demonstrated that MYC inactivation leads to shutdown of global protein 

synthesis resulting in cellular senescence and tumor regression (C. H. Wu et al., 2008; C. 

H. Wu et al., 2007). My finding that in T-ALL loss of TET1 expression is linked to a 

decrease in ribosome biogenesis and translational regulation might provide a novel 

mechanism of how MYC regulates protein synthesis through alterations in DNA 

methylation and hydroxymethylation patterns. Consistent with my findings in T-ALL, 

high TET1 expression also correlated with upregulation of RNA transport and ribosome 

biogenesis pathways in AML (Wang et al., 2018). In contrast to TET1, my results show 

that TET2 acts as a tumor suppressor in T-ALL. I found ectopic expressing of TET2 to be 

associated with a decrease in cell cycle regulation, negative regulation of apoptosis, and 

positive regulation of cell proliferation. Similarly, TET2 has been reported to be a tumor 

suppressor in B-cell lymphomagenesis (Mouly et al., 2018). 
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TET1 KD and ectopic TET2 expression in T-ALL caused genome-wide changes 

in both 5mC and 5hmC patterns. TET1 KD in induced pluripotent stem cells caused 

differential hydroxymethylation at KLF4, critical for regulation of proliferation, 

differentiation, apoptosis and somatic cell reprogramming (Fan et al., 2013). There are 

several TET2 targets in T-ALL that overlap with AML, such as CCDC84, CHKA, 

GNGT2, GPS2, IL20RB, LIN7B, PPAN, PROCA1, RECQL4, TMSB10, CHKB 

(fusion), and PABPN1 (fusion). It is noteworthy, that restoration of TET2 in AML 

promotes DNA demethylation, cell differentiation and cell death, leading to a block in 

self-renewal of hematopoietic stem cells, causing myeloid differentiation (Cimmino et 

al., 2017). 

While the exact role of TET1 and TET2 in regulating DNA methylation and 

hydroxymethylation outside of developmental processes is not well understood, my 

findings indicate distinct functions of TET1 and TET2 in MYC-driven tumor 

maintenance. I show the MYC oncogene directly drives the transcription of TET1 (as 

well as DNMT1 and DNMT3B (Poole et al., 2017)), while suppressing TET2. Loss of 

TET1 function and overexpression of TET2 causes genome-wide changes in 5mC and 

5hmC patterns. I found a majority of changes in DNA methylation and 

hydroxymethylation patterns occurred in intron sequences. These observations are 

consistent with other studies, indicating that TET1 localizes to gene bodies and introns of 

a large number of genes (Williams et al., 2011; Wutz et al., 1997; X. Zhang et al., 2010). 

My data suggests that TET1 and TET2 have distinct sets of genomic targets in turn 

affecting distinct cellular processes, despite some overlap in differentially expressed 

genes. In this regard, it would be of interest to uncover which of the differentially 
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methylated/hydroxymethylated genes are directly bound by TET1 or TET2 in T-ALL 

using genome-wide location analysis.  
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Figure 34. Working model of TETs during tumor maintenance in T-ALL.  

The MYC oncogene controls TET1 and TET2 expression in T-ALL. Non-malignant cells: MYC levels are 
low, corresponding with low TET1 and high TET2 expression. Tumor cells: MYC levels are constitutively 
high, driving the expression of TET1, while suppressing TET2. Regressing tumor: MYC inactivation in T-
ALL causes tumor regression through cellular senescence. This is associated with diminished TET1 levels, 
while TET2 expression is increased. Loss of TET1 function (shRNA) and reconstitution of TET2 
expression (cDNA) led to broad changes in 5mC and 5hmC patterns, in turn affecting a variety of cellular 
processes causing reduced tumor cell proliferation. Taken together, MYC induces and maintains a tumor 
cell-specific global 5mC and 5hmC patterns through control of TET expression. 
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3. Integrating DNMT and TET function 
 

My results tie into the increasing number of reports that MYC acts as global 

regulator of chromatin structure (reviewed in (Poole & van Riggelen, 2017)). I show for 

the first time that MYC inactivation triggers genome-wide changes in both DNA 

methylation and hydroxymethylation patterns resulting in cellular senescence as an 

important mechanism of tumor regression. Upon further investigation, MYC regulates the 

expression of both DNMT and TET proteins, contributing to how these DNA methylation 

and hydroxymethylation patterns are established, maintained, and eventually removed.  

The direct control of the DNA methylation machinery reveals a novel facet of 

MYC’s global reach, further expanding on the mechanism in which MYC regulates 

chromatin modifying proteins in the context of cancer. DNA methylation is a dynamic 

process and my results capture only a snapshot of what is occurring when either DNMTs 

or TETs are manipulated. Furthermore, it is important to note that my results do not 

account for any compensatory effects that may exist upon depletion of a DNMT or TET 

protein. My data suggests that TET1 and TET2 have distinct sets of genomic targets in 

turn affecting distinct cellular processes, despite some overlap in differentially expressed 

genes. In this regard, it would be of interest to uncover which of the differentially 

methylated/hydroxymethylated genes are directly bound by TET1 or TET2 in T-ALL 

using genome-wide location analysis. Furthermore, it would be interesting to determine 

whether the genomic targets of DNMT1 and DNMT3B in this context overlap with TET1 

or TET2, and whether there is any synergistic effect between the components of the DNA 

methylation machinery contributing to MYC-driven tumor maintenance. In addition, the 

recruitment of DNMTs or TETs to specific loci by MYC either directly or indirectly 
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would be of interest to tease out the mechanism in which MYC facilitates DNA 

methylation on a site-specific basis as well as on a genome-wide level. 

My work suggests that a coordinated interplay exists between the components of 

the DNA methylation machinery contributing to MYC-driven tumor maintenance. My 

finding highlights the potential of targeted therapies for diseases and cancers that exhibit 

deregulated expression of specific DNMT or TET proteins. 
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V. SUMMARY 

 
 MYC maintains DNA methylation and hydroxymethylation patterns in T-ALL, 

important for the neoplastic phenotype 

 MYC drives the overexpression of TET1, DNMT1, and DNMT3B while 

suppressing TET2 expression in T-ALL 

 MYC binds to the transcription start site of DNMT1, DNMT3B, TET1 and TET2, 

and their transcriptional regulation is dependent on oncogenic MYC expression  

 Knockdown of DNMT3B reduced tumor cell proliferation through cell cycle 

arrest and caused the reactivation of tumor suppressors by reversing 

CpG/promoter methylation and altered biological processes, including increasing 

the expression of differentiation genes. 

 TET1 knockdown reduced tumor cell proliferation through cell cycle arrest  and 

changed global DNA methylation and hydroxymethylation patterns, associated 

with gene changes in ribosomal biogenesis and protein translation pathways 

 Ectopic TET2 expression reduced tumor cell proliferation through 

apoptosis/necrosis mechanisms and changed global DNA methylation and 

hydroxymethylation patterns, associated with gene changes in transcription and 

proliferation pathways 

 

 My finding demonstrates that a coordinated interplay between the components of the 

DNA methylation machinery is required for MYC-driven tumor maintenance. My finding 

in turn highlights the potential of targeting specific DNMT or TET proteins for 

therapeutic strategies in MYC-driven cancers. 



 
 

133 
 

VI. REFERENCES

 

Ahmadiyeh, N., Pomerantz, M. M., Grisanzio, C., Herman, P., Jia, L., Almendro, V., . . . 
Freedman, M. L. (2010). 8q24 prostate, breast, and colon cancer risk loci show 
tissue-specific long-range interaction with MYC. Proc Natl Acad Sci U S A, 
107(21), 9742-9746. doi: 10.1073/pnas.0910668107 

Akalin, A., Kormaksson, M., Li, S., Garrett-Bakelman, F. E., Figueroa, M. E., Melnick, 
A., & Mason, C. E. (2012). methylKit: a comprehensive R package for the 
analysis of genome-wide DNA methylation profiles. Genome Biol, 13(10), R87. 
doi: 10.1186/gb-2012-13-10-r87 

Alkebsi, L., Handa, H., Sasaki, Y., Osaki, Y., Yanagisawa, K., Ogawa, Y., . . . 
Murakami, H. (2013). DNMT3B7 expression related to MENT expression and its 
promoter methylation in human lymphomas. Leuk Res, 37(12), 1662-1667. doi: 
10.1016/j.leukres.2013.09.014 

Amara, K., Ziadi, S., Hachana, M., Soltani, N., Korbi, S., & Trimeche, M. (2010). DNA 
methyltransferase DNMT3b protein overexpression as a prognostic factor in 
patients with diffuse large B-cell lymphomas. Cancer Sci, 101(7), 1722-1730. doi: 
10.1111/j.1349-7006.2010.01569.x 

Amati, B., Brooks, M. W., Levy, N., Littlewood, T. D., Evan, G. I., & Land, H. (1993). 
Oncogenic activity of the c-Myc protein requires dimerization with Max. Cell, 
72(2), 233-245.  

Andrews, S. FastQC: a quality control tool for high throughput sequence data. URL: 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc.  

Aoki, E., Ohashi, H., Uchida, T., Murate, T., Saito, H., & Kinoshita, T. (2003). 
Expression levels of DNA methyltransferase genes do not correlate with 
p15INK4B gene methylation in myelodysplastic syndromes. Leukemia, 17(9), 
1903-1904. doi: 10.1038/sj.leu.2403046 

2403046 [pii] 
Ayer, D. E., Kretzner, L., & Eisenman, R. N. (1993). Mad: a heterodimeric partner for 

Max that antagonizes Myc transcriptional activity. Cell, 72(2), 211-222.  
Berthet, C., Guehenneux, F., Revol, V., Samarut, C., Lukaszewicz, A., Dehay, C., . . . 

Rouault, J. P. (2002). Interaction of PRMT1 with BTG/TOB proteins in cell 
signalling: molecular analysis and functional aspects. Genes Cells, 7(1), 29-39.  

Bhadury, J., Nilsson, L. M., Muralidharan, S. V., Green, L. C., Li, Z., Gesner, E. M., . . . 
Nilsson, J. A. (2014). BET and HDAC inhibitors induce similar genes and 
biological effects and synergize to kill in Myc-induced murine lymphoma. Proc 
Natl Acad Sci U S A, 111(26), E2721-2730. doi: 10.1073/pnas.1406722111 

Bhandari, D. R., Seo, K. W., Jung, J. W., Kim, H. S., Yang, S. R., & Kang, K. S. (2011). 
The regulatory role of c-MYC on HDAC2 and PcG expression in human 
multipotent stem cells. J Cell Mol Med, 15(7), 1603-1614. doi: 10.1111/j.1582-
4934.2010.01144.x 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc


 
 
 

134 
 
 

Bhattacharyya, S., Yu, Y., Suzuki, M., Campbell, N., Mazdo, J., Vasanthakumar, A., . . . 
Verma, A. (2013). Genome-wide hydroxymethylation tested using the HELP-GT 
assay shows redistribution in cancer. Nucleic Acids Res, 41(16), e157. doi: 
10.1093/nar/gkt601 

Blackwell, T. K., Kretzner, L., Blackwood, E. M., Eisenman, R. N., & Weintraub, H. 
(1990). Sequence-specific DNA binding by the c-Myc protein. Science, 
250(4984), 1149-1151.  

Blackwood, E. M., & Eisenman, R. N. (1991). Max: a helix-loop-helix zipper protein that 
forms a sequence-specific DNA-binding complex with Myc. Science, 251(4998), 
1211-1217.  

Bonnet, M., Loosveld, M., Montpellier, B., Navarro, J. M., Quilichini, B., Picard, C., . . . 
Nadel, B. (2011). Posttranscriptional deregulation of MYC via PTEN constitutes 
a major alternative pathway of MYC activation in T-cell acute lymphoblastic 
leukemia. Blood, 117(24), 6650-6659. doi: 10.1182/blood-2011-02-336842 

Brenner, C., Deplus, R., Didelot, C., Loriot, A., Vire, E., De Smet, C., . . . Fuks, F. 
(2005). Myc represses transcription through recruitment of DNA 
methyltransferase corepressor. EMBO J, 24(2), 336-346. doi: 
10.1038/sj.emboj.7600509 

Brenner, C., & Fuks, F. (2006). DNA methyltransferases: facts, clues, mysteries. Curr 
Top Microbiol Immunol, 301, 45-66.  

Brune, V., Tiacci, E., Pfeil, I., Doring, C., Eckerle, S., van Noesel, C. J., . . . Kuppers, R. 
(2008). Origin and pathogenesis of nodular lymphocyte-predominant Hodgkin 
lymphoma as revealed by global gene expression analysis. J Exp Med, 205(10), 
2251-2268. doi: 10.1084/jem.20080809 

Chandriani, S., Frengen, E., Cowling, V. H., Pendergrass, S. A., Perou, C. M., Whitfield, 
M. L., & Cole, M. D. (2009). A core MYC gene expression signature is 
prominent in basal-like breast cancer but only partially overlaps the core serum 
response. PLoS One, 4(8), e6693. doi: 10.1371/journal.pone.0006693 

Chang, T. C., Yu, D., Lee, Y. S., Wentzel, E. A., Arking, D. E., West, K. M., . . . 
Mendell, J. T. (2008). Widespread microRNA repression by Myc contributes to 
tumorigenesis. Nat Genet, 40(1), 43-50. doi: 10.1038/ng.2007.30 

Chau, C. M., Zhang, X. Y., McMahon, S. B., & Lieberman, P. M. (2006). Regulation of 
Epstein-Barr virus latency type by the chromatin boundary factor CTCF. J Virol, 
80(12), 5723-5732. doi: 10.1128/JVI.00025-06 

Chen, Y., Blackwell, T. W., Chen, J., Gao, J., Lee, A. W., & States, D. J. (2007). 
Integration of genome and chromatin structure with gene expression profiles to 
predict c-MYC recognition site binding and function. PLoS Comput Biol, 3(4), 
e63. doi: 10.1371/journal.pcbi.0030063 

Chin, L., Tam, A., Pomerantz, J., Wong, M., Holash, J., Bardeesy, N., . . . DePinho, R. A. 
(1999). Essential role for oncogenic Ras in tumour maintenance. Nature, 
400(6743), 468-472. doi: 10.1038/22788 



 
 
 

135 
 
 

Chua, G. N. L., Wassarman, K. L., Sun, H., Alp, J. A., Jarczyk, E. I., Kuzio, N. J., . . . 
Kennedy, A. J. (2019). Cytosine-Based TET Enzyme Inhibitors. ACS Med Chem 
Lett, 10(2), 180-185. doi: 10.1021/acsmedchemlett.8b00474 

Cimmino, L., Dolgalev, I., Wang, Y., Yoshimi, A., Martin, G. H., Wang, J., . . . Aifantis, 
I. (2017). Restoration of TET2 Function Blocks Aberrant Self-Renewal and 
Leukemia Progression. Cell, 170(6), 1079-1095 e1020. doi: 
10.1016/j.cell.2017.07.032 

Ciurciu, A., Komonyi, O., Pankotai, T., & Boros, I. M. (2006). The Drosophila histone 
acetyltransferase Gcn5 and transcriptional adaptor Ada2a are involved in 
nucleosomal histone H4 acetylation. Mol Cell Biol, 26(24), 9413-9423. doi: 
10.1128/MCB.01401-06 

Collignon, E., Canale, A., Al Wardi, C., Bizet, M., Calonne, E., Dedeurwaerder, S., . . . 
Fuks, F. (2018). Immunity drives TET1 regulation in cancer through NF-kappaB. 
Sci Adv, 4(6), eaap7309. doi: 10.1126/sciadv.aap7309 

Conerly, M. L., Teves, S. S., Diolaiti, D., Ulrich, M., Eisenman, R. N., & Henikoff, S. 
(2010). Changes in H2A.Z occupancy and DNA methylation during B-cell 
lymphomagenesis. Genome Res, 20(10), 1383-1390. doi: 10.1101/gr.106542.110 

Consortium, E. P. (2012). An integrated encyclopedia of DNA elements in the human 
genome. Nature, 489(7414), 57-74. doi: 10.1038/nature11247 

Cotterman, R., Jin, V. X., Krig, S. R., Lemen, J. M., Wey, A., Farnham, P. J., & 
Knoepfler, P. S. (2008). N-Myc regulates a widespread euchromatic program in 
the human genome partially independent of its role as a classical transcription 
factor. Cancer Res, 68(23), 9654-9662. doi: 10.1158/0008-5472.CAN-08-1961 

Creyghton, M. P., Cheng, A. W., Welstead, G. G., Kooistra, T., Carey, B. W., Steine, E. 
J., . . . Jaenisch, R. (2010). Histone H3K27ac separates active from poised 
enhancers and predicts developmental state. Proc Natl Acad Sci U S A, 107(50), 
21931-21936. doi: 10.1073/pnas.1016071107 

Dalla-Favera, R., Wong-Staal, F., & Gallo, R. C. (1982). Onc gene amplification in 
promyelocytic leukaemia cell line HL-60 and primary leukaemic cells of the same 
patient. Nature, 299(5878), 61-63.  

Dang, C. V. (1999). c-Myc target genes involved in cell growth, apoptosis, and 
metabolism. Mol Cell Biol, 19(1), 1-11.  

Dang, C. V. (2012). MYC on the path to cancer. Cell, 149(1), 22-35. doi: 
10.1016/j.cell.2012.03.003 

Dang, C. V., O'Donnell, K. A., Zeller, K. I., Nguyen, T., Osthus, R. C., & Li, F. (2006). 
The c-Myc target gene network. Semin Cancer Biol, 16(4), 253-264.  

David, G., Grandinetti, K. B., Finnerty, P. M., Simpson, N., Chu, G. C., & Depinho, R. 
A. (2008). Specific requirement of the chromatin modifier mSin3B in cell cycle 
exit and cellular differentiation. Proc Natl Acad Sci U S A, 105(11), 4168-4172. 
doi: 10.1073/pnas.0710285105 



 
 
 

136 
 
 

Day, L., Chau, C. M., Nebozhyn, M., Rennekamp, A. J., Showe, M., & Lieberman, P. M. 
(2007). Chromatin profiling of Epstein-Barr virus latency control region. J Virol, 
81(12), 6389-6401. doi: 10.1128/JVI.02172-06 

Derissen, E. J., Beijnen, J. H., & Schellens, J. H. (2013). Concise drug review: azacitidine 
and decitabine. Oncologist, 18(5), 619-624. doi: 10.1634/theoncologist.2012-0465 

Dodge, J. E., Okano, M., Dick, F., Tsujimoto, N., Chen, T., Wang, S., . . . Li, E. (2005). 
Inactivation of Dnmt3b in mouse embryonic fibroblasts results in DNA 
hypomethylation, chromosomal instability, and spontaneous immortalization. J 
Biol Chem, 280(18), 17986-17991. doi: 10.1074/jbc.M413246200 

Erdmann, A., Menon, Y., Gros, C., Molinier, N., Novosad, N., Samson, A., . . . 
Arimondo, P. B. (2015). Design and synthesis of new non nucleoside inhibitors of 
DNMT3A. Bioorg Med Chem, 23(17), 5946-5953. doi: 
10.1016/j.bmc.2015.06.066 

Evan, G. I., & Vousden, K. H. (2001). Proliferation, cell cycle and apoptosis in cancer. 
Nature, 411(6835), 342-348. doi: 10.1038/35077213 

Faiola, F., Liu, X., Lo, S., Pan, S., Zhang, K., Lymar, E., . . . Martinez, E. (2005). Dual 
regulation of c-Myc by p300 via acetylation-dependent control of Myc protein 
turnover and coactivation of Myc-induced transcription. Mol Cell Biol, 25(23), 
10220-10234. doi: 10.1128/MCB.25.23.10220-10234.2005 

Fan, A., Ma, K., An, X., Ding, Y., An, P., Song, G., . . . Li, Z. (2013). Effects of TET1 
knockdown on gene expression and DNA methylation in porcine induced 
pluripotent stem cells. Reproduction, 146(6), 569-579. doi: 10.1530/REP-13-0212 

Felsher, D. W. (2010). MYC Inactivation Elicits Oncogene Addiction through Both 
Tumor Cell-Intrinsic and Host-Dependent Mechanisms. Genes Cancer, 1(6), 597-
604. doi: 10.1177/1947601910377798 

Felsher, D. W., & Bishop, J. M. (1999). Reversible tumorigenesis by MYC in 
hematopoietic lineages. Mol Cell, 4(2), 199-207. doi: S1097-2765(00)80367-6 
[pii] 

Fernandez, P. C., Frank, S. R., Wang, L., Schroeder, M., Liu, S., Greene, J., . . . Amati, 
B. (2003). Genomic targets of the human c-Myc protein. Genes Dev, 17(9), 1115-
1129. doi: 10.1101/gad.1067003 

Ficz, G., Branco, M. R., Seisenberger, S., Santos, F., Krueger, F., Hore, T. A., . . . Reik, 
W. (2011). Dynamic regulation of 5-hydroxymethylcytosine in mouse ES cells 
and during differentiation. Nature, 473(7347), 398-402. doi: 10.1038/nature10008 

Fraga, M. F., Ballestar, E., Villar-Garea, A., Boix-Chornet, M., Espada, J., Schotta, G., . . 
. Esteller, M. (2005). Loss of acetylation at Lys16 and trimethylation at Lys20 of 
histone H4 is a common hallmark of human cancer. Nat Genet, 37(4), 391-400. 
doi: 10.1038/ng1531 

Frank, S. R., Parisi, T., Taubert, S., Fernandez, P., Fuchs, M., Chan, H. M., . . . Amati, B. 
(2003). MYC recruits the TIP60 histone acetyltransferase complex to chromatin. 
EMBO Rep, 4(6), 575-580. doi: 10.1038/sj.embor.embor861 



 
 
 

137 
 
 

Frazee, A. C., Pertea, G., Jaffe, A. E., Langmead, B., Salzberg, S. L., & Leek, J. T. 
(2015). Ballgown bridges the gap between transcriptome assembly and expression 
analysis. Nat Biotechnol, 33(3), 243-246. doi: 10.1038/nbt.3172 

Frycz, B. A., Murawa, D., Borejsza-Wysocki, M., Marciniak, R., Murawa, P., Drews, M., 
. . . Jagodzinski, P. P. (2014). Decreased expression of ten-eleven translocation 1 
protein is associated with some clinicopathological features in gastric cancer. 
Biomed Pharmacother, 68(2), 209-212. doi: 10.1016/j.biopha.2013.12.011 

Garzon, R., Liu, S., Fabbri, M., Liu, Z., Heaphy, C. E., Callegari, E., . . . Marcucci, G. 
(2009). MicroRNA-29b induces global DNA hypomethylation and tumor 
suppressor gene reexpression in acute myeloid leukemia by targeting directly 
DNMT3A and 3B and indirectly DNMT1. Blood, 113(25), 6411-6418. doi: 
10.1182/blood-2008-07-170589 

Good, C. R., Panjarian, S., Kelly, A. D., Madzo, J., Patel, B., Jelinek, J., & Issa, J. J. 
(2018). TET1-Mediated Hypomethylation Activates Oncogenic Signaling in 
Triple-Negative Breast Cancer. Cancer Res, 78(15), 4126-4137. doi: 
10.1158/0008-5472.CAN-17-2082 

Gottlicher, M., Minucci, S., Zhu, P., Kramer, O. H., Schimpf, A., Giavara, S., . . . 
Heinzel, T. (2001). Valproic acid defines a novel class of HDAC inhibitors 
inducing differentiation of transformed cells. EMBO J, 20(24), 6969-6978. doi: 
10.1093/emboj/20.24.6969 

Grandinetti, K. B., Jelinic, P., DiMauro, T., Pellegrino, J., Fernandez Rodriguez, R., 
Finnerty, P. M., . . . David, G. (2009). Sin3B expression is required for cellular 
senescence and is up-regulated upon oncogenic stress. Cancer Res, 69(16), 6430-
6437. doi: 10.1158/0008-5472.CAN-09-0537 

Grandori, C., Cowley, S. M., James, L. P., & Eisenman, R. N. (2000). The 
Myc/Max/Mad network and the transcriptional control of cell behavior. Annu Rev 
Cell Dev Biol, 16, 653-699.  

Guccione, E., Martinato, F., Finocchiaro, G., Luzi, L., Tizzoni, L., Dall' Olio, V., . . . 
Amati, B. (2006). Myc-binding-site recognition in the human genome is 
determined by chromatin context. Nat Cell Biol, 8(7), 764-770. doi: 
10.1038/ncb1434 

Haferlach, T., Kohlmann, A., Wieczorek, L., Basso, G., Kronnie, G. T., Bene, M. C., . . . 
Foa, R. (2010). Clinical utility of microarray-based gene expression profiling in 
the diagnosis and subclassification of leukemia: report from the International 
Microarray Innovations in Leukemia Study Group. J Clin Oncol, 28(15), 2529-
2537. doi: 10.1200/JCO.2009.23.4732 

Haney, S. L., Hlady, R. A., Opavska, J., Klinkebiel, D., Pirruccello, S. J., Dutta, S., . . . 
Opavsky, R. (2015). Methylation-independent repression of Dnmt3b contributes 
to oncogenic activity of Dnmt3a in mouse MYC-induced T-cell 
lymphomagenesis. Oncogene, 34(43), 5436-5446. doi: 10.1038/onc.2014.472 



 
 
 

138 
 
 

Hayette, S., Thomas, X., Jallades, L., Chabane, K., Charlot, C., Tigaud, I., . . . Michallet, 
M. (2012). High DNA methyltransferase DNMT3B levels: a poor prognostic 
marker in acute myeloid leukemia. PLoS One, 7(12), e51527. doi: 
10.1371/journal.pone.0051527 

Heintzman, N. D., Hon, G. C., Hawkins, R. D., Kheradpour, P., Stark, A., Harp, L. F., . . . 
Ren, B. (2009). Histone modifications at human enhancers reflect global cell-
type-specific gene expression. Nature, 459(7243), 108-112. doi: 
10.1038/nature07829 

Hlady, R. A., Novakova, S., Opavska, J., Klinkebiel, D., Peters, S. L., Bies, J., . . . 
Opavsky, R. (2012). Loss of Dnmt3b function upregulates the tumor modifier 
Ment and accelerates mouse lymphomagenesis. J Clin Invest, 122(1), 163-177. 
doi: 10.1172/JCI57292 

Huang da, W., Sherman, B. T., & Lempicki, R. A. (2009). Systematic and integrative 
analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc, 
4(1), 44-57. doi: 10.1038/nprot.2008.211 

Huang, H., Jiang, X., Li, Z., Li, Y., Song, C. X., He, C., . . . Chen, J. (2013). TET1 plays 
an essential oncogenic role in MLL-rearranged leukemia. Proc Natl Acad Sci U S 
A, 110(29), 11994-11999. doi: 10.1073/pnas.1310656110 

Huang, H., Jiang, X., Wang, J., Li, Y., Song, C. X., Chen, P., . . . Chen, J. (2016). 
Identification of MLL-fusion/MYC dash, verticalmiR-26 dash, verticalTET1 
signaling circuit in MLL-rearranged leukemia. Cancer Lett, 372(2), 157-165. doi: 
10.1016/j.canlet.2015.12.032 

Huang, Y., & Rao, A. (2014). Connections between TET proteins and aberrant DNA 
modification in cancer. Trends Genet, 30(10), 464-474. doi: 
10.1016/j.tig.2014.07.005 

Huerta, M., Munoz, R., Tapia, R., Soto-Reyes, E., Ramirez, L., Recillas-Targa, F., . . . 
Lopez-Bayghen, E. (2007). Cyclin D1 is transcriptionally down-regulated by ZO-
2 via an E box and the transcription factor c-Myc. Mol Biol Cell, 18(12), 4826-
4836. doi: 10.1091/mbc.E07-02-0109 

Ibrahim, M. L., Klement, J. D., Lu, C., Redd, P. S., Xiao, W., Yang, D., . . . Liu, K. 
(2018). Myeloid-Derived Suppressor Cells Produce IL-10 to Elicit DNMT3b-
Dependent IRF8 Silencing to Promote Colitis-Associated Colon Tumorigenesis. 
Cell Rep, 25(11), 3036-3046 e3036. doi: 10.1016/j.celrep.2018.11.050 

Ito, S., D'Alessio, A. C., Taranova, O. V., Hong, K., Sowers, L. C., & Zhang, Y. (2010). 
Role of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and inner 
cell mass specification. Nature, 466(7310), 1129-1133. doi: 10.1038/nature09303 

Ittel, A., Jeandidier, E., Helias, C., Perrusson, N., Humbrecht, C., Lioure, B., . . . 
Mauvieux, L. (2013). First description of the t(10;11)(q22;q23)/MLL-TET1 
translocation in a T-cell lymphoblastic lymphoma, with subsequent lineage switch 
to acute myelomonocytic myeloid leukemia. Haematologica, 98(12), e166-168. 
doi: 10.3324/haematol.2013.096750 



 
 
 

139 
 
 

Jeltsch, A., & Jurkowska, R. Z. (2014). New concepts in DNA methylation. Trends 
Biochem Sci, 39(7), 310-318. doi: 10.1016/j.tibs.2014.05.002 

Ji, H., Wu, G., Zhan, X., Nolan, A., Koh, C., De Marzo, A., . . . Zeller, K. I. (2011). Cell-
type independent MYC target genes reveal a primordial signature involved in 
biomass accumulation. PLoS One, 6(10), e26057. doi: 
10.1371/journal.pone.0026057 

Jiang, Y., Dunbar, A., Gondek, L. P., Mohan, S., Rataul, M., O'Keefe, C., . . . 
Maciejewski, J. P. (2009). Aberrant DNA methylation is a dominant mechanism 
in MDS progression to AML. Blood, 113(6), 1315-1325. doi: 10.1182/blood-
2008-06-163246 

Jinawath, A., Miyake, S., Yanagisawa, Y., Akiyama, Y., & Yuasa, Y. (2005). 
Transcriptional regulation of the human DNA methyltransferase 3A and 3B genes 
by Sp3 and Sp1 zinc finger proteins. Biochem J, 385(Pt 2), 557-564. doi: 
10.1042/BJ20040684 

Jones, P. A., & Baylin, S. B. (2002). The fundamental role of epigenetic events in cancer. 
Nat Rev Genet, 3(6), 415-428. doi: 10.1038/nrg816 

Jones, P. A., & Liang, G. (2009). Rethinking how DNA methylation patterns are 
maintained. Nat Rev Genet, 10(11), 805-811. doi: 10.1038/nrg2651 

Juhling, F., Kretzmer, H., Bernhart, S. H., Otto, C., Stadler, P. F., & Hoffmann, S. 
(2016). metilene: fast and sensitive calling of differentially methylated regions 
from bisulfite sequencing data. Genome Res, 26(2), 256-262. doi: 
10.1101/gr.196394.115 

Kenneth, N. S., Ramsbottom, B. A., Gomez-Roman, N., Marshall, L., Cole, P. A., & 
White, R. J. (2007). TRRAP and GCN5 are used by c-Myc to activate RNA 
polymerase III transcription. Proc Natl Acad Sci U S A, 104(38), 14917-14922. 
doi: 10.1073/pnas.0702909104 

Kiemeney, L. A., Thorlacius, S., Sulem, P., Geller, F., Aben, K. K., Stacey, S. N., . . . 
Stefansson, K. (2008). Sequence variant on 8q24 confers susceptibility to urinary 
bladder cancer. Nat Genet, 40(11), 1307-1312. doi: 10.1038/ng.229 

Kim, D., Langmead, B., & Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low 
memory requirements. Nat Methods, 12(4), 357-360. doi: 10.1038/nmeth.3317 

Kime, L., & Wright, S. C. (2003). Mad4 is regulated by a transcriptional repressor 
complex that contains Miz-1 and c-Myc. Biochem J, 370(Pt 1), 291-298. doi: 
10.1042/BJ20021679 

Knoepfler, P. S., Zhang, X. Y., Cheng, P. F., Gafken, P. R., McMahon, S. B., & 
Eisenman, R. N. (2006). Myc influences global chromatin structure. EMBO J, 
25(12), 2723-2734. doi: 10.1038/sj.emboj.7601152 

Korzus, E., Torchia, J., Rose, D. W., Xu, L., Kurokawa, R., McInerney, E. M., . . . 
Rosenfeld, M. G. (1998). Transcription factor-specific requirements for 
coactivators and their acetyltransferase functions. Science, 279(5351), 703-707.  



 
 
 

140 
 
 

Kramer, O. H., Zhu, P., Ostendorff, H. P., Golebiewski, M., Tiefenbach, J., Peters, M. A., 
. . . Gottlicher, M. (2003). The histone deacetylase inhibitor valproic acid 
selectively induces proteasomal degradation of HDAC2. EMBO J, 22(13), 3411-
3420. doi: 10.1093/emboj/cdg315 

Kress, T. R., Pellanda, P., Pellegrinet, L., Bianchi, V., Nicoli, P., Doni, M., . . . Amati, B. 
(2016). Identification of MYC-Dependent Transcriptional Programs in Oncogene-
Addicted Liver Tumors. Cancer Res, 76(12), 3463-3472. doi: 10.1158/0008-
5472.CAN-16-0316 

Kretzner, L., Blackwood, E. M., & Eisenman, R. N. (1992). Myc and Max proteins 
possess distinct transcriptional activities. Nature, 359(6394), 426-429. doi: 
10.1038/359426a0 

Krueger, F. Trim Galore! URL: 
http://www.bioinformatics.babraham.ac.uk/projects/trim%7B%5C_%7Dgalore/. 
Retrieved from 
http://www.bioinformatics.babraham.ac.uk/projects/trim%7B%5C_%7Dgalore/ 

Krueger, F., & Andrews, S. R. (2011). Bismark: a flexible aligner and methylation caller 
for Bisulfite-Seq applications. Bioinformatics, 27(11), 1571-1572. doi: 
10.1093/bioinformatics/btr167 

Kuck, D., Caulfield, T., Lyko, F., & Medina-Franco, J. L. (2010). Nanaomycin A 
selectively inhibits DNMT3B and reactivates silenced tumor suppressor genes in 
human cancer cells. Mol Cancer Ther, 9(11), 3015-3023. doi: 10.1158/1535-
7163.MCT-10-0609 

Kulis, M., & Esteller, M. (2010). DNA methylation and cancer. Adv Genet, 70, 27-56. 
doi: 10.1016/B978-0-12-380866-0.60002-2 

Kurland, J. F., & Tansey, W. P. (2008). Myc-mediated transcriptional repression by 
recruitment of histone deacetylase. Cancer Res, 68(10), 3624-3629. doi: 
10.1158/0008-5472.CAN-07-6552 

Lachner, M., O'Carroll, D., Rea, S., Mechtler, K., & Jenuwein, T. (2001). Methylation of 
histone H3 lysine 9 creates a binding site for HP1 proteins. Nature, 410(6824), 
116-120. doi: 10.1038/35065132 

35065132 [pii] 
Larsson, L. G., Pettersson, M., Oberg, F., Nilsson, K., & Luscher, B. (1994). Expression 

of mad, mxi1, max and c-myc during induced differentiation of hematopoietic 
cells: opposite regulation of mad and c-myc. Oncogene, 9(4), 1247-1252.  

Laurent, L., Wong, E., Li, G., Huynh, T., Tsirigos, A., Ong, C. T., . . . Wei, C. L. (2010). 
Dynamic changes in the human methylome during differentiation. Genome Res, 
20(3), 320-331. doi: 10.1101/gr.101907.109 

Li, Y., Choi, P. S., Casey, S. C., Dill, D. L., & Felsher, D. W. (2014). MYC through miR-
17-92 suppresses specific target genes to maintain survival, autonomous 
proliferation, and a neoplastic state. Cancer Cell, 26(2), 262-272. doi: 
10.1016/j.ccr.2014.06.014 

http://www.bioinformatics.babraham.ac.uk/projects/trim%7B%5C_%7Dgalore/
http://www.bioinformatics.babraham.ac.uk/projects/trim%7B%5C_%7Dgalore/


 
 
 

141 
 
 

Li, Y., Shen, Z., Jiang, H., Lai, Z., Wang, Z., Jiang, K., . . . Wang, S. (2018). 
MicroRNA4284 promotes gastric cancer tumorigenicity by targeting ten-eleven 
translocation 1. Mol Med Rep, 17(5), 6569-6575. doi: 10.3892/mmr.2018.8671 

Liberzon, A., Subramanian, A., Pinchback, R., Thorvaldsdottir, H., Tamayo, P., & 
Mesirov, J. P. (2011). Molecular signatures database (MSigDB) 3.0. 
Bioinformatics, 27(12), 1739-1740. doi: 10.1093/bioinformatics/btr260 

Lin, C. Y., Loven, J., Rahl, P. B., Paranal, R. M., Burge, C. B., Bradner, J. E., . . . Young, 
R. A. (2012). Transcriptional amplification in tumor cells with elevated c-Myc. 
Cell, 151(1), 56-67. doi: 10.1016/j.cell.2012.08.026 

Lin, W. J., Gary, J. D., Yang, M. C., Clarke, S., & Herschman, H. R. (1996). The 
mammalian immediate-early TIS21 protein and the leukemia-associated BTG1 
protein interact with a protein-arginine N-methyltransferase. J Biol Chem, 
271(25), 15034-15044.  

Little, C. D., Nau, M. M., Carney, D. N., Gazdar, A. F., & Minna, J. D. (1983). 
Amplification and expression of the c-myc oncogene in human lung cancer cell 
lines. Nature, 306(5939), 194-196.  

Liu, T., Tee, A. E., Porro, A., Smith, S. A., Dwarte, T., Liu, P. Y., . . . Marshall, G. M. 
(2007). Activation of tissue transglutaminase transcription by histone deacetylase 
inhibition as a therapeutic approach for Myc oncogenesis. Proc Natl Acad Sci U S 
A, 104(47), 18682-18687. doi: 10.1073/pnas.0705524104 

Liu, X., Tesfai, J., Evrard, Y. A., Dent, S. Y., & Martinez, E. (2003). c-Myc 
transformation domain recruits the human STAGA complex and requires TRRAP 
and GCN5 acetylase activity for transcription activation. J Biol Chem, 278(22), 
20405-20412. doi: 10.1074/jbc.M211795200 

Lou, S., Lee, H. M., Qin, H., Li, J. W., Gao, Z., Liu, X., . . . Yip, K. Y. (2014). Whole-
genome bisulfite sequencing of multiple individuals reveals complementary roles 
of promoter and gene body methylation in transcriptional regulation. Genome 
Biol, 15(7), 408. doi: 10.1186/s13059-014-0408-0 

Lubbert, M., Suciu, S., Hagemeijer, A., Ruter, B., Platzbecker, U., Giagounidis, A., . . . 
the German, M. D. S. S. G. (2016). Decitabine improves progression-free survival 
in older high-risk MDS patients with multiple autosomal monosomies: results of a 
subgroup analysis of the randomized phase III study 06011 of the EORTC 
Leukemia Cooperative Group and German MDS Study Group. Ann Hematol, 
95(2), 191-199. doi: 10.1007/s00277-015-2547-0 

Lundin, C., Hjorth, L., Behrendtz, M., Nordgren, A., Palmqvist, L., Andersen, M. K., . . . 
Johansson, B. (2012). High frequency of BTG1 deletions in acute lymphoblastic 
leukemia in children with down syndrome. Genes Chromosomes Cancer, 51(2), 
196-206. doi: 10.1002/gcc.20944 

Marshall, G. M., Gherardi, S., Xu, N., Neiron, Z., Trahair, T., Scarlett, C. J., . . . Liu, T. 
(2010). Transcriptional upregulation of histone deacetylase 2 promotes Myc-



 
 
 

142 
 
 

induced oncogenic effects. Oncogene, 29(44), 5957-5968. doi: 
10.1038/onc.2010.332 

Martinato, F., Cesaroni, M., Amati, B., & Guccione, E. (2008). Analysis of Myc-induced 
histone modifications on target chromatin. PLoS One, 3(11), e3650. doi: 
10.1371/journal.pone.0003650 

Matsuoka, Y., Fukamachi, K., Uehara, N., Tsuda, H., & Tsubura, A. (2008). Induction of 
a novel histone deacetylase 1/c-Myc/Mnt/Max complex formation is implicated in 
parity-induced refractoriness to mammary carcinogenesis. Cancer Sci, 99(2), 309-
315. doi: 10.1111/j.1349-7006.2007.00689.x 

Mazumdar, A., Wang, R. A., Mishra, S. K., Adam, L., Bagheri-Yarmand, R., Mandal, 
M., . . . Kumar, R. (2001). Transcriptional repression of oestrogen receptor by 
metastasis-associated protein 1 corepressor. Nat Cell Biol, 3(1), 30-37. doi: 
10.1038/35050532 

McMahon, S. B., Van Buskirk, H. A., Dugan, K. A., Copeland, T. D., & Cole, M. D. 
(1998). The novel ATM-related protein TRRAP is an essential cofactor for the c-
Myc and E2F oncoproteins. Cell, 94(3), 363-374.  

McMahon, S. B., Wood, M. A., & Cole, M. D. (2000). The essential cofactor TRRAP 
recruits the histone acetyltransferase hGCN5 to c-Myc. Mol Cell Biol, 20(2), 556-
562.  

Melki, J. R., & Clark, S. J. (2002). DNA methylation changes in leukaemia. Semin 
Cancer Biol, 12(5), 347-357. doi: S1044579X0200055X [pii] 

Mellen, M., Ayata, P., Dewell, S., Kriaucionis, S., & Heintz, N. (2012). MeCP2 binds to 
5hmC enriched within active genes and accessible chromatin in the nervous 
system. Cell, 151(7), 1417-1430. doi: 10.1016/j.cell.2012.11.022 

Mitrea, C., Wijesinghe, P., Dyson, G., Kruger, A., Ruden, D. M., Draghici, S., & Bollig-
Fischer, A. (2018). Integrating 5hmC and gene expression data to infer regulatory 
mechanisms. Bioinformatics, 34(9), 1441-1447. doi: 
10.1093/bioinformatics/btx777 

Mizuno, S., Chijiwa, T., Okamura, T., Akashi, K., Fukumaki, Y., Niho, Y., & Sasaki, H. 
(2001). Expression of DNA methyltransferases DNMT1, 3A, and 3B in normal 
hematopoiesis and in acute and chronic myelogenous leukemia. Blood, 97(5), 
1172-1179.  

Momparler, R. L., Bouchard, J., Onetto, N., & Rivard, G. E. (1984). 5-aza-2'-
deoxycytidine therapy in patients with acute leukemia inhibits DNA methylation. 
Leuk Res, 8(2), 181-185.  

Monteferrario, D., Noordermeer, S. M., Bergevoet, S., Huls, G., Jansen, J. H., & van der 
Reijden, B. A. (2014). High DNA-methyltransferase 3B expression predicts poor 
outcome in acute myeloid leukemia, especially among patients with co-occurring 
NPM1 and FLT3 mutations. Blood Cancer J, 4, e233. doi: 10.1038/bcj.2014.51 



 
 
 

143 
 
 

Mouly, E., Ghamlouch, H., Della-Valle, V., Scourzic, L., Quivoron, C., Roos-Weil, D., . . 
. Bernard, O. A. (2018). B-cell tumor development in Tet2-deficient mice. Blood 
Adv, 2(6), 703-714. doi: 10.1182/bloodadvances.2017014118 

Muller, J., Samans, B., van Riggelen, J., Faga, G., Peh, K. N. R., Wei, C. L., . . . Eilers, 
M. (2010). TGFbeta-dependent gene expression shows that senescence correlates 
with abortive differentiation along several lineages in Myc-induced lymphomas. 
Cell Cycle, 9(23), 4622-4626. doi: 10.4161/cc.9.23.14211 

Nair, S. K., & Burley, S. K. (2003). X-ray structures of Myc-Max and Mad-Max 
recognizing DNA. Molecular bases of regulation by proto-oncogenic transcription 
factors. Cell, 112(2), 193-205.  

Nau, M. M., Brooks, B. J., Battey, J., Sausville, E., Gazdar, A. F., Kirsch, I. R., . . . 
Minna, J. D. (1985). L-myc, a new myc-related gene amplified and expressed in 
human small cell lung cancer. Nature, 318(6041), 69-73.  

Neri, F., Dettori, D., Incarnato, D., Krepelova, A., Rapelli, S., Maldotti, M., . . . Oliviero, 
S. (2015). TET1 is a tumour suppressor that inhibits colon cancer growth by 
derepressing inhibitors of the WNT pathway. Oncogene, 34(32), 4168-4176. doi: 
10.1038/onc.2014.356 

Nie, Z., Hu, G., Wei, G., Cui, K., Yamane, A., Resch, W., . . . Levens, D. (2012). c-Myc 
is a universal amplifier of expressed genes in lymphocytes and embryonic stem 
cells. Cell, 151(1), 68-79. doi: 10.1016/j.cell.2012.08.033 

Niederwieser, C., Kohlschmidt, J., Volinia, S., Whitman, S. P., Metzeler, K. H., Eisfeld, 
A. K., . . . Bloomfield, C. D. (2015). Prognostic and biologic significance of 
DNMT3B expression in older patients with cytogenetically normal primary acute 
myeloid leukemia. Leukemia, 29(3), 567-575. doi: 10.1038/leu.2014.267 

Nilsson, J. A., & Cleveland, J. L. (2003). Myc pathways provoking cell suicide and 
cancer. Oncogene, 22(56), 9007-9021. doi: 10.1038/sj.onc.1207261 

Pajic, A., Spitkovsky, D., Christoph, B., Kempkes, B., Schuhmacher, M., Staege, M. S., . 
. . Eick, D. (2000). Cell cycle activation by c-myc in a burkitt lymphoma model 
cell line. Int J Cancer, 87(6), 787-793.  

Palakurthy, R. K., Wajapeyee, N., Santra, M. K., Gazin, C., Lin, L., Gobeil, S., & Green, 
M. R. (2009). Epigenetic silencing of the RASSF1A tumor suppressor gene 
through HOXB3-mediated induction of DNMT3B expression. Mol Cell, 36(2), 
219-230. doi: 10.1016/j.molcel.2009.10.009 

Pechalrieu, D., Etievant, C., & Arimondo, P. B. (2017). DNA methyltransferase 
inhibitors in cancer: From pharmacology to translational studies. Biochem 
Pharmacol, 129, 1-13. doi: 10.1016/j.bcp.2016.12.004 

Pei, Y. F., Lei, Y., & Liu, X. Q. (2016). MiR-29a promotes cell proliferation and EMT in 
breast cancer by targeting ten eleven translocation 1. Biochim Biophys Acta, 
1862(11), 2177-2185. doi: 10.1016/j.bbadis.2016.08.014 



 
 
 

144 
 
 

Pelengaris, S., Littlewood, T., Khan, M., Elia, G., & Evan, G. (1999). Reversible 
activation of c-Myc in skin: induction of a complex neoplastic phenotype by a 
single oncogenic lesion. Mol Cell, 3(5), 565-577.  

Pesavento, J. J., Yang, H., Kelleher, N. L., & Mizzen, C. A. (2008). Certain and 
progressive methylation of histone H4 at lysine 20 during the cell cycle. Mol Cell 
Biol, 28(1), 468-486. doi: 10.1128/MCB.01517-07 

Peters, S. L., Hlady, R. A., Opavska, J., Klinkebiel, D., Novakova, S., Smith, L. M., . . . 
Opavsky, R. (2013). Essential role for Dnmt1 in the prevention and maintenance 
of MYC-induced T-cell lymphomas. Mol Cell Biol, 33(21), 4321-4333. doi: 
10.1128/MCB.00776-13 

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. 
C., & Ferrin, T. E. (2004). UCSF Chimera--a visualization system for exploratory 
research and analysis. J Comput Chem, 25(13), 1605-1612. doi: 
10.1002/jcc.20084 

Pleyer, L., & Greil, R. (2015). Digging deep into "dirty" drugs - modulation of the 
methylation machinery. Drug Metab Rev, 47(2), 252-279. doi: 
10.3109/03602532.2014.995379 

Poole, C. J., & van Riggelen, J. (2017). MYC-Master Regulator of the Cancer Epigenome 
and Transcriptome. Genes (Basel), 8(5). doi: 10.3390/genes8050142 

Poole, C. J., Zheng, W., Lodh, A., Yevtodiyenko, A., Liefwalker, D., Li, H., . . . van 
Riggelen, J. (2017). DNMT3B overexpression contributes to aberrant DNA 
methylation and MYC-driven tumor maintenance in T-ALL and Burkitt's 
lymphoma. Oncotarget, 8(44), 76898-76920. doi: 10.18632/oncotarget.20176 

Rahl, P. B., Lin, C. Y., Seila, A. C., Flynn, R. A., McCuine, S., Burge, C. B., . . . Young, 
R. A. (2010). c-Myc regulates transcriptional pause release. Cell, 141(3), 432-
445. doi: 10.1016/j.cell.2010.03.030 

Rahl, P. B., & Young, R. A. (2014). MYC and transcription elongation. Cold Spring 
Harb Perspect Med, 4(1), a020990. doi: 10.1101/cshperspect.a020990 

Rasmussen, K. D., & Helin, K. (2016). Role of TET enzymes in DNA methylation, 
development, and cancer. Genes Dev, 30(7), 733-750. doi: 
10.1101/gad.276568.115 

Rivard, G. E., Momparler, R. L., Demers, J., Benoit, P., Raymond, R., Lin, K., & 
Momparler, L. F. (1981). Phase I study on 5-aza-2'-deoxycytidine in children with 
acute leukemia. Leuk Res, 5(6), 453-462.  

Robertson, K. D. (2005). DNA methylation and human disease. Nat Rev Genet, 6(8), 
597-610. doi: 10.1038/nrg1655 

Roninson, I. B. (2003). Tumor cell senescence in cancer treatment. Cancer Res, 63(11), 
2705-2715.  

Rosenbloom, K. R., Armstrong, J., Barber, G. P., Casper, J., Clawson, H., Diekhans, M., . 
. . Kent, W. J. (2015). The UCSC Genome Browser database: 2015 update. 
Nucleic Acids Res, 43(Database issue), D670-681. doi: 10.1093/nar/gku1177 



 
 
 

145 
 
 

Sabo, A., Kress, T. R., Pelizzola, M., de Pretis, S., Gorski, M. M., Tesi, A., . . . Amati, B. 
(2014). Selective transcriptional regulation by Myc in cellular growth control and 
lymphomagenesis. Nature, 511(7510), 488-492. doi: 10.1038/nature13537 

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 
years of image analysis. Nat Methods, 9(7), 671-675.  

Schotta, G., Lachner, M., Sarma, K., Ebert, A., Sengupta, R., Reuter, G., . . . Jenuwein, T. 
(2004). A silencing pathway to induce H3-K9 and H4-K20 trimethylation at 
constitutive heterochromatin. Genes Dev, 18(11), 1251-1262. doi: 
10.1101/gad.300704 

Schotta, G., Sengupta, R., Kubicek, S., Malin, S., Kauer, M., Callen, E., . . . Jenuwein, T. 
(2008). A chromatin-wide transition to H4K20 monomethylation impairs genome 
integrity and programmed DNA rearrangements in the mouse. Genes Dev, 22(15), 
2048-2061. doi: 10.1101/gad.476008 

Schuhmacher, M., Staege, M. S., Pajic, A., Polack, A., Weidle, U. H., Bornkamm, G. W., 
. . . Kohlhuber, F. (1999). Control of cell growth by c-Myc in the absence of cell 
division. Curr Biol, 9(21), 1255-1258.  

Schulze, I., Rohde, C., Scheller-Wendorff, M., Baumer, N., Krause, A., Herbst, F., . . . 
Muller-Tidow, C. (2016). Increased DNA methylation of Dnmt3b targets impairs 
leukemogenesis. Blood, 127(12), 1575-1586. doi: 10.1182/blood-2015-07-655928 

Schwab, M., Alitalo, K., Klempnauer, K. H., Varmus, H. E., Bishop, J. M., Gilbert, F., . . 
. Trent, J. (1983). Amplified DNA with limited homology to myc cellular 
oncogene is shared by human neuroblastoma cell lines and a neuroblastoma 
tumour. Nature, 305(5931), 245-248.  

Shachaf, C. M., & Felsher, D. W. (2005). Tumor dormancy and MYC inactivation: 
pushing cancer to the brink of normalcy. Cancer Res, 65(11), 4471-4474. doi: 
10.1158/0008-5472.CAN-05-1172 

Shachaf, C. M., Gentles, A. J., Elchuri, S., Sahoo, D., Soen, Y., Sharpe, O., . . . Felsher, 
D. W. (2008). Genomic and proteomic analysis reveals a threshold level of MYC 
required for tumor maintenance. Cancer Res, 68(13), 5132-5142. doi: 
10.1158/0008-5472.CAN-07-6192 

Shah, M. Y., Vasanthakumar, A., Barnes, N. Y., Figueroa, M. E., Kamp, A., Hendrick, 
C., . . . Godley, L. A. (2010). DNMT3B7, a truncated DNMT3B isoform 
expressed in human tumors, disrupts embryonic development and accelerates 
lymphomagenesis. Cancer Res, 70(14), 5840-5850. doi: 10.1158/0008-
5472.CAN-10-0847 

Shen, H., & Laird, P. W. (2013). Interplay between the cancer genome and epigenome. 
Cell, 153(1), 38-55. doi: 10.1016/j.cell.2013.03.008 

Shen, L., Shao, N. Y., Liu, X., Maze, I., Feng, J., & Nestler, E. J. (2013). diffReps: 
detecting differential chromatin modification sites from ChIP-seq data with 
biological replicates. PLoS One, 8(6), e65598. doi: 10.1371/journal.pone.0065598 



 
 
 

146 
 
 

Smith, Z. D., & Meissner, A. (2013). DNA methylation: roles in mammalian 
development. Nat Rev Genet, 14(3), 204-220. doi: 10.1038/nrg3354 

Song, C. X., Szulwach, K. E., Fu, Y., Dai, Q., Yi, C., Li, X., . . . He, C. (2011). Selective 
chemical labeling reveals the genome-wide distribution of 5-
hydroxymethylcytosine. Nat Biotechnol, 29(1), 68-72. doi: 10.1038/nbt.1732 

Staller, P., Peukert, K., Kiermaier, A., Seoane, J., Lukas, J., Karsunky, H., . . . Eilers, M. 
(2001). Repression of p15INK4b expression by Myc through association with 
Miz-1. Nat Cell Biol, 3(4), 392-399. doi: 10.1038/35070076 

Stroud, H., Feng, S., Morey Kinney, S., Pradhan, S., & Jacobsen, S. E. (2011). 5-
Hydroxymethylcytosine is associated with enhancers and gene bodies in human 
embryonic stem cells. Genome Biol, 12(6), R54. doi: 10.1186/gb-2011-12-6-r54 

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. 
A., . . . Mesirov, J. P. (2005). Gene set enrichment analysis: a knowledge-based 
approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U 
S A, 102(43), 15545-15550. doi: 10.1073/pnas.0506580102 

Swanson, K. A., Knoepfler, P. S., Huang, K., Kang, R. S., Cowley, S. M., Laherty, C. D., 
. . . Radhakrishnan, I. (2004). HBP1 and Mad1 repressors bind the Sin3 
corepressor PAH2 domain with opposite helical orientations. Nat Struct Mol Biol, 
11(8), 738-746. doi: 10.1038/nsmb798 

Taub, R., Kirsch, I., Morton, C., Lenoir, G., Swan, D., Tronick, S., . . . Leder, P. (1982). 
Translocation of the c-myc gene into the immunoglobulin heavy chain locus in 
human Burkitt lymphoma and murine plasmacytoma cells. Proc Natl Acad Sci U 
S A, 79(24), 7837-7841.  

Utley, R. T., Ikeda, K., Grant, P. A., Cote, J., Steger, D. J., Eberharter, A., . . . Workman, 
J. L. (1998). Transcriptional activators direct histone acetyltransferase complexes 
to nucleosomes. Nature, 394(6692), 498-502. doi: 10.1038/28886 

van Riggelen, J., Muller, J., Otto, T., Beuger, V., Yetil, A., Choi, P. S., . . . Eilers, M. 
(2010). The interaction between Myc and Miz1 is required to antagonize 
TGFbeta-dependent autocrine signaling during lymphoma formation and 
maintenance. Genes Dev, 24(12), 1281-1294. doi: 10.1101/gad.585710 

van Riggelen, J., Yetil, A., & Felsher, D. W. (2010). MYC as a regulator of ribosome 
biogenesis and protein synthesis. Nat Rev Cancer, 10(4), 301-309. doi: 
10.1038/nrc2819 

Vasanthakumar, A., Lepore, J. B., Zegarek, M. H., Kocherginsky, M., Singh, M., Davis, 
E. M., . . . Godley, L. A. (2013). Dnmt3b is a haploinsufficient tumor suppressor 
gene in Myc-induced lymphomagenesis. Blood, 121(11), 2059-2063. doi: 
10.1182/blood-2012-04-421065 

Veillard, A.-C., Datlinger, P., Laczik, M., Squazzo, S., & Bock, C. (2016). 
Diagenode[reg] Premium RRBS technology: cost-effective DNA methylation 
mapping with superior coverage. Nat Meth, 13(2). doi: 10.1038/nmeth.f.391 



 
 
 

147 
 
 

Veland, N., Lu, Y., Hardikar, S., Gaddis, S., Zeng, Y., Liu, B., . . . Chen, T. (2019). 
DNMT3L facilitates DNA methylation partly by maintaining DNMT3A stability 
in mouse embryonic stem cells. Nucleic Acids Res, 47(1), 152-167. doi: 
10.1093/nar/gky947 

Waanders, E., Scheijen, B., van der Meer, L. T., van Reijmersdal, S. V., van Emst, L., 
Kroeze, Y., . . . Kuiper, R. P. (2012). The origin and nature of tightly clustered 
BTG1 deletions in precursor B-cell acute lymphoblastic leukemia support a model 
of multiclonal evolution. PLoS Genet, 8(2), e1002533. doi: 
10.1371/journal.pgen.1002533 

Walz, S., Lorenzin, F., Morton, J., Wiese, K. E., von Eyss, B., Herold, S., . . . Eilers, M. 
(2014). Activation and repression by oncogenic MYC shape tumour-specific gene 
expression profiles. Nature, 511(7510), 483-487. doi: 10.1038/nature13473 

Wang, J., Elahi, A., Ajidahun, A., Clark, W., Hernandez, J., Achille, A., . . . Shibata, D. 
(2014). The interplay between histone deacetylases and c-Myc in the 
transcriptional suppression of HPP1 in colon cancer. Cancer Biol Ther, 15(9), 
1198-1207. doi: 10.4161/cbt.29500 

Wang, J., Li, F., Ma, Z., Yu, M., Guo, Q., Huang, J., . . . Jin, J. (2018). High Expression 
of TET1 Predicts Poor Survival in Cytogenetically Normal Acute Myeloid 
Leukemia From Two Cohorts. EBioMedicine, 28, 90-96. doi: 
10.1016/j.ebiom.2018.01.031 

Wang, J., Walsh, G., Liu, D. D., Lee, J. J., & Mao, L. (2006). Expression of Delta 
DNMT3B variants and its association with promoter methylation of p16 and 
RASSF1A in primary non-small cell lung cancer. Cancer Res, 66(17), 8361-8366. 
doi: 10.1158/0008-5472.CAN-06-2031 

Wanzel, M., Herold, S., & Eilers, M. (2003). Transcriptional repression by Myc. Trends 
Cell Biol, 13(3), 146-150.  

Wasserman, N. F., Aneas, I., & Nobrega, M. A. (2010). An 8q24 gene desert variant 
associated with prostate cancer risk confers differential in vivo activity to a MYC 
enhancer. Genome Res, 20(9), 1191-1197. doi: 10.1101/gr.105361.110 

Wasserman, W. W., & Sandelin, A. (2004). Applied bioinformatics for the identification 
of regulatory elements. Nat Rev Genet, 5(4), 276-287. doi: 10.1038/nrg1315 

Weinstein, I. B., & Joe, A. (2008). Oncogene addiction. Cancer Res, 68(9), 3077-3080; 
discussion 3080. doi: 10.1158/0008-5472.CAN-07-3293 

Weiss, A. J., Stambaugh, J. E., Mastrangelo, M. J., Laucius, J. F., & Bellet, R. E. (1972). 
Phase I study of 5-azacytidine (NSC-102816). Cancer Chemother Rep, 56(3), 
413-419.  

Weng, A. P., Ferrando, A. A., Lee, W., Morris, J. P. t., Silverman, L. B., Sanchez-
Irizarry, C., . . . Aster, J. C. (2004). Activating mutations of NOTCH1 in human T 
cell acute lymphoblastic leukemia. Science, 306(5694), 269-271. doi: 
10.1126/science.1102160 



 
 
 

148 
 
 

Wijermans, P., Lubbert, M., Verhoef, G., Bosly, A., Ravoet, C., Andre, M., & Ferrant, A. 
(2000). Low-dose 5-aza-2'-deoxycytidine, a DNA hypomethylating agent, for the 
treatment of high-risk myelodysplastic syndrome: a multicenter phase II study in 
elderly patients. J Clin Oncol, 18(5), 956-962. doi: 10.1200/JCO.2000.18.5.956 

Williams, K., Christensen, J., & Helin, K. (2011). DNA methylation: TET proteins-
guardians of CpG islands? EMBO Rep, 13(1), 28-35. doi: 
10.1038/embor.2011.233 

Wu, C. H., Sahoo, D., Arvanitis, C., Bradon, N., Dill, D. L., & Felsher, D. W. (2008). 
Combined analysis of murine and human microarrays and ChIP analysis reveals 
genes associated with the ability of MYC to maintain tumorigenesis. PLoS Genet, 
4(6), e1000090. doi: 10.1371/journal.pgen.1000090 

Wu, C. H., van Riggelen, J., Yetil, A., Fan, A. C., Bachireddy, P., & Felsher, D. W. 
(2007). Cellular senescence is an important mechanism of tumor regression upon 
c-Myc inactivation. Proc Natl Acad Sci U S A, 104(32), 13028-13033. doi: 
10.1073/pnas.0701953104 

Wu, H., & Zhang, Y. (2011). Mechanisms and functions of Tet protein-mediated 5-
methylcytosine oxidation. Genes Dev, 25(23), 2436-2452. doi: 
10.1101/gad.179184.111 

Wu, S., Cetinkaya, C., Munoz-Alonso, M. J., von der Lehr, N., Bahram, F., Beuger, V., . 
. . Larsson, L. G. (2003). Myc represses differentiation-induced p21CIP1 
expression via Miz-1-dependent interaction with the p21 core promoter. 
Oncogene, 22(3), 351-360. doi: 10.1038/sj.onc.1206145 

Wutz, A., Smrzka, O. W., Schweifer, N., Schellander, K., Wagner, E. F., & Barlow, D. P. 
(1997). Imprinted expression of the Igf2r gene depends on an intronic CpG island. 
Nature, 389(6652), 745-749. doi: 10.1038/39631 

Xu, Y., Wu, F., Tan, L., Kong, L., Xiong, L., Deng, J., . . . Shi, Y. G. (2011). Genome-
wide regulation of 5hmC, 5mC, and gene expression by Tet1 hydroxylase in 
mouse embryonic stem cells. Mol Cell, 42(4), 451-464. doi: 
10.1016/j.molcel.2011.04.005 

Yang, L., Yu, S. J., Hong, Q., Yang, Y., & Shao, Z. M. (2015). Reduced Expression of 
TET1, TET2, TET3 and TDG mRNAs Are Associated with Poor Prognosis of 
Patients with Early Breast Cancer. PLoS One, 10(7), e0133896. doi: 
10.1371/journal.pone.0133896 

Yang, Y. C., Tang, Y. A., Shieh, J. M., Lin, R. K., Hsu, H. S., & Wang, Y. C. (2014). 
DNMT3B overexpression by deregulation of FOXO3a-mediated transcription 
repression and MDM2 overexpression in lung cancer. J Thorac Oncol, 9(9), 
1305-1315. doi: 10.1097/JTO.0000000000000240 

Yeager, M., Orr, N., Hayes, R. B., Jacobs, K. B., Kraft, P., Wacholder, S., . . . Thomas, 
G. (2007). Genome-wide association study of prostate cancer identifies a second 
risk locus at 8q24. Nat Genet, 39(5), 645-649. doi: 10.1038/ng2022 



 
 
 

149 
 
 

Yetil, A., Anchang, B., Gouw, A. M., Adam, S. J., Zabuawala, T., Parameswaran, R., . . . 
Felsher, D. W. (2015). p19ARF is a critical mediator of both cellular senescence 
and an innate immune response associated with MYC inactivation in mouse 
model of acute leukemia. Oncotarget, 6(6), 3563-3577. doi: 
10.18632/oncotarget.2969 

Zanke, B. W., Greenwood, C. M., Rangrej, J., Kustra, R., Tenesa, A., Farrington, S. M., . 
. . Dunlop, M. G. (2007). Genome-wide association scan identifies a colorectal 
cancer susceptibility locus on chromosome 8q24. Nat Genet, 39(8), 989-994. doi: 
10.1038/ng2089 

Zech, L., Haglund, U., Nilsson, K., & Klein, G. (1976). Characteristic chromosomal 
abnormalities in biopsies and lymphoid-cell lines from patients with Burkitt and 
non-Burkitt lymphomas. Int J Cancer, 17(1), 47-56.  

Zeller, K. I., Jegga, A. G., Aronow, B. J., O'Donnell, K. A., & Dang, C. V. (2003). An 
integrated database of genes responsive to the Myc oncogenic transcription factor: 
identification of direct genomic targets. Genome Biol, 4(10), R69. doi: 
10.1186/gb-2003-4-10-r69 

Zhang, W., & Xu, J. (2017). DNA methyltransferases and their roles in tumorigenesis. 
Biomark Res, 5, 1. doi: 10.1186/s40364-017-0081-z 

Zhang, X., Choi, P. S., Francis, J. M., Imielinski, M., Watanabe, H., Cherniack, A. D., & 
Meyerson, M. (2016). Identification of focally amplified lineage-specific super-
enhancers in human epithelial cancers. Nat Genet, 48(2), 176-182. doi: 
10.1038/ng.3470 

Zhang, X., Wu, M., Xiao, H., Lee, M. T., Levin, L., Leung, Y. K., & Ho, S. M. (2010). 
Methylation of a single intronic CpG mediates expression silencing of the PMP24 
gene in prostate cancer. Prostate, 70(7), 765-776. doi: 10.1002/pros.21109 

Zhang, X. Y., DeSalle, L. M., Patel, J. H., Capobianco, A. J., Yu, D., Thomas-
Tikhonenko, A., & McMahon, S. B. (2005). Metastasis-associated protein 1 
(MTA1) is an essential downstream effector of the c-MYC oncoprotein. Proc Natl 
Acad Sci U S A, 102(39), 13968-13973. doi: 0502330102 [pii] 

10.1073/pnas.0502330102 
Zhu, P., Martin, E., Mengwasser, J., Schlag, P., Janssen, K. P., & Gottlicher, M. (2004). 

Induction of HDAC2 expression upon loss of APC in colorectal tumorigenesis. 
Cancer Cell, 5(5), 455-463.  

Zilberman, D., Coleman-Derr, D., Ballinger, T., & Henikoff, S. (2008). Histone H2A.Z 
and DNA methylation are mutually antagonistic chromatin marks. Nature, 
456(7218), 125-129. doi: 10.1038/nature07324 
 
 


	I. INTRODUCTION
	A. Statement of the Problem
	B. Review of the Related Literature
	1. The c-MYC oncogene as a critical factor in human neoplasia
	2. MYC in Burkitt lymphoma and T-cell acute lymphoblastic leukemia (T-ALL)
	3. MYC in the classic model: a site-specific transcription factor
	3.1 Site-specific activation of canonical MYC target genes
	3.2 Antagonizing site-specific activation of canonical MYC target genes
	3.3 Site-specific repression of non-canonical MYC target genes
	3.4 Fine-tuning site-specific regulation of canonical MYC target genes
	4. MYC in the global model: genomic-wide effects on gene expression
	4.1 MYC increases global histone acetylation
	4.2 MYC increases global histone deacetylation
	4.3 MYC increases global histone methylation
	4.4 The effect of MYC on gene regulation and global chromatin structure
	5. Components of the DNA methylation machinery
	6. DNA methylation: regulation of gene expression in tumorigenesis
	7. DNA methylation as a therapeutic target

	II. MATERIALS AND METHODS
	1. Cell culture
	2. shRNA-mediated knockdown
	3.   Ectopic gene expression
	4.  Cloning and bacterial transformation
	5.   Virus production and transduction
	6.  Cell growth and viability
	7.   Cell extracts and western blot analysis
	8.   Tissue collection
	9.   RNA extraction and analysis of gene expression
	10.   Cell cycle analysis using propidium iodide
	11.   Flow cytometric analysis of cell death
	12.   RNA-sequencing
	13.   RNA-sequencing data analysis
	14.   Reduced representation bisulfite sequencing (RRBS)
	15.   MeDIP – and hMeDIP-sequencing
	16.   MeDIP – and hMeDIP-sequencing data analysis
	17.   Chromatin immunoprecipitation (ChIP)
	18.   Gene set enrichment analysis (GSEA)
	19.   Functional annotation of biological processes
	20.   Clinical specimen data analysis
	21.   Statistical analysis

	III. RESULTS
	1. Tumor regression upon MYC inactivation in T-ALL is associated with genome-wide changes in DNA methylation and hydroxymethylation.
	2. DNMT1 and DNMT3B are overexpressed in T-ALL and Burkitt lymphoma cell lines.
	3. DNMT1 and DNMT3B are overexpressed in clinical T-ALL and Burkitt lymphoma specimens.
	4. Overexpression of DNMT1 and DNMT3B in T-ALL and Burkitt lymphoma is MYC-dependent.
	5. DNMT1 and DNMT3B are direct transcriptional target of MYC in T-ALL and Burkitt lymphoma.
	6. Suppression of endogenous MYC in human T-ALL, Burkitt lymphoma, and CML cell lines leads to decreased DBMT3B expression.
	7. Loss of DNMT3B function decreases tumor cell proliferation.
	8. Pharmacological inhibition of DNMT3B using Nanaomycin A reduced tumor cell proliferation in T-ALL.
	9. DNMT3B knockdown affects genome-wide DNA methylation in T-ALL.
	10. DNMT3B knockdown affects genome-wide gene expression in T-ALL.
	11. TET1 is overexpressed, while TET2 is suppressed in human T-ALL cell lines and clinical specimens.
	12. TET1 and TET2 expression levels in T-ALL are MYC-dependent, and are inversed upon MYC inactivation.
	13. TET1 knockdown reduces cell proliferation of human T-ALL cells.
	14. Knockdown of TET1 in human T-ALL cells alters DNA methylation and hydroxymethylation patterns and gene expression programs.
	15. Ectopic expression of TET2 decreased tumor cell proliferation.
	16. Ectopic expression of TET2 in human T-ALL cells alters gene expression programs by changing DNA methylation and hydroxymethylation.
	17. TET1, TET2 and MYC target genes overlap.

	IV. DISCUSSION
	1. Essential role of DNMT3B during MYC-driven tumor maintenance
	2.   Essential role of TETs during MYC-driven tumor maintenance
	3. Integrating DNMT and TET function
	V. SUMMARY
	VI. REFERENCES

