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DNA methylation (5mC) is a stabile epigenetic mark that confers differential 

function for gene expression and chromatin accessibility dependent on the 

context and locality of the mark. Promoter regions populated by CpG islands 

(CGIs) are highly unmethylated while the remaining ~80% of CpGs are 

methylated and distributed across gene bodies, repetitive and transposable 

elements, and intergenic regions of the genome. The presence and/or absence 

of particular histone modifications also dictate the patterning of 5mC genome-

wide. In cancer, a reversal of 5mC patterns occur in which hypermethylation of 

tumor suppressor gene CGIs confers gene silencing, and hypomethylation of 

repetitive and transposable elements contribute to genomic instability. The 

mechanisms by which 5mC becomes aberrantly regulated in cancer remain 

unknown. In this study, direct and indirect mechanisms of 5mC regulation were 

investigated. To understand the direct regulation of 5mC genome-wide, we 

depleted cell line models of the DNA methyltransferases (DNMTs) that are 

responsible for establishing (DNMT3A, DNMT3B, DNMT3L) and maintaining 

(DNMT1) 5mC patterns. Profiling of 5mC patterns on the Illumina 

HumanMethylation450 BeadChip revealed a unique antithetical relationship 

between DNMT1 and DNMT3B for the regulation of both 5mC and DNA 

hydroxymethylation (5hmC) across gene bodies. DNMT3B mediated nonCpG 

methylation, while DNMT3L influenced the activity of DNMT3B toward nonCG 

versus CpG site methylation. DNMT3B depletion induced 5mC patterns that 



closely resemble those observed during cellular differentiation and occurred 

across gene bodies of highly expressed, H3K36me3-marked genes. SETD2, the 

histone methyltransferase responsible for H3K36me3 establishment across 

active gene bodies, was determined to influence the guidance of DNA 

methylation genome-wide through an indirect mechanism. SETD2 knockout 

induced widespread loss of H3K36me3 that did not coincide with changes in 

5mC. However, paradoxical gains in H3K36me3 significantly induced 

hypermethylation and upregulation of underlying genes. Genes marked 

exclusively by the poised enhancer mark, H3K4me1, were commonly targeted for 

this epigenetic phenotype. DNA methylome profiling of loss-of-function SETD2 

mutated clear cell renal cell carcinoma, papillary renal cell carcinoma, and lung 

adenocarcinoma tumors confirmed the predominance of the hypermethylation 

phenotype upon loss of SETD2. Collectively, these studies provide novel insight 

to understanding the regulatory mechanisms by which 5mC patterns are 

conferred. 
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CHAPTER I: INTRODUCTION 

 

A. Statement of the Problem and Specific Aims 

At the most basic level, epigenetics is the study of inheritable changes in gene 

expression without directly changing the underlying sequence of the DNA. 

However, the actuality of gene expression regulation by epigenetic marks is very 

complex as the epigenome works to establish expression programs necessary 

for the development and terminal differentiation of each cell type in the human 

body. Broadly, the epigenome encompasses chemical modifications to the DNA 

and histone proteins that modify the accessibility of genes to transcription factors 

and machinery via the relative compaction and regulation of chromatin. 

Nucleosomes are the basic unit of chromatin and are composed of ~147 base 

pairs of DNA wrapped around an octamer of core histone heterotetramers of 

H2A/H2B and H3/H4. Protruding from the nucleosome are histone tails that 

contain lysine and arginine residues that are hotspots for epigenetic chemical 

modifications such as acetylation, phosphorylation, and methylation. Different 

histone marks aid in the regulation of particular chromatin states. For example, 

trimethylation of lysine 9 on histone H3 (H3K9me3) is widespread and is usually 
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indicative of repressive heterochromatin (closed chromatin), while trimethylation 

of lysine 4 on histone H3 (H3K4me3) is directed near transcription start sites 

(TSS) of active genes and is associated with a more euchromatic, 

transcriptionally permissive state (open chromatin).  

 

DNA modifications occur at the 5’-carbon of cytosine residues in the genome, 

typically in the context of CpG dinucleotides. 5’methylcytosine (5mC) is by far the 

most widely studied DNA modification on DNA. Recently, additional DNA 

modifications have been identified including 5’hydroxymethylcytosine (5hmC), 

5’formylcytosine (5fC), and 5’carboxylcytosine (5caC). CpG dinucleotides are 

neither distributed equally throughout the genome nor proportional to the number 

of dinucleotides that would be expected by GC content of the genome [1] as 

evolution has selected against their presence due to spontaneous deamination of 

5mC to thymine that can lead to germ line mutations [2, 3]. With the exception of 

most gene promoters, the remaining CpG dinucleotides are distributed sparsely 

at repetitive regions, transposable elements, and gene bodies throughout the 

genome. Over 60-70% of gene promoters contain CpG dense regions termed 

CpG islands (CGIs) that are common to housekeeping and tissue-specific genes 

[4]. In certain cellular contexts, DNA modifications can also occur at CpA, CpC, 

and CpT dinucleotides collectively termed nonCG methylation. 
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Overall, regulation of the epigenome is an intricate and dynamic process for 

which aberrant control leads to severe alterations in genomic stability and gene 

expression programs of differentiated cells. Cancer is a disease in which 

previously normal cells exhibit uncontrolled cell division due to abnormal 

regulation of cellular processes. Alterations in epigenetic mark distributions are 

commonly observed in multiple types of cancer, however, little is known with 

regard to specific mechanisms by which the epigenome becomes dysregulated 

and contributes to cancer progression. The current paradigm in normal cells 

places a majority (~80%) of 5mC at repetitive centromeric sequences and 

transposable elements to maintain chromosomal stability. Conversely, 5mC is 

largely absent at transcription start sites flanked by CGIs, whose methylation 

status is generally inversely related to transcriptional activity. In cancer, 5mC 

patterns experience a marked reversal in distribution compared to normal cells in 

which global hypomethylation of repetitive and transposable elements contribute 

to genomic instability and hypermethylation at promoters of tumor suppressor 

genes silences transcription (Figure 1). Additionally, aberrant regulation of gene 

body 5mC patterning results in altered splicing and expression of mRNA 

transcripts (Figure 1).  
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Figure 1. DNA methylation and cancer. The top panel demonstrates DNA 

methylation patterns in normal cells with 5mC predominately occurring in 

intergenic regions of the genome and largely absent from gene promoter regions. 

The bottom panel reveals a reversal of DNA methylation patterns in cancer with 

hypomethylation in intergenic regions and gene-specific hypermethylation of 

promoters. White circles = unmethylated CpG; Black circles = methylated CpG. 

TSG = Tumor Suppressor Gene 
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Little is known with regard to how aberrant 5mC patterns arise in cancer. Central 

to understanding the regulation of 5mC is determining how the coordinated 

efforts of the enzymes responsible for this modification, the DNA 

methyltransferases (DNMTs), contribute to the 5mC profile genome-wide. 

Additionally, consortiums such as the Cancer Genome Atlas (TCGA) have 

conducted whole-exome sequencing on several tumor types and have identified 

mutations in a multitude of epigenetic modifiers involved in histone modification 

regulation and chromatin remodeling [5, 6]. One such epigenetic modifier, 

SETD2, is mutated in multiple tumor types including clear cell renal cell 

carcinoma (ccRCC), papillary renal cell carcinoma (pRCC), gliomas, and lung 

adenocarcinomas [7, 8]. SETD2 is the only known histone methyltransferase 

(HMT) to trimethylate lysine 36 on histone H3 (H3K36me3), a histone 

modification that is strongly associated with active gene bodies. 

  

The work presented in this dissertation focuses on two aspects of epigenetic 

regulation. First, in an effort to better understand the division of labor among the 

DNMTs, we focus on identifying target loci and mechanisms by which the 

DNMTs regulate 5mC and 5hmC distributions throughout the genome. The 

second portion of this work focuses on a particular tumor type, ccRCC, and 

determining how mutations in the HMT SETD2 contribute to aberrant 

distributions of epigenetic marks in cancer.   
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SPECIFIC AIM 1: Define genome-wide 5mC patterns specific for individual 

and combinatorial loss of the DNMTs and decipher the context of identified 

target loci with developmental processes and histone mark distributions. 

Specific Aim 1 tests the hypothesis that acute depletion of the DNMTs will induce 

specific changes in 5mC patterning that will reveal unique and cooperative roles 

for the DNMTs. 

 

SPECIFIC AIM 2: In ccRCC, decipher the impact loss-of-function SETD2 

mutations have on the regulation of H3K36me3 distribution and 5mC 

patterning. Specific Aim 2 tests the hypothesis that loss of SETD2 due to 

genetic knockout strategies in a ccRCC cell line recapitulates aberrant 

phenotypes of the epigenome present in SETD2 mutated tumors.  

 

B. Review of Related Literature 

 

1. The Growing Complexity of DNA Modifications 

The study and breadth of DNA modifications has exploded in the past decade. 

For over 40 years, study of 5mC patterning and regulation dominated the field. 

During the 1990s and early 2000s, members of the DNA methyltransferase 

(DNMT) family which include three catalytically active enzymes and one inactive 

cofactor were discovered as the enzymes responsible for catalyzing the transfer 

of a methyl group from the donor S-adenosylmethionine (SAM) to the 5’ carbon 

of cytosine. Before the introduction of next-generation sequencing in the mid-



7 
 

2000s, 5mC patterns were mainly studied in the context of gene silencing by 

promoter hypermethylation of CGIs. The predominant roles for each of the 

DNMTs were also defined during this time period. Complete genetic inactivation 

of the catalytically active DNMTs results in embryonic (DNMT1, DNMT3B) and 

postnatal (DNMT3A) lethality [9, 10], demonstrating that they are essential for 

development. DNMT1 was determined to be the maintenance methyltransferase 

as it is preferentially recruited to hemimethylated DNA by UHRF1 to maintain 

5mC patterns following DNA replication [11, 12]. DNMT3A and DNMT3B were 

defined as the de novo methyltransferases, as they are crucial for establishing 

methylation patterns early in development and for initiating cell-type specific 

methylation patterns during differentiation [10]. DNMT3L, a fourth member of the 

DNMT family that lacks catalytic activity, is critical for proper development of 

primordial germ cells and establishment of maternal genomic imprints [13, 14] 

through its interaction with DNMT3A and DNMT3B [15, 16].  

 

Although 5hmC was first observed in mammalian DNA in the 1970s [17], it 

remained largely unstudied until 2009 when two groups identified oxidation of 

5mC to 5hmC by members of the ten-eleven translocase (TET) family [18, 19]. 

Altogether, three TET enzymes have been identified that utilize α-ketoglutarate 

(α-KG), Fe2+, and molecular oxygen as cofactors for the oxidation of DNA 

modifications (Hu 2013), including TET1, TET2, and TET3 [19, 20]. Additionally 

the TET family can further oxidize 5hmC to 5fC and 5caC [21, 22], and eventual 

base-excision repair of 5fC and 5caC by thymine DNA glycosylase (TDG) can 
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return cytosine to an unmethylated state [21, 23]. Collectively, these studies 

provide the pieces to complete the cytosine modification cycle that had largely 

been unknown (Figure 2). It is important to note that DNA demethylation can 

occur through not just active demethylation, but passive as well. All of the 

cytosine modifications can be lost by dilution of signal through cell division, 

termed replication-dependent demethylation, if the 5mC mark is not maintained 

during DNA replication or 5mC was converted by the TETs into an oxidized base 

prior to DNA replication [24].  
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Figure 2. DNA modification cycle. Unmodified cytosine is converted to 5mC 

through the action of the DNMTs. 5mC can then be oxidized by the TET proteins 

to 5hmC. 5hmC through oxidation by the TETs can be further converted to 5fC 

and 5caC. 5fC and 5caC is recognized by TDG, and undergo base excision 

repair, and an unmodified cytosine is placed back into the DNA strand.  

 

2. Distribution and Function of 5mC 

Prior to the ability to conduct genome-wide studies, 5mC research had primarily 

focused on understanding the context and regulation of CGIs present at gene 

promoters and the effect on silencing on a gene-by-gene basis. Due to this 

original bias, the presence of 5mC at genomic elements is still widely regarded 
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as a silencing mechanism. Indeed, silencing of paternal or maternal alleles at 

imprinted genes is largely mediated by 5mC [25], and hypermethylation of tumor 

suppressor gene promoters results in silencing [26]. However, the advent of next-

generation sequencing has revolutionized the study of 5mC patterning and has 

shifted our understanding of 5mC function to a paradigm that is highly dependent 

on the context and locality of the mark. For example, hypermethylation of CGI 

promoters is still highly regarded as a silencing mechanism, but the presence of 

5mC across gene bodies is strongly correlated to active transcription rather than 

repression [27, 28]. Additionally, whole genome bisulfite sequencing of over 30 

different cell types determined that almost 80% of CpGs do not experience 

changes in 5mC level, and the most dynamic changes in 5mC patterning occurs 

at distal regulatory elements [29-32]. Taken together, we now understand that 

5mC distributions are not as simple as we once thought, but are actually very 

complex as the architecture of genomic sequence, histone modification, and 

nucleosome occupancy must be taken into consideration to fully understand the 

readout for chromatin regulation and gene transcription [29, 33-35]. 

 

Promoters  

Gene promoters can be classified into two categories determinate on the CpG 

density surrounding the TSS: CGI or nonCGI containing. Approximately 60-70% 

of gene promoters contain CGIs and are enriched for highly expressed 

housekeeping genes as well as a proportion of tissue-specific and developmental 

genes [4]. The remaining 30-40% of gene promoters demonstrate low CpG 
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density similar to the rest of the genome [4], and these promoters are among the 

most dynamic in 5mC patterning as they are typically tissue-specific [29, 31, 36, 

37]. The majority of CGI promoters are unmethylated, a state thought to be 

conferred by exclusion of the DNMTs by the TETs [38, 39] or histone 

modifications such as H3K4me3 [40, 41]. Notable exceptions include imprinted 

genes in which expression is monoallelic in a parent of origin dependent manner, 

and the non-expressed allele is silenced through epigenetic marks including 5mC 

[42]. Unlike CGI promoters, most nonCGI promoters are methylated and 

transcriptionally inactive [29, 36]. Particular epigenomic architectures that are 

composed of nucleosome occupancy, 5mC distributions, and histone 

modifications are established at CGI and nonCGI promoters that determine their 

transcriptional state. At both CGI and nonCGI promoters of transcriptionally 

active genes, nucleosome depleted regions (NDRs) are observed upstream of 

the TSS [43-45] with nucleosomes directly downstream of the TSS marked by 

the active histone modification, H3K4me3 [46, 47]. Whereas almost all CGI 

promoters contain this architecture as they are typically found at active 

housekeeping genes, nonCGI promoters only do so in a tissue-specific manner 

[31, 47]. At transcriptionally inactive promoters, both CGI and nonCGI, the 

promoters can either be in a repressed state with increased nucleosome 

occupancy marked by H3K27me3, or a silenced state with the addition of 5mC to 

H3K27me3 marked nucleosomes [32, 33, 47-49]. An important feature unique to 

embryonic stem cells (ESCs) is the presence of a bivalent state at certain gene 

CGI promoters in which both the active histone mark H3K4me3 and the 
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repressive polycomb-mediated mark H3K27me3 are present [48, 49]. Genes 

demonstrating this unique histone modification architecture are typically 

associated with tissue-specific differentiation, and therefore are placed in a 

“poised” state in ESCs so that once differentiation cues are detected they can 

readily undergo either active transcription or silencing [48, 49]. 

 

Gene body  

The presence of 5mC across gene bodies and its correlation with active 

expression is a recent discovery [27, 28], and the functional implications of its 

presence is still being determined. Within the gene body, exons specifically 

demonstrate enrichment for 5mC, H3K36me3, and nucleosome occupancy [27, 

45, 50, 51]. Notably, 5mC peaks at exon-intron boundaries and GC content of the 

exon relative to the intron influences the level of methylation [27, 50, 52]. Given 

5mC enrichment association with exons, the ability of 5mC to influence 

alternative splicing has been explored. Currently, three different mechanisms for 

alternative splicing have been linked to the presence of DNA methylation within 

gene bodies [53]. The first mechanism employs CTCF binding to particular 

exons, and in doing so slows the progression of RNA polymerase II for exon 

inclusion [54]. Importantly, CTCF and DNA methylation are mutually exclusive, 

therefore the presence of 5mC on CTCF-regulated exons results in exclusion of 

the exon as CTCF is not able to bind and pause the rate of RNA polymerase II 

[54].  The second mechanism acts in an opposite manner to that of CTCF as a 

reader of 5mC, MeCP2, is recruited to methylated exons [55]. In doing so, 
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MeCP2 further recruits HDACs for hypoacetylation of the locus leading to 

pausing of RNA Polymerase II and alternative exon inclusion [55]. The final 

mechanism by which DNA methylation has been linked to alternative splicing 

involves the recruitment of splicing factors through the HP1 H3K9 methylation 

reader family [56]. Alternative exons enriched for nucleosomes marked with 5mC 

stimulate the addition of H3K9me3, the substrate for HP1. HP1 is recruited to 

H3K9me3 and subsequently recruits splicing factors for exon inclusion [56]. Also 

within gene bodies are intragenic CGIs that are methylated in a tissue-specific 

manner [46, 57]. Interestingly, these CGIs have been demonstrated to act as 

alternative promoters for tissue-specific transcripts as active promoters are 

unmethylated and enriched for H3K4me3 while inactive promoters are 

methylated [46, 57]. Collectively, these studies demonstrate that the function of 

5mC across gene bodies is diverse and further elucidation of these mechanisms, 

and perhaps other mechanisms not yet known, is needed.  

 

Distal Regulatory Elements 

Whole-genome analysis of 5mC patterning has revealed that the most dynamic 

methylation among cell-types occurs at distal regulatory elements, such as 

enhancers and transcription-factor binding sites [27, 29, 31, 37]. The presence of 

enhancers has largely been defined by the histone modifications in which 

H3K27ac alone or in combination with H3K4me1 indicates an active enhancer, 

while H3K4me1 alone or in combination with H3K27me3 is considered a poised 

enhancer [58, 59]. Enhancer elements typically have low CG content, and when 
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active are devoid of DNA methylation [32]. Accordingly, loss of methylation 

results in the presence of more active enhancers [60]. Although the association 

with active enhancers and DNA methylation is well established, to our 

knowledge, the study of 5mC status at poised enhancers is limited, but is 

presumably low due to the presence of H3K4me1 and H3K27me3.  

 

NonCG methylation 

5mC patterning is not solely restricted to cytosines in a CpG dinucleotide, but 

rather can also occur in the context of CpA, CpC, and CpT (nonCG). Whole-

genome bisulfite sequencing revealed that in pluripotent cells nearly 25% of the 

total 5mC occurs at nonCG loci [30, 61-65]. In addition to pluripotent cells, 

nonCG methylation has been demonstrated to accumulate in neuronal tissue 

with age [66-68], but is largely absent from other somatic tissues [62]. 

Interestingly, nonCG methylation occurs most commonly in the CpA context, 

typically adjacent to highly methylated CpG loci [30, 62, 63, 65]. The function of 

nonCG methylation is not well understood as in ESCs enrichment across gene 

bodies positively correlates with expression while accumulation in neuronal 

tissue exhibits negative correlation with transcription [30, 66, 67].  

 

3. Distribution and Function of 5hmC 

The relative amount of each DNA modification in a cell is as follows: 5mC > 

5hmC > 5fC> 5caC. The amount of 5hmC varies by cell type, but is typically 1-

5% of 5mC. As 5fC and 5caC are targeted by TDG for base excision repair, their 
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relative abundance is substantially lower than 5hmC [69-71]. Importantly, 5hmC 

is found in greater abundance in brain tissue and accumulates in aging neurons 

[18, 66, 72, 73]. Enrichment of 5hmC during neurogenesis is not coupled with 

substantial loss of 5mC [73]. Additionally, the DNA modification readers MBD3 

and MeCP2 demonstrate strong affinity for 5hmC and regulate gene expression 

and chromatin structure in a 5hmC-dependent manner in ESCs and neuronal 

cells, respectively [74, 75]. Collectively, these studies provide strong evidence for 

5hmC acting as its own stabile regulatory mark in addition to its role as an 

intermediate in the demethylation pathway.  

 

Upon the discovery of 5hmC and the TETs, the epigenetics community quickly 

developed various methods to determine genome-wide distributions of this mark. 

As the gold-standard of bisulfite sequencing for base-resolution determination of 

DNA methylation status was found to be incapable of distinguishing between 

5mC and 5hmC [76, 77], affinity based methods such as hydroxymethylated DNA 

immunoprecipitation (hMeDIP) were among the first to profile 5hmC distributions 

genome-wide [78]. A plethora of studies were released between 2010 and 2011 

that profiled the distribution of 5hmC in mouse ESCs (mESC). Collectively, these 

studies demonstrated consistent patterns of 5hmC in mESCs: (1) 5hmC at the 

TSS is dependent on the expression level of the gene as high expression genes 

lack 5hmC at the TSS, but are enriched for 5hmC upstream and downstream of 

the TSS, whereas the TSS of low expression genes is enriched for 5hmC and co-

occurs with bivalency (H3K4me3+H3K27me3), (2) gene bodies of high 
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expression genes are enriched for 5hmC, and (3) distal regulatory elements 

including histone mark defined enhancers are enriched for 5hmC [79-85]. Base-

resolution methods for distinguishing 5hmC from 5mC, such as Tet-assisted 

bisulfite sequencing (TAB)-seq, were developed soon after and provided 

additional evidence that 5hmC plays a significant role in the regulation of distal 

regulatory elements and notably determined that single CpG loci can exhibit both 

5mC and 5hmC in a population of cells [86]. Given the extremely low abundance 

of 5fC and 5caC in the genome, depletion of TDG has proved the most effective 

method by which to assay where active demethylation occurs genome-wide as in 

its absence 5fC and 5caC residues accumulate. Profiling of 5fC and 5caC under 

conditions of TDG depletion pinpoint active demethylation at active enhancers, 

low expression bivalent promoters, and across active gene bodies [23, 87]. 

Induction of differentiation in pluripotent cells results in loss of 5hmC [38, 84] with 

the exception of neuronal differentiation in which 5hmC accumulates during 

development and aging [66, 72]. 

 

In addition to deciphering the patterns of 5hmC genome-wide, elucidating the 

division of labor among the TETs for the regulation of these patterns has also 

been an active area of study. Expression profiles of the Tets in developing 

embryos reveal high expression of Tet3 in the male pronucleus immediately 

following fertilization while Tet1 and Tet2 expression are highest in ESCs at the 

blastocyst stage [69]. In agreeance with expression level of the TETs, following 

fertilization the male pronucleus of the zygote experiences a massive wave of 
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active demethylation conferred by Tet3, while Tet1 and Tet2 regulate 5hmC in 

mESCs [88-90]. Depletion of TET1 and TET2 in mESCs and human embryonic 

carcinoma cells revealed distinct and overlapping roles for the regulation of 

5hmC [38, 90]. In particular, TET1 appears to perhaps maintain the stabile form 

of 5hmC as widespread loss of 5hmC is observed, while TET2 may serve this 

role specifically across gene bodies of active genes. Paradoxically, TET2 

depletion results in specific gains of 5hmC at the TSS indicating that TET2 may 

be more involved in regulating 5hmC as an intermediate in the demethylation 

pathway at certain gene promoters [38, 90]. Collectively, the TETs play a 

significant role in preventing hypermethylation of CGIs by the DNMTs [38, 39]. 

Conversely, depletion of the TETs and loss of 5hmC, surprisingly, also seems to 

induce loss of 5mC [38, 90]. To our knowledge, no study has yet to tackle the 

dynamics of 5hmC under conditions of DNMT depletion.  

 

4. DNA Methyltransferases 

With the exception of immortalized mESCs [91], DNMT1 is essential for 

development and cell survival as genetic depletion in mice is embryonic lethal 

and depletion in multiple cell lines (including human ESCs and somatic cells) 

results in cell cycle arrest and p53-mediated apoptosis [9, 92-95]. DNMT1 is 

highly regarded as the maintenance methyltransferase as it is preferentially 

recruited to hemimethylated DNA by UHRF1, and confers methylation on the 

nascent strand in a highly processive manner [11, 12, 96, 97]. Although not 

necessary for the catalytic activity of DNMT1, PCNA binds to the N-terminus of 



18 
 

DNMT1 and recruits it to the replication fork [98, 99]. However, DNMT1 is not a 

perfect maintenance methyltransferase as cooperation with the de novo 

methyltransferases, DNMT3A and DNMT3B, is necessary to completely replicate 

the methylome on newly replicated DNA. For example, genetic disruption of the 

N-terminus of DNMT1 in HCT116 colorectal carcinoma cells resulted in 

expression of a hypomorphic form that effectively reduced global methylation by 

20% [93, 100], and genetic depletion of DNMT3B in HCT116 results in 3% 

reduction of total 5mC [101]. However, genetic disruption of both DNMT1 and 

DNMT3B together induced almost complete loss (95%) of 5mC in HCT116 cells 

[101] indicating marked cooperation for 5mC patterning between these two 

enzymes. Indeed, DNMT1 and DNMT3B directly bind in vivo and lead to 

methylation spreading [102]. Additionally, certain genomic elements such as 

LINE repeats and nonCG methylation appear to be specifically maintained by the 

de novo methyltransferases as depletion results in passive loss of the 5mC 

signal [95, 103, 104]. With regard to the histone modification architecture, 

DNMT1 is most tightly linked with the heterochromatic H3K9me2/3 marks as it 

interacts with both writers (G9a) and readers (HP1α, HP1β, HP1γ) leading to its 

recruitment and subsequent methylation of targeted loci [105, 106]. Loss of 

DNMT1 and maintenance methylation at these loci can shift the histone 

modification from a repressive to a permissive state as H3K9me3 is lost and 

H3K9ac is gained [107]. Recent evidence suggests that DNMT1 can also be 

recruited to heterochromatic sites for maintenance methylation by the 

simultaneous interactions of UHRF1 with both DNMT1 and H3K9me [108, 109].  
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DNMT3A and DNMT3B are classically known as the de novo methyltransferases 

as they share a high affinity for unmethylated CpGs and are responsible for 

establishing methylation patterns after the wave of demethylation that occurs 

post fertilization [10, 110]. Establishment of DNA methylation patterns by 

DNMT3A and DNMT3B appear to be temporally and spatially dependent as 

homozygous depletion of Dnmt3b results in embryonic lethality, and loss of 

Dnmt3a is lethal shortly after birth [10]. Interestingly, genetic disruption of these 

two enzymes in mouse and human ESCs does not affect the differentiation 

capacity of the cells into the three different germ layers during early passage 

number indicating that the necessary methylation patterns for development are 

already in place by this stage [95, 104]. Indeed, DNMT3A and DNMT3B exhibit 

expression patterns in a cell-type specific manner as DNMT3B is highly 

expressed predominately in pluripotent cells while DNMT3A is ubiquitously 

expressed [27, 111]. Consistent with spatial separation of DNMT3A and 

DNMT3B expression, these enzymes also demonstrate distinct regulatory 

functions as apparent from disease implications specific to each enzyme. For 

example, germ line mutations in DNMT3B manifest severe developmental 

abnormalities as observed in the autosomal recessive genetic disorder 

immunodeficiency, centromere instability, facial anomalies (ICF) syndrome [112, 

113]. In particular, hypomethylation of satellite and non-satellite repeats along 

with marked differential expression and methylation of genes involved in 

development and immune function are observed in ICF syndrome patients as a 
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consequence of hypomorphic DNMT3B mutations [112, 114, 115]. In a somatic 

context, DNMT3A has been demonstrated to be crucial for hematopoietic stem 

cell (HSC) differentiation by repressing transcription of HSC regulatory factors 

through promoter hypermethylation, while DNMT3B does not contribute 

substantially in this capacity [116, 117]. Consistent with DNMT3A’s role in HSC 

regulation, over 20% of acute myeloid leukemia patients exhibit heterozygous 

mutations in DNMT3A that commonly result in a dominant negative gene product 

that inhibits the function of endogenous DNMT3A [118-121]. DNMT3A and 

DNMT3B are exclusively responsible for nonCG methylation, although perhaps in 

a temporal and spatial context as well [61]. Loss of DNMT3A in germinal vesicle 

oocytes and aging neurons results in loss of nonCG methylation [65-67], while 

loss of DNMT3B appears to affect nonCG methylation to a greater extent in 

human ESCs [62, 95].  

 

Despite the absence of inherent catalytic activity, DNMT3L is crucial for the 

establishment of maternal imprints and the proper development of primordial 

germ cells [13-15, 122]. The ability of DNMT3L to bind and stimulate the de novo 

methyltransferase activity of both DNMT3A and DNMT3B has been well 

established [15, 16, 123, 124]. In another example of spatial-temporal separation 

of DNMT3A and DNMT3B function, DNMT3A exclusively binds with DNMT3L in 

germ cells to establish maternal imprinting [125, 126]. As such, the interaction 

between DNMT3A and DNMT3L and the subsequent function of this complex 

has been elucidated [127]. DNMT3A and DNMT3L form a heterotetramer in 
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which DNMT3L interacts with the catalytic domain of DNMT3A, and the DNMT3A 

subunit from each dimer interact creating a catalytic pocket suitable for de novo 

methylation of  two CpG loci 10 base pairs apart [127]. De novo methylation by 

this complex occurs through the recruitment to unmethylated lysine 4 on histone 

H3 by interaction with the N-terminal domain of DNMT3L [41, 128]. Notably, 

overexpression of DNMT3A exclusively leads to hypermethylation of promoters 

previously occupied by H3K4me3 [129]. Taken together, these studies indicate 

that the DNMT3A and DNMT3L heterotetramer appear to target loci that are 

commonly regulated for active transcription, and may de novo methylate these 

regions for transcriptional repression. 

 

Despite these seemingly distinct roles for DNMT3A and DNMT3B, much 

redundancy has been observed with regard to targeted CpG loci, nucleosome 

targeting, and histone modification interaction. Efforts to elucidate target loci for 

DNMT3A and DNMT3B have uncovered high redundancy particularly at low CpG 

content regions distal to CpG islands and repetitive elements [95, 103, 104, 129, 

130]. Binding profiles of DNMT3A and DNMT3B in mouse ESCs reflect this 

association as both are excluded from unmethylated CGIs but enriched at highly 

methylated regions of the genome [131]. Recruitment of DNMT3A and DNMT3B 

to nucleosomes appear to be context dependent. Whereas both DNMT3A and 

DNMT3B bind strongly to methylated nucleosomes [132-134], nucleosomes 

phased around transcription factor binding sites such as CTCF do not contain 

methylation, but rather the linker DNA between nucleosomes is methylated [47, 
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131]. Indeed, DNMT3A has been demonstrated to preferentially methylate linker 

DNA while DNMT3B methylates nucleosome CpG loci [135, 136]. The 

preference of DNMT3A/3B for nucleosome DNA may be a reflection of their 

individual preferences for histone modifications protruding from the nucleosome 

unit. As previously mentioned, DNMT3A is recruited to unmethylated H3K4 by 

DNMT3L, but is largely excluded from loci with H3K4me3 [41, 128]. Previously, 

the PWWP domain of both DNMT3A and DNMT3B was shown to bind 

H3K36me3 in vitro, an active histone mark present across gene bodies [137]. 

Recent genome-wide studies have noted the preference of DNMT3B for gene 

bodies proportional to the level of transcription and methylation [138-140], and 

indeed the PWWP of DNMT3B is required for its recruitment to gene bodies 

[131]. In support of this notion, mutations in the PWWP domain of DNMT3B in 

the ICF syndrome are associated with gene body hypomethylation [141]. 

Additionally, depletion of the HMT responsible for H3K36me3, SETD2, resulted 

in reduced binding of DNMT3B to gene bodies [131]. As our understanding of 

gene body methylation is still limited, these results implicating DNMT3B 

recruitment and potential function at gene bodies yields significant promise for 

better elucidation of epigenetic mechanisms that control active transcription.  

 

5. SETD2 

In humans, SETD2 is the primary and specific writer of H3K36me3 at actively 

transcribed genes by its recruitment to the C-terminal domain of RNA 

polymerase II by Iws1 [142, 143]. Importantly, recruitment of SETD2 and 
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subsequent establishment of the H3K36me3 mark has been implicated in nuclear 

processes such as alternative splicing regulation and DNA damage repair. 

H3K36me3 enrichment is localized across gene bodies, particularly at 

constitutively expressed exons [144]. Overexpression or knockdown of SETD2 

modulates expression of FGFR2 mutually-exclusive exons [145]. Notably, intron-

containing genes are preferentially marked by H3K36me3 proportional to the 

transcriptional level of the gene, and inhibition of alternative splicing decreases 

recruitment of Setd2 [146]. H3K36me3 acts as an essential scaffold for several 

readers of the mark that confer downstream functions involved in alternative 

splicing and DNA damage repair. For example, BS69/ZMYND11, a newly 

identified tumor suppressor gene, has been shown to bind H3.3K36me3 through 

its PWWP domain and subsequently promote alternative splicing events such as 

intron retention and exon skipping [147, 148]. Similarly, MRG15 reads the 

H3K36me3 mark through its chromodomain and recruits splicing factors for 

regulation of exonic inclusion [145]. Interestingly, LEDGF binds H3K36me3 

through its PWWP domain, however the subsequent downstream implication is 

dependent on the form of LEDGF that binds [149, 150]. The short form of 

LEDGF, p52, recruits splicing machinery to sites of H3K36me3 [150], while the 

long form of LEDGF, p75, promotes repair of DNA double strand breaks through 

the recruitment of CtIP [149]. Indeed, recent studies have determined that 

SETD2 plays an important role in activation of DNA damage response pathways, 

and helps promote homologous recombination of DNA double strand breaks at 

actively transcribed genes [151-153]. H3K36me3 also aids in the recruitment of 
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machinery needed for DNA mismatch repair {Li, 2013 #277}. Again, through 

binding of a PWWP domain to the H3K36me3 mark, hMutSα is localized to 

chromatin during G1 and early S phase of the cell cycle to ensure repair of DNA 

mismatches that occur during DNA replication [154]. Intriguingly, DNMT3B has 

recently been demonstrated to localize with H3K36me3 through its PWWP 

domain, however the full implications and downstream function of this 

recruitment has yet to be explored [131, 140].  

 

6. Dysregulation of the Epigenome in Cancer 

Aberrant DNA methylation patterns have garnered significant attention over the 

past 30 years as specific patterns are consistently observed in tumors [34]. In 

particular, hallmarks of the aberrant methylome include hypomethylation of 

repetitive and transposable elements genome-wide [155] with hypermethylation 

at tumor suppressor genes [26] that contribute to genomic instability and 

repression of gene transcription, respectively. Currently, there are two FDA-

approved cytosine analog drugs that specifically target aberrant DNA methylation 

through inhibition of the DNMTs, 5’azacytidine (Vidaza) and 5’aza-2-

deoxycytidine (Decitabine). These drugs are commonly used to treat patients 

with myelodysplastic syndrome and AML [156], and are currently under 

investigation for use in combination therapies.  
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Understanding why and how certain regions of the genome are targeted for 

aberrant methylation has been approached from multiple aspects including the 

role of histone modifications and epigenome architecture, DNMT recruitment, 

and underlying mutational landscapes. 

 

Early epigenomic landscape studies that profiled whole-genome histone 

modification localization with integration of the DNA methylome noted the 

propensity for polycomb regulated promoters (H3K27me3) to be targets for 

hypermethylation and gene silencing across tumor types [157-159]. Intriguingly, 

given the role polycomb repression plays in the regulation of differentiation 

(mediated by H3K27me3), targeting of these genes for hypermethylation in 

cancer demonstrated the ability of the cancer cell to enter a perpetual state of 

self-renewal and de-differentiation [157-159]. Similar to the notion that the most 

dynamic methylation between tissue-types occur at regions distal to CGIs, 

expanded coverage of the cancer methylome revealed that the most dynamic 

changes in 5mC that occurred in tumors were directed at tissue-specific 

differentially methylated regions removed from CGIs [160, 161]. Indeed, 

nucleosome re-positioning under conditions of aberrant methylation has been 

observed at enhancers, insulators, and promoter CGIs.  Hypomethylation in 

cancer results in exclusion of nucleosomes and a more active state at both 

intergenic and intragenic enhancers [60, 162, 163]. Hypermethylation of CGI 

promoters recruits repressive nucleosomes to further stabilize gene silencing 

[162, 163]. 
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Interestingly, non-CGI promoters do not experience dynamic shifts in 

nucleosome positioning despite changes in methylation that occur during cancer 

progression [164].  

 

Since their discovery, understanding how the DNMTs contribute to aberrant 

methylation observed in cancer has been a primary focus. The role of DNMT1 

has largely been studied through depletion studies in different cancer models 

with varying results. In general, DNMT1 depletion results in genome-wide 

reduction of 5mC levels including previously hypermethylated tumor suppressor 

gene CGIs [165-167]. Importantly, reduction of 5mC at these promoters reversed 

gene silencing and induced re-expression of the tumor suppressor genes [166, 

167]. However, analysis of a distinct set of tumor suppressor gene methylation 

determined that loss of 5mC under conditions of DNMT1 depletion was tumor 

dependent as some tumors experienced reversal of the mark while others 

remained resistant [166, 168]. The role of DNMT3B in cancer progression is 

enigmatic as several splice variants, including inactive isoforms, are aberrantly 

expressed in different cancer types [169, 170]. Importantly, the same splice 

variant can contribute to cancer in an opposing manner. For example, 

overexpression of DNMT3B7 decreased proliferation of neuroblastomas, but 

promoted progression in mediastinal lymphomas [171, 172]. Additionally, 

overexpression of DNMT3B1, the splice variant predominantly expressed in 

pluripotent cells, results in de novo methylation of CGI tumor suppressor genes 

and increased colony formation [173, 174]. However, in Myc-induced T-cell 
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lymphomas, Dnmt3b appears to play a tumor suppressor role as depletion 

induces aberrant expression of oncogenes and increased tumor incidence [175, 

176]. Notably, in vitro activity assays indicate that catalytically inactive DNMT3B 

isoforms modulate the activity of DNMT3A [177], thus potentially even inactive 

isoforms could contribute to aberrant methylation patterning observed in cancer. 

As previously discussed, DNMT3A mutations are frequently observed in AML, 

and are associated with poor prognosis and hypomethylation indicating a tumor 

suppressive role for this enzyme [118]. Accordingly, depletion of DNMT3A in a K-

ras induced lung cancer model promoted tumor growth and progression [178]. 

Collectively, the role of DNMTs contribution to aberrant methylation patterns is 

poorly understood, but overall appears to be dependent on the specific cell type.  

 

High-throughput profiling of the epigenome among different tumors has provided 

significant insight into understanding how aberrant epigenetic marks arise in 

cancer. In particular, the observance of tumor suppressor CpG island 

hypermethylation has been extended to define several subtypes of tumors across 

different cancers defined by particular CpG island methylator phenotypes 

(CIMP). CIMP subtypes are classified by consistent methylation of particular CpG 

islands among a subset of tumor samples within a cancer type [179, 180]. 

Notably, CIMP subtypes can further be classified by their associated prognosis 

as well as provide insights into the underlying mutational landscape [180]. For 

example, mutations in the isocitrate dehydrogenase enzymes, IDH1 and IDH2, 

were observed to induce hypermethylation phenotypes in both AML and glioma 
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[181-183]. IDH1 and IDH2 catalyze the conversion of isocitrate to α-KG, an 

important co-factor necessary for TET-mediated demethylation [183]. The most 

predominant IDH mutation encodes a neomorphic enzyme that produces the 

oncometabolite 2-hydroxyglutarate (2HG) [183, 184]. Significantly, 2HG inhibits 

the function of the TET enzymes, leading to hypermethylation of the genome 

[183, 184], similar to what is observed in TET2 mutated tumors. Significantly, 

both 5-azacytidine and decitabine have proven to be effective treatments for 

reversing hypermethylation of cells harboring the IDH1 mutation and CIMP 

methylation profiles [185, 186]. The Glioma CIMP subtype driven by IDH 

mutations was first observed from DNA methylation analysis of glioma samples 

from TCGA [181]. TCGA comprehensive profiling of multiple tumor types has 

yielded the identification of mutations in multiple epigenetic modifiers [6, 187]. In 

particular ccRCC has been of particular interest as three of its most frequently 

mutated genes include chromatin remodelers and the H3K36me3 HMT, SETD2 

[7].  

 

7. ccRCC and SETD2 Mutations 

Kidney cancer is among the ten most prevalent cancers in the United States for 

both men and women, and nearly 75% of patients present with ccRCC subtype. 

To date, the primary treatment option remains surgical resection of the primary 

tumor, but few options are available to metastatic ccRCC patients as these 

tumors are resistant to most chemotherapies [188, 189]. Approximately 90% of 

ccRCC tumors demonstrate inactivation of the von Hippel-Lindau (VHL) tumor 
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suppressor gene through mutations, copy number loss, or epigenetic silencing 

[188]. As loss of VHL results in the stabilization of hypoxia-inducible factors, 

therapeutic strategies to treat ccRCC have largely been directed at suppressing 

VEGF signaling and mTOR pathways, although with limited success [189]. 

However, VHL inactivation alone is not sufficient for ccRCC development 

suggesting that additional mutations must arise for tumor progression [190]. 

Mutations in chromatin modifiers have recently been identified in ccRCC by 

whole-exome sequencing including SETD2 (3-12%) [7, 191], PBRM1 (33-45%) 

[7, 192], and BAP1 (15%) [7, 193]. Of particular interest, SETD2, PBRM1, and 

BAP1 all reside on chromosome 3p21 in close proximity to VHL on 3p25, and 

single copy loss of this locus occurs in more than 90% of ccRCC tumors [194]. 

The identification of mutations in epigenetic regulators has yielded exploration for 

additional therapeutic strategies to treat ccRCC patients. However, 

understanding how the epigenome is dysregulated upon mutation of each of 

these genes in ccRCC and the subsequent contribution to cancer progression is 

crucial for developing the most effective treatment options. 

 

Importantly, alterations in SETD2 regulated nuclear mechanisms as a 

consequence of loss-of-function mutations in ccRCC have been explored. 

Although copy number loss of SETD2 occurs in over 90% of primary ccRCC 

tumors, monoallelic inactivation is not sufficient for loss of H3K36me3 [195]. 

Notably, SETD2 mutations likely aid in metastasis as mutations are predicted to 

occur during progression branched evolution and increased intratumor 
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heterogeneity of the bulk tumor [196].  Loss-of-function SETD2 mutations result 

in decreased levels of H3K36me3 inducing decreased nucleosome occupancy at 

active genes and altered pre-mRNA splicing events such as  intron retention 

[197]. Indeed, H3K36me3 serves as an essential scaffold for several readers that 

confer downstream effects on chromatin regulation and gene transcription, and 

therefore loss of the mark due to SETD2 mutations leads to aberrant regulation 

of these processes [198]. For example, loss of SETD2 and H3K36me3 increases 

DNA damage as readers of H3K36me3 involved in DNA damage response are 

unable to be recruited to sites of double-strand breaks [153, 199].  

 

Recently, DNMT3B was identified as a reader of H3K36me3, and subsequent 

recruitment of DNMT3B to H3K36me3 sites via its PWWP domain results in de 

novo DNA methylation of active gene bodies [131]. Indeed, studies from our 

laboratory and others have identified that high levels of DNA methylation across 

gene bodies coincide with enrichment for H3K36me3 among highly expressed 

genes, and that DNMT1 and DNMT3B are targeted to these regions of the 

genome [138-140, 200]. Similar to the distribution and functional implications of 

H3K36me3, DNA methylation is enriched in exons and nucleosomes across 

gene bodies and is correlated with active transcription [51]. Additionally, gene 

body methylation has been linked to regulating alternative splicing events 

through various mechanisms of RNA polymerase II pausing and splicing factor 

recruitment [53]. Taken together, these studies provide strong evidence for a 

functional interplay between H3K36me3 and DNA methylation, and importantly 
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indicate that DNA methylation may be aberrantly distributed as a result of 

dysregulation of H3K36me3 deregulation as is observed in SETD2 mutated 

ccRCC. To date, few genome-wide studies have focused on the contribution of 

DNA methylation to the progression of RCC. Analysis of the DNA methylome in 

two independent ccRCC cohorts not stratified by the underlying mutational 

landscape identified predominately hypermethylation events centered on gene 

bodies and tissue-specific enhancers [194, 201], whereas focus on SETD2 

mutated tumors from the TCGA KIRC dataset identified hypomethylation events 

at regions traditionally marked by H3K36me3 in normal kidney [7].  

 
The work presented in this dissertation aims to decipher potential mechanisms 

by which DNA methylation patterning is dysregulated to aberrant phenotypes 

observed in cancer. The first specific aim directly assays target sites for the 

different DNMTs in an effort to understand the division of labor among the 

DNMTs. The second specific aim assays 5mC patterning dysregulation 

influenced by a SETD2 mutational landscape. Collectively, these studies provide 

new insights to the regulation of DNA methylation through both a direct and 

indirect mechanism.  
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CHAPTER II: MATERIALS AND METHODS 

 

Cell Culture 

NCCIT embryonic carcinoma cells, HCT116 colorectal carcinoma cells, and 786-

O renal cell adenocarcinoma cells were obtained from American Type Culture 

Collection (ATCC). HCT116 1KO (DNMT1 knockout), 3BKO (DNMT3B KO), and 

DKO (DNMT1 + DNMT3B KO) cells were a generous gift from Dr. Bert 

Volgelstein [100, 101]. HCT116 IKI (DNMT1 overexpression) and DKI (DNMT1 + 

DNMT3B overexpression) were a generous gift from Dr. David Gius [202]. 786-O 

SETD2 KO1 and SETD2 KO2 were generated by Dr. Thai Ho, and in 

collaboration for Specific Aim 2 were generously provided for validation analysis 

[195]. Briefly, exon 3 was targeted by zinc finger nucleases for deletion and two 

isogenic clones with biallelic frameshifts were generated [195]. SETD2 KO1 

contains a 4 base pair deletion and KO2 contains an 11 base pair deletion 

confirmed by sequencing [195]. NCCIT and HCT116 parental cells and the 

isogenic derivatives of HCT116 were grown in McCoy’s 5A medium 

supplemented with 10% fetal bovine serum and 2mmol/L L-glutamine. HCT116 

DNMT overexpression lines were grown under G418 (750 µg/mL). Differentiation 
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of NCCIT was induced by addition of 10 µM all-trans retinoic acid (Sigma-Aldrich) 

for seven days. 786-O parental and SETD2 KO derivatives were grown in RPMI 

medium supplemented with 10% fetal bovine serum and L-glutamine. All cells 

were incubated at 37ºC with 5% CO2 injected.  

 

siRNA Transfection 

On-TARGETplus and siGENOME siRNA SMARTpools (Dharmacon, Thermo 

Scientific) targeting a single gene were used against DNMT1 (L-004605-00-

0005), DNMT3A (M-006672-03-0005), DNMT3B (L-006395-00-0005), DNMT3L 

(L-013637-01-0005) and in SETD2 (L-012448-00-0005) individual and 

combination experiments. siRNA transfection with a negative control non-

targeting siRNA (D-001206-13-20; Dharmacon, Thermo Scientific) was 

performed in parallel. Targeting sequences for each mRNA are provided in Table 

1. For siRNA transfections, 7.0 x 104 NCCIT cells were seeded into each well of 

a six-well plate.  At 24 and 48 hours post seeding, cells were transfected using 

PepMute siRNA transfection reagent (SignaGen) prepared according to the 

manufacturer’s protocol. Fresh growth medium (900 µl) was added to cells 30 

minutes prior to addition of 100 µl of transfection reagent mix.  The siRNA 

transfection mix was comprised of 100 µl of PepMute transfection buffer, 1.5 µl of 

PepMute reagent, and 40 nM of siRNA for individual (including NTC sample) and 

triple combination KDs; 20 nM for double combination KDs (differing 

concentrations of siRNA molecules to be transfected for double and triple DNMT 

KDs were determined after extensive optimization). Fresh media was added to 
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cells at 72 hours post-seeding, and cells were harvested at 96 hours post-

seeding.  For the siRNA rescue experiments, siRNA transfections were 

performed exactly as described above, with the exception that 14.0 x 104 NCCIT 

cells were seeded into each well of a six-well plate. For DNMT KD, a pool of four 

siRNAs was used to ensure depletion of all transcript variants (Figure 3). For the 

siRNA rescue experiments, rather than generate human DNMT1/DNMT3B cDNA 

resistant to all siRNAs, we used full-length murine Dnmt1/Dnmt3b1, which are 

74/94% homologous at the amino acid level to human DNMT1/DNMT3B1, but 

are not susceptible to targeting by the human siRNAs at the mRNA level. FLAG-

Dnmt1 (pCMV-MTase/f) [203], FLAG-Dnmt3b1 (pCAG-FLAG-Dnmt3b1-IRES-

puro) [134], and the respective empty vectors were transfected 12-hours after the 

initial siRNA transfection using X-tremeGENE HP (Roche) transfection reagent 

according to the manufacturer’s protocol. Briefly, 3 µg of the vector DNA, 9 µl of 

X-tremeGENE HP reagent (Roche), and 200 µl Opti-MEM (Life Technologies) 

were combined and incubated at room temperature for 30 minutes. Transfection 

mixture (200 µl) was then added drop-wise to each well. Three wells were used 

to collect DNA, one well for RNA, and three wells for nuclear protein extraction.  
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Table 1. siRNA target sequences for each gene depleted in NCCIT cells 

(Dharmacon, ThermoScientific).  

 

  

Gene Target Sequence
GCACCUCAUUUGCCGAAUA
AUAAAUGAAUGGUGGAUCA
CCUGAGCCCUACCGAAUUG
GGACGACCCUGACCUCAAA
GCAUUCAGGUGGACCGCUA
GCACUGAAAUGGAAAGGGU
CUCAGGCGCCUCAGAGCUA
GGGACUUGGAGAAGCGGAG
ACGCACAGCUGACGACUCA
UUUACCACCUGCUGAAUUA
CGAAAUAACAACAGUGUCU
GCUCUUACCUUACCAUCGA
AAGGCUAACCAGCGAAAUA
ACAAGGAAGACCUGGACGU
CGGGACAACUGAAGCAUGU
GCGGAAGUCUCCAGGUUCA
CCAAAGAUUCAGACAUAUA
GCUCAGAGUUAACGUUUGA
GAGAGGUACUCGAUCAUAA
UAAAGGAGGUAUAUCGAAU

DNMT1

DNMT3A

DNMT3B

DNMT3L

SETD2
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Figure 3. Gene maps demonstrating locations for siRNA targeting 

sequences. siRNA targeting locations are highlighted in yellow. Gene structures 

for alternative transcripts were derived from the UCSC Genome Browser.  

 

Genomic DNA Extraction 

Media was aspirated from the plate, and the cells were washed with 1 mL cell 

culture grade 1X phosphate buffered saline (PBS) (pH 7.2). Cells were 

centrifuged at 1800 RPM for five minutes at room temperature. Cells were re-

suspended in 2 mL TE buffer (10mM Tris-Cl pH 8.0, 1mM EDTA pH 8.0). 100 µl 

of 10% SDS and 200 µl of 10 mg/mL proteinase K were added to the 

suspension. The lysis reaction was incubated overnight at 37ºC. Three phases of 

extraction were conducted in 15 mL tubes for which 2 mL of phenol (equal 

volume to the sample volume), phenol/choloroform/isoamyl alcohol (25:24:1), 

and chloroform/isoamyl alcohol (24:1) were added, respectively during each 

phase. For each phase, after the solvent was added the mixture was shaken and 
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incubated on ice for three minutes. The solution was then centrifuged at 3,000 

RPM for five minutes at 4ºC. The top phase was removed and placed into a new 

tube, and then the next phase solvent was added. After the final extraction, 200 

µl (10% of the original sample volume) of 3M sodium acetate (pH 4.8) and 5 mL 

(2-3 volumes of the original sample volume) of 100% cold ethanol was added. 

The extraction solution was stored at -20ºC for at least 1 hour before use. The 

solution was then centrifuged at 10,000 RPM for 10 minutes. The pellet was 

washed with 500 µl of 70% ethanol, and re-centrifuged at 10,000 RPM for five 

minutes. The supernatant was removed, and the pellet was then air-dried for 

about 20 minutes. Pellets were re-suspended in an appropriate volume of TE 

buffer (pH 8.0). Samples were stored at 4ºC.  

 

Total RNA Isolation 

For each well of a six-well plate, 500 µl of TRIzol (Life Technologies) was added 

and allowed to incubate at room temperature for three minutes. Cells were 

pipetted until completely removed from the plate and transferred to a 1.5 mL 

tube. Next, 100 µls of chloroform was added, and the tube was shaken 

vigorously for 15 seconds. The sample was then incubated at room temperature 

for three minutes. Sample tubes were centrifuged at 12,000 x g for 15 minutes at 

4ºC. The aqueous phase was removed and transferred to a new 1.5 mL tube. 

250 µl of 100% isopropyl alcohol was added to the aqueous phase and mixed. 

Samples were incubated at room temperature for 10 minutes, and then 

centrifuged at 12,000 x g for 10 minutes at 4ºC. The supernatant was removed, 
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and the pellet was washed with 500 µl 75% ethanol. The sample was then 

centrifuged at 7,500 x g for five minutes and the supernatant was removed. The 

pellet was allowed to air-dry for about 20 minutes, and was then re-suspended in 

the appropriate volume of DEPC water. Samples were stored at -20ºC.  

 

Cytoplasmic and Nuclear Protein Extraction 

Buffers were prepared in advance and kept on ice. Three buffers were used in 

this protocol: CER I (100 mM HEPES pH 7.9, 15 mM MgCl2, 100 mM KCl), CER 

II (10% NP-40), and NER (20 mM HEPES pH 7.5, 1.5 mM MgCl2, 0.42M NaCl, 

0.2 mM EDTA, 25% v/v glycerol). The following protease inhibitors were added to 

CER I and NER: PMSF (1 µM), aprotinin (1 µM), pepstatin A (1 µM), and 

leupeptin (1 µM). The media was removed from each well and 1 mL of 1X PBS 

was added to wash the cells. The adherent cells were then scraped and collected 

in a 5 mL tube. Cells were centrifuged at 1,800 RPM for five minutes at room 

temperature, and were then transferred to a 1.5 mL tube on ice with 500 µl 1X 

PBS. All remaining steps were conducted on ice to prevent protein degradation. 

PBS was aspirated from the pellet, and the packed cell volume was estimated 

(typically about 10 µl if three wells from a six-well plate were pooled). The packed 

cell volume determines the volumes of buffers to be added in downstream steps. 

If the packed cell volume is greater than 10 µl, the buffer volume is adjusted 

proportionally. For 10 µl packed cell volume, 100 µl of CER I was added to the 

pellet and vortexed vigorously on the highest setting for 15 seconds. The sample 

was then incubated on ice for 10 minutes. 5.5 µl of CER II was added to the tube 
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and vortexed for five seconds on the highest setting and incubated on ice for one 

minute. The sample was vortexed for an additional five seconds, and then 

centrifuged for five minutes at the maximum speed. The supernatant 

(cytoplasmic extract) was transferred to an ice-cold tube and kept on ice. The 

remaining pellet was re-suspended in 50 µl of NER buffer and vortexed for 15 

seconds on the highest setting and then incubated on ice for 10 minutes. The 15 

second vortex and 10 minute incubation were repeated an additional three times, 

and then the sample was centrifuged for 10 minutes at the maximum speed. The 

supernatant (nuclear extract) was transferred to a fresh tube and stored at -80ºC.  

 

Bradford Assay 

Protein extracts were prepared in a 96-well plate with BioRad Protein Assay Dye 

Reagent. Briefly, the protein assay dye was diluted 1:5, and 200 µl of the diluted 

dye was added to each well. To generate a standard curve, 2-10 µg of bovine 

serum albumin was added in intervals of 2 µg to the protein assay dye. Protein 

extracts were mixed well, and then 2 µl of sample was added to the protein assay 

dye. Samples were incubated for 10 minutes at room temperature. The 

absorbance of the standard curve and the samples were read at 595 nm on a 

BMG POLARstar Omega plate-reader, and the overall protein concentration was 

calculated for each sample using linear regression from the standard curve.  
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Western Blotting 

30 µg of each protein sample was prepared with 4X loading dye in equal volumes 

and boiled at 95ºC for seven minutes. Samples were then resolved on a 10% 

SDS-PAGE gel by applying 100 V for approximately 2.5 hours in running buffer 

(1X Tris-Glycine, 0.1% SDS). After separation, SDS-PAGE gels were 

equilibrated in transfer buffer (0.5X Tris-Glycine, 0.05% SDS, 20% methanol) for 

20 minutes at room temperature. PVDF membrane (Immobilon-FL) was activated 

in 100% methanol for one minute, water for 1 minute, and then finally placed in 

transfer buffer. The western apparatus was assembled with the SDS-PAGE gel 

and PVDF-FL membrane, and the transfer proceeded at 25 V overnight, not to 

exceed 16 hours. The transfer apparatus was disassembled, and the membrane 

was washed in 1X PBS. The 1X PBS wash was discarded, and Odyssey 

Blocking Buffer was added to the membrane for 1 hour at room temperature in 

darkness. The primary antibody was diluted and added to the Odyssey Blocking 

Buffer with 0.1% Tween 20 in a sealable bag, and the membrane was applied. 

Membranes were incubated for one hour with rotation at room temperature in 

darkness. Membranes were washed four times for five minutes in 1X PBS with 

0.1% Tween 20 added. The fluorescent secondary antibody was diluted in 

Odyssey Blocking Buffer with 0.02% SDS and 0.1% Tween 20, and the 

membrane was applied in a sealable bag. Membranes were incubated for 35 

minutes with rotation at room temperature in darkness. Membranes were then 

washed four times for five minutes in 1X PBS with 0.1% Tween 20 in darkness at 

room temperature. Finally, the membrane was washed in 1X PBS without Tween 
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20 for five minutes, and then assayed for protein presence on an Odyssey LI-

COR detector. LI-COR fluorescent secondary antibodies were used for detection 

at 1:5000 dilution. Antibodies (and dilutions): DNMT1 (in-house) N1020 rabbit 

IgG (1:2000); DNMT3B Novus NB300-516 (1:1000); DNMT3L (in-house) 8226 

rabbit IgG (1:250); PCNA (PC10) Santa Cruz sc-56 (1:1000); FLAG (F1804) 

Sigma-Aldrich (1:500); Histone H3 Abcam 1791 (1:1000); H3K36me1 Abcam 

(9048) ;H3K36me2 Abcam 9049 (1:1000); H3K36me3 Abcam 9050 (1:1000). 

 

Methyl-binding domain (MBD)-pull down 

MBD-pull downs were performed with the RiboMed MethylMagnet CpG DNA 

Isolation kit according to the manufacturer protocol. DNA was sheared into 

approximately 400 base pair fragments using a Covaris S220 Ultrasonicator. 2 

µg of DNA were diluted into 40 µl of water and 140 µl of Binding Buffer. 10 µl of 

the GST-MBD beads were diluted in 200 µl of Wash Buffer I and applied to the 

magnetic column. After the beads had separated out from the wash buffer, the 

supernatant was discarded, and the beads were re-suspended in the DNA 

sample. DNA samples and beads were incubated at room temperature for one 

hour at 1,000 RPM in a thermomixer. Following incubation, the samples were 

applied to the magnetic column and separated from the buffer. At this point, 

methylated DNA is bound to the GST-MBD beads, and unmethylated DNA is 

present in the buffer. The buffer was then removed, and the beads were washed 

twice with 600 µl of Wash Buffer II. The beads were incubated at room 

temperature for five minutes at 1,000 RPM for the initial wash, and 15 minutes for 
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the second wash. DNA was eluted from the beads by incubation in 200 µl of TE 

Buffer for 30 minutes at room temperature, and then 10 minutes at 80ºC. The 

elution step was repeated and pooled with the previous collection. DNA was 

isolated using the DNA extraction method previously described (please see 

above). Four MBD-pull down reactions were performed and pooled for each 

sample prior to library preparation.  

 

Next Generation Sequencing Library Construction 

MBD-seq libraries were constructed using the Illumina Tru-seq Low Throughput 

kit according to the manufacturer protocol. End Repair was conducted by adding 

23 µl of the DNA sample, 37 µl of Resuspension Buffer, and 40 µl of End Repair 

Mix. Samples were mixed exactly 10 times by pipette, and then incubated at 

30ºC for 30 minutes. Samples were purified with the Qiagen MinElute Column 

per the manufacturer protocol and eluted in 17.5 µl of Elution Buffer. The next 

step was to adenylate the 3’ ends of the fragments. 12.5 µl of A-tailing mix was 

added to the full DNA sample and incubated at 37ºC for 30 minutes. Finally, the 

adapters for sequencing were ligated to the ends of the fragments by adding 2.5 

µl DNA Ligase Mix, 2.5 µl Resuspension Buffer, and 2.5 µl of the appropriate 

adaptor and incubated at 30ºC for 10 minutes. Following ligation, 5 µl of STOP 

Ligase was added to terminate the reaction. The sample was purified with the 

Qiagen MinElute kit by following the manufacturer protocol and eluting in 10 µl of 

elution buffer. Next, the samples were resolved on a 1.5% low range agarose gel 

with SYBR Gold added to the gel for DNA detection. Using the molecular marker, 
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samples were cut from the gel in 100 bp intervals including 300-400, 400-500, 

and 500-600 bp fragments. DNA was extracted from the gel using the MO-BIO 

Gel Extraction kit by following the manufacturer protocol and eluting in 30 µl of 

Elution Buffer. Next, the DNA fragments were PCR amplified for enrichment. The 

PCR reaction consisted of 25 µl of PCR Master Mix, 5 µl of PCR Primer Cocktail, 

and 25 µl of the DNA sample. The reaction mixture was mixed by pipetting up 

and down 10 times, and then incubated in the thermocycler with the following 

protocol:  

Step 1: 98ºC  30 seconds 
Step 2: 98ºC  10 seconds 
Step 3: 60ºC  30 seconds 
Step 4: 72ºC  30 seconds 
Repeat Step 2-4  12 times 
Step 5: 72ºC   5 minutes 
Hold at 4ºC 
 
Following PCR amplification, samples were again resolved on a 1.5% low range 

agarose gel with SYBR Gold and isolated for the 400-500 bp band. Samples 

were purified from the gel using the MO-BIO Gel Extraction kit by following the 

manufacturer protocol and eluting in 30 µl of Elution Buffer. Samples were 

submitted to the GRU Cancer Center Genomics Core for quality control analysis 

on an Agilent 2100 Bioanalyzer. After passing quality control analysis, samples 

were submitted for sequencing to the Tufts University Genomics Core. 

 

MeDIP/hMeDIP Pull-Down Assay 

Five micrograms of RNA-free genomic DNA in 130 μl of TE buffer was sonicated 

to an average size of 400 base pairs using a Covaris S220 sonicator. DNA (2.5 
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μg) was added to MeDIP buffer (10 mM sodium phosphate (pH 7.0), 140 mM 

NaCl, 0.05% Triton x-100) and 10% of the volume was removed and kept as 

input in elution buffer (10 mM Tris-HCl (pH 8.0), 10 mM EDTA, 150mM NaCl, 5 

mM DTT, 1% SDS) at 4°C. To the remainder of the sample, 1 μg of mouse 

monoclonal 5mC antibody (Diagenode, clone 33D3) or 2.5 µg of mouse 

monoclonal 5hmC antibody (Mayo Clinic Epigenomics Development Laboratory) 

was added and incubated with rotation for three hours at 4°C. Three microliters 

of bridging antibody (Active Motif, catalog #53017) and 20 μl of pre-washed 

protein-G agarose beads were added, and rotated at 4°C overnight. The beads 

were washed three times with MeDIP buffer and two times with TE buffer for five 

minutes with rotation at 4ºC, and the specifically bound DNA fragments were 

eluted twice with 50 μl of elution buffer at 65°C for 10 minutes. After purification 

with the MinElute PCR purification kit (Qiagen), the immunoprecipitated DNA and 

the input were used as templates for real-time qPCR for quantifying enrichment 

of specific loci. Primers designed to assay enrichment of cytosine modifications 

at particular loci are listed in Table 2. 
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Table 2. Primer sequences for h(MeDIP)-qPCR 

 

 

Chromatin Immunoprecipitation (ChIP) 

786-O parental cells and SETD2 KO1 and KO2 isogenic derivatives were grown 

in 150 mm cell culture dishes as 4 X 106 cells were needed for each ChIP 

reaction. When the cells reached ~80% confluency, plates were removed from 

the incubator and left at room temperature for 10 minutes. Next, 0.27 mL of 37% 

paraformaldehyde were add to the plate with 10 mL of media and were incubated 

at room temperature for 10 minutes with swirling followed by the addition of 0.5 

mL of 2.5 M glycine and incubation for an additional five minutes with swirling to 

cease reverse cross-linking by the paraformaldehyde. Media containing 

paraformaldehyde and glycine was removed from the plate and disposed of 

properly. 10 mL of cold TBS buffer was added to the cells, and then the cells 

were scraped and collected into a 15 mL tube. Cells were centrifuged at 500 

Gene Forward Primer Reverse Primer
TUBA1C TCACTACTTCTCCCCCGGACT CCCACTCACCATGACTAGAACTTG

WIF1 AGCCCTTCCCGCTCTTCTGTT CGGCAGAGACGTAAGACTGGCAAA
MGMT CGCTTTCAGGACCACTCG CAAATGGCCCGTACCTTTTC
MT3 AGTCAGTGTCGGGCTCATCGTGA CCTGCCTCTCTTCCCCTTCATTCT

STAG3 ATCAGCTCGCACACTTCCAAACCTC AAAGATTCCAGAAAAGCGCGGGA
ZBTB16 GCATGGAGGTGTGATTCTAGGTGAGT TCGAGGTCACGCGGTTTTAGCAAT 

SLC30A2 CACAGCCCATTATCTTCGTTCCCTCA ACCTCCGCATTTGCCATCCTAGCAGT
APOA4 TTGAGCTCCTCGGCGTTCTTCTT ACGCCCTACGCTGACGAATTCA
EIF4G3 GTAGAGACGGGGTTTCACTGTGTTAGC TATTAAAGGCTAGGCGTGGTGGC
ZNF311 TCTCTGATGGATGGTAAGGCAGTGC GACTTCAGCATCAAGGCAGAACTCAC
HOXA9 GCGGATTTGAAGGGAGGAGACACTT GACACTCACACTTTGTCCCTGACTGAC 
PDZK1 AAGTGAGAATCCAGGGCAGAGGGAA CCCCAAGGAGCAGTAGCCTATAA

FCGR2A ATCAACGTGCTCCAGGAGGACT TGTTGTTGGCCTTGAACCTGTAGCTGG 
PDE4DIP GGCGTGATGGTATGTTCTTGTAGTCC GTCTTGCTCTGTCATCCAGACTTGAG
CTNNA2 TGGAGCCACTTGTTACACAG GCTCTACAGAGGCAGCTAGTACAT 
AJAP1 TTAGGAGGAAGCCCGTCTTGTGG TCATGAACTCGCCGGGGATCCTCT
SLIT2 GATAGGGGACAAGTACTGGAGGA GAGGACTGGGCTCTGAAACC
Chr5 CTGTTGGCTGGTGCAATGAG ACAAGACCATAAGCCGTGGA

SEMA4C TCGGCATAGCAGTCGGACTCCA CCTGAGAGTGTGGGCAGCTTCA
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RPM for 10 minutes. The supernatant was removed and 1 mL of cell lysis buffer 

(10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 0.5% NP-40) was added per 4 X 106 

cells. The cells were vortexed and incubated on ice for 10 minutes. The cells 

were then centrifuged at 3,000 RPM for five minutes at 4ºC. The supernatant was 

removed, and 0.5 mL of MNase digestion buffer was added (20 mM Tris-HCl, pH 

7.5, 15 mM NaCl, 60 mM KCl, 1 mM CaCl2) and the sample was briefly vortexed. 

The sample was centrifuged again at 3,000 RPM for five minutes at 4ºC, the 

supernatant was removed, and 0.5 mL of MNase digestion buffer was added. 

The sample was mixed well, and transferred to a 1.5 mL tube. MNase enzyme 

(New England Biosciences) was diluted 1:10 with MNase digestion buffer. Five µl 

of 10X diluted MNase was added to the sample, and the sample was then 

incubated at 37ºC for 20 minutes at 1,000 RPM shaking in a thermomixer. In this 

condition, at least 80-90% of the chromatin is digested into mono- and di- 

nucleosomes. 500 µl of Stop/ChIP buffer (100 mM Tris-HCl, pH 8.0, 20 mM 

EDTA, 200 mM NaCl, 2% Triton X-100, 0.2% sodium deoxycholate) was added 

and the sample was briefly vortexed. Samples were then sonicated in a 

Diagenode Bioruptor (15 cycles in Stop/ChIP buffer: 30 seconds on, 30 seconds 

off). The sample was then centrifuged at 15,000 RPM for 10 minutes at 4ºC and 

then transferred to a new tube. Chromatin concentration was determined using 

the Qubit system per the manufacturer protocol. 20 µg of chromatin from each 

cell-type was used for H3K36me3 ChIP and 14.6 µg was used for the IgG control 

ChIP reaction. 1% of the sample was saved to serve as the input for downstream 

real-time qPCR enrichment reactions. 2 µg of antibody for IgG (Abcam 37355) 
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and H3K36me3 (Active Motif 61021) were added to the prepared chromatin and 

rotated overnight at 4ºC. Magnetic protein-G agarose beads (Dynabeads) were 

pre-washed, and 30 µl were added to each sample. Samples were rotated at 4ºC 

for three hours. Using a magnetic rack to separate the beads from the buffers 

(allow 1 minute for beads to bind), the beads were washed accordingly: 1 mL of 

1X ChIP buffer, 1 mL of 1X ChIP buffer followed by five minute rotation at 4ºC, 1 

mL of high salt buffer (ChIP buffer with 0.5 M NaCl), 1 mL of high salt buffer 

followed by five minute rotation at 4ºC, 1 mL of Tris/LiCl buffer (10 mM Tris-HCl 

pH 8.0, 0.25 M LiCl2, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA), 1 

mL of Tris/LiCl buffer followed by five minute rotation at 4ºC, 1 mL of TE buffer 

twice. To elute the captured chromatin from the beads, 50 µl of 1X elution buffer 

(10 mM Tris-HCl pH 8.0, 10 mM EDTA, 150 mM NaCl, 5 mM DTT, 1% SDS) was 

added to the beads and incubated at 65ºC for 15 minutes. During this incubation 

the sample was vortexed for five seconds every three minutes. The elution was 

repeated a second time combined with the previous collection. Eluents were 

incubated overnight at 65ºC to reverse cross-link the DNA. At this point, the 

saved 1% input is brought to the same volume as the ChIP sample with elution 

buffer and processed alongside the eluent. The next day, the sample and input 

were treated with RNase A (2 µg) for one hour at 37ºC. 10 µl of 20 mg/mL 

Proteinase K was added to the sample and incubated at 37ºC for two hours. The 

DNA samples were then purified with the Qiagen MinElute kit per the 

manufacturer protocol with elution in 10 µl of elution buffer. Samples were stored 

at 4ºC prior to real-time qPCR analysis for enrichment.  
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Primers designed to assay enrichment of H3K36me3 at particular loci are listed 

in Table 3. 

 

Table 3. Primer sequences for H3K36me3 enriched regions by ChIP-qPCR 

 

 

Reverse Transcription of RNA to cDNA 

RNA was reverse transcribed to cDNA by utilizing the reverse transcription kit 

from Applied Biosystems. RNA (1-2 µg) was added to a reaction of 2 µl each of 

10X RT Primers and 10X RT Buffer, 0.8 µl of 25X dNTP mix, and 1 µl each of 

reverse transcriptase and RNase inhibitor and brought to a final volume of 20 µl 

with DEPC water. Samples were incubated in a thermocycler with the following 

program:  

Step 1: 25ºC  10 minutes 
Step 2: 37ºC  120 minutes 
Step 3: 85ºC  5 seconds 
Hold at 4ºC 
 

Samples were stored at -20ºC until use. CDNA was stabile up to one month.  

Gene Forward Primer Reverse Primer
Chr5 CTGTTGGCTGGTGCAATGAG ACAAGACCATAAGCCGTGGA
Chr6 TTGGCAAAATTTCCTGCCGTAT AACACCAAGCAACCTTAAAGCC

CTNNA2 GGGTATATTGCTTCCAGGTAGTGAGC GGGGAGCTAAACACTAAGCACATAT
SEMA4C TCGGCATAGCAGTCGGACTCCA CCTGAGAGTGTGGGCAGCTTCA
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Table 4. Primer sequences for reverse transcription real-time PCR. 

*indicates primer sequences from Ehrlich et al [204]. 

 

 

Real-time RT-PCR 

Regardless of the purpose of the real-time PCR experiment (ChIP, (h)MeDIP, 

reverse transcription, etc.), all reactions were set-up using the same reaction 

conditions. Template was diluted 1:4 such that the total volume added to each 

reaction was 5 µl. The remaining components added to the reaction mixture are 

as follows: (1) 10 µl 2X SYBR master mix (BioRad) (2) 1 µl each of 10µM forward 

Gene Forward Primer Reverse Primer
GAPDH CTTTGGTATCGTGGAAGGACTC GTAGAGGCAGGGATGATGTTC
DNMT1 GGAGAGGCTAAGCGTTCAAG AAATGAGATGTGATGGTGGTTTG

DNMT3A AAGAGCACAGCGGAGAAG GCAGATGTCCTCAATGTTCC
DNMT3B* CCATGAAGGTTGGCGACAA TGGCATCAATCATCACTGGATT
DNMT3L* GGGACAACTGAAGCATGTGGT AAGATCGAAGGGTCCCCACT
TUBA1C CCGGGCAGTGTTTGTAGACTTGG ATCTCCTTGCCAATGGTGTAGTGCC
DYNLL CATAGAGAAGGACATTGCGGCTCATATC GAACAGAAGAATGGCCACTTGGC
RPL30 TTGAACTGGGCACAGCATGCGG CTTTTCACCAGTCTGTTCTGGCATGC

 POU5F1 CTTGCTGCAGAAGTGGGTGGAGGAA CTGCAGTGTGGGTTTCGGGCA
NANOG GAACTCTCCAACATCCTGAACC TTCTGCGTCACACCATTGC
HAND1 AAAGGCTCAGGACCCAAGAA CAGCACGTCCATCAGGTAGG
CDX2 GCTACATCACCATCCGGAG GCTGCTGCAACTTCTTCTTG
DLX2 AGACTCAATACTTGGCCTTGC GCGAAGCACAAGGTGGAGAAGCG
ZIC1 CAAGTCCTACACGCATCCCAG CGTGGAGGATTCGTAGCCAGAG

FOXA2 TATGCTGGGAGCGGTGAAGATGG CGTGTTCATGCCGTTCATCC
MIXL1 CAAGCGCACGTCTTTCAGC GCACAGTGGTTGAGGATAATCT
PAX6 GCCCGGCCGTGCGACATTTCC GCACTTGGACTTTTGCATCTGCATGGG

EOMES GGCAAATGGGTGACCTGTG GAAATCTCCTGTCTCATCC
TET1 GGGCACCCTACCGACAGAAGATGC CTTCTGGGGCTTGGGCTTCTACC
TET2 GGATGTCCTATTGCTAAGTGG GAATCACAATCACTGCAGCCTC
TET3 GAGCTGGCGGGCATTACG TGCGGCTCCACCTTGAGG

PTPRN2 TTCACCTCTGGGAGATTCCGAAGACCCCTCCAG AGGGCTGCCTCGAGCTACTCCATGG
CREBBP ACAGAGCATGGTCAACAGTTTGCCCACCTTCC CAGTGGGGCCTGTTGCAATTGCTTG
DUSP6 AGAGCAGCAGCGACTGGAACGAGAATA AGCCGTCTAGATTGGTCTCGCAAT
TFAP2A CGGATAATATCAAGTACGAGGACTGCG CTCGTGTAGGGAGATTGACCTACAGT

PCK2 GTGACTTTGTCAAGTGTCTGCACTCCG GCACGTGGCCAATCAGGGTTTTCTCT
OLIG3 ATGGATGAGATGTACCTGAGGGACCA CCGGGCATCTTCTGCATCATAT
SETD2 TGGACTGTGAACGGACAACTGAGG GGCAATTGGCTGATCCGCAGAAAC
LEO1 CAATGGCTGGTCGTGATCCTGA GCGCTGCTGAGATTCCCTACGT
RTF1 GCGGATTGGCATCGGAAACCACA AGCGTTCTAGCTTATGCCGTGAT

CDC73 CCTTATAGAGTAGTAGACCAGCCCC CCATGGCCAACCTTTGAACTG
CTR9 CCCTTTCAGCCTATGGAACAGCAA CTTTTGCACGGTCCAATGACGC

SEMA4C ATGTACCTGAGAGTGTGGGCA ATATCGCCCTTGCAGACACG
SLIT2 CTTGGTTGGGAGAGTGGCTGA CAGTAGGACAGCGAGAAAGTGGG

CTNNA2 TGGAGCCACTTGTTACACAG GCTCTACAGAGGCAGCTAGTACAT 
AJAP1 CATCACCATCACCGTCTCCCTCAT AAGTCCGTGAGGTTCTGGCAG
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and reverse primer (3) 3 µl to bring the volume up to a total of 20 µl. The samples 

were incubated in a real-time thermocycler with the following program:  

Step 1: 95ºC  30 seconds 
Step 2: 95ºC  5 seconds 
Step 3: 59ºC  20 seconds 
Repeat Step 2-3  39 times 
Step 4: Melt curve from 65ºC-95ºC with 0.5ºC increments held for 30 seconds 
Hold at 4ºC 
 

Quality of the amplified product was determined by a single peak detected for the 

melt curve. C(t) values (cycle number at which threshold was reached) were 

used for downstream analysis.  

Reverse transcription analysis 

First, expression was normalized by subtracting the C(t) value for a 

housekeeping gene (typically GAPDH, TUBA1C, DYNNL1, or RPL30) from the 

C(t) value of a gene of interest (GOI) in order to normalize expression among all 

assayed samples (ΔC(t)= C(t)GOI – C(t)Housekeeping gene). Next, the fold-change in 

expression between the sample and control was calculated: 2^-(ΔC(t)sample – 

ΔC(t)control).  

(h)MeDIP and ChIP analysis 

First, the pull-down sample was normalized to the 10% input by subtracting the 

C(t) value of the input from the sample (ΔC(t) = C(t)sample – C(t)input). Next, the 

relative enrichment was calculated (relative enrichment = 2^-ΔC(t)).  

Standard Error 

To calculate the standard error among technical triplicates, the standard 

deviation among C(t) values was first determined. Next, the standard deviation 
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was subtracted from the ΔΔC(t) value (reverse transcription) or ΔC(t) (ChIP or 

(h)MeDIP), and then raised to the negative value of 2 (2^-(ΔC(t)-sd)). Finally, this 

value was subtracted from the original relative enrichment value to yield the 

standard error.  

 

Bisulfite Genomic Sequencing (BGS) 

Bisulfite treatment 

Bisulfite sequencing is the gold-standard for determining the modification status 

of cytosine residues, however it cannot distinguish between 5mC and 5hmC [77]. 

As such, a combination of both regular bisulfite sequencing and Tet-Assisted 

bisulfite sequencing (see below) is needed to accurately represent 5mC 

patterning versus 5hmC patterning in the genome. Bisulfite sequencing allows 

detection of cytosines with methyl or hydroxymethyl modifications attached to the 

5’-carbon as these marks protect cytosines from the bisulfite reaction that 

converts unmodified cytosines (as well as 5fC and 5caC) to uracil. Following 

PCR amplification, 5mC and 5hmC modified cytosines remain as cytosines 

whereas unmodified cytosines (including 5fC and 5caC) are sequenced as 

thymine residues. To shear the genomic DNA, 0.5 to 5 µg was diluted into 30 µl 

of TE buffer, 3.3 µl of 3M NaOH was added to a final concentration of 0.3 M, and 

then the sample was incubated at 37ºC for 15 minutes. For the bisulfite reaction, 

fresh bisulfite solution (1.82 g sodium metabisulfite, 2.8 mL water, 430 µl 3M 

NaOH and invert tube until powder is dissolved, then 210 µl 10 mM 

hydroquinone) was prepared before the reaction set-up. Exactly 333 µl of the 
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bisulfite solution was added to the DNA solution followed by three drops of 

mineral oil to avoid evaporation, and the sample was incubated at 55ºC for four 

hours in darkness. Following incubation, the sample is transferred (without 

transferring the mineral oil) to a fresh 1.5 mL tube with 1 mL of QX1 buffer 

(Qiagen). Qiaex II beads (amount of beads is determined by µg of DNA used) 

were added to the reaction mixture and rotated at room temperature for one 

hour. DNA is purified by following the manufacturer protocol for Qiaex II beads 

(Qiagen). For the elution step, 50 µl of TE buffer was added and incubated for 

five minutes at room temperature, however the eluted DNA is not siphoned away 

from the beads at this point. Exactly 5.56 µl of 3M NaOH was added and the 

reaction mixture is incubated at 37ºC for 15 minutes. Then 27.78 µl of 9M 

ammonium acetate (pH 7.0), 50 µl of 3M sodium acetate (pH 5.2), and 1 mL of 

QX1 buffer is added to the reaction mixture and rotated for 10 minutes at room 

temperature. The DNA is purified per the Qiaex II protocol (Qiagen), and then 

eluted 50 µl in two different steps (30 µl for five minutes at room temperature, 20 

µl for five minutes at 37ºC). Samples are stored at -20ºC, and are stabile for up to 

one month.  

 

Tet-Assisted Bisulfite Sequencing (TAB-seq) 

To be able to distinguish between 5mC and 5hmC, an upstream process is 

added to the regular bisulfite treatment that protects the 5hmC mark alone. 

Essentially, 5hmC is converted to 5-glucosyl-5-hydroxycytosine (5ghmC) via a 

glucosylation reaction. Then, purified murine Tet1 enzyme converts 5mC and 5fC 
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residues down to 5caC that will be converted to uracil during the bisulfite 

treatment while 5ghmC is protected from demethylation [86]. To perform TAB, we 

utilized the 5hmC TAB-seq kit from Wisegene. DNA (5-10 µg) was sheared to 

<10,000 bp using a Covaris S220 sonicator. The DNA was then ethanol 

precipitated overnight, purified, and re-suspended in 50 µl of TE buffer. For the β-

glucosylation reaction, 3 µg of sheared DNA was added to 1 µl of UDP glucose, 

2 µl of β-glucosyltransferase buffer, and 0.5 µl of T4 β-glucosyltransferase 

enzyme to a total volume of 20 µl. The reaction was incubated at 37ºC for one 

hour, and then purified using a Nucleotide Removal Kit (Qiagen). Next, the TET 

oxidation reaction was set-up in the following order with 500 ng of DNA from the 

previous step: 3.5 µl of Tet oxidation reagent 1, 15 µl Tet oxidation reagent 2, 

and 3.5 µl of murine Tet1 protein and brought to a final volume of 50 µl. The 

reaction was mixed well and allowed to proceed at 37ºC for one hour. 1 µl of 

proteinase K (20 mg/ml) was added to the reaction mixture and incubated at 

50ºC for one hour. Tet-oxidized DNA is then purified with Ampure XP beads 

(Agencourt) per the manufacturer protocol. Following purification, BGS 

proceeded as described above.   

 

BGS-PCR amplification 

As bisulfite-treated DNA is highly modified and no longer resembles the basal 

genetic code, special steps are required for designing primers to amplify regions 

of interest. The DNA sequence for the region of interest was first acquired from 

either Ensembl or UCSC Genome Browser. Using Microsoft Word, all CC 
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dinucleotides were found and replaced with TC. The search was repeated until 

zero CCs remained. Next, all CTs were found and replaced with TT, and finally 

all CAs are replaced with TAs. Now, only cytosines in the context of a CpG 

dinucleotide remain. Primers are designed such that no CpGs are present in the 

primer sequence as this could disrupt primer annealing to the template DNA. A 

typical BGS region of interest is between 300-400 base pairs, but can be 

designed up to 700 base pair regions. For the PCR amplification the following 

components are added to the reaction mixture (Qiagen HotStar reagents): 2.0 µl 

of 10X Buffer (contains 2.5 mM MgCl2), 0.5 µl of 10 mM dNTP mix, 0.25 µl Taq 

polymerase, 1.0 µl of 10µM combined forward and reverse primers, 1.0 µl of 

bisulfite-treated DNA, and finally water up to a total volume of 20 µl. The reaction 

is incubated in a thermocycler with the following protocol:  

Step 1: 94ºC  15 minutes (activates Qiagen Taq polymerase) 
Step 2: 94ºC  2 minutes 
Step 3: 55ºC  3 minutes 
Step 4: 72C  3 minutes 
Repeat Step 2-4  5 times 
Step 5: 94ºC   30 seconds 
Step 6: 55ºC  2 minutes 
Step 7: 72ºC  1.5 minutes 
Repeat Step 5-7 30 times 
Step 8: 72ºC  6 minutes 
Hold at 4ºC 
 

As BGS amplified regions are unstable and the TA overhang is required for 

ligation into the vector, it is best to directly proceed to the TA cloning step post-

PCR amplification.  
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Table 5. Primer sequences for amplification of BGS regions 

 

 

TA cloning and sequencing 

PCR products were resolved on a 1.5% agarose gel followed by extraction 40 

utilizing the Qiaex II Gel Extraction protocol (Qiagen). Next, PCR products were 

ligated into the PCR 2.1 vector by following the manufacturer protocol for TA 

cloning (Invitrogen). The reaction mixture consisted of the following components: 

2.0 µl of 5X ligation buffer, 1.0 µl each of PCR 2.1 vector, T4 DNA ligase, and 

water, and 5 µl of the purified BGS PCR product. The reaction mixture was 

incubated overnight at 14ºC in a thermocycler. The following day, vectors 

containing the PCR amplified product were transformed into DH5α E. Coli (NEB). 

The cells were thawed on ice for 10 minutes and then 20 µl were aliquoted into a 

fresh 1.5 mL tube. 5 µl of the ligation mixture was added to the competent cells, 

gently mixed, and incubated on ice for 30 minutes. The cells were then heat-

shocked at 42ºC for 30 seconds and then immediately placed back on ice for five 

minutes. Room temperature SOC media (950 µl) was added, and the cells were 

incubated at 37ºC for one hour with agitation. Finally, 40 µl of cells were added to 

pre-warmed plates and incubated overnight at 37ºC. The next day, 25 colonies 

were picked and transferred to a master plate and incubated overnight at 37ºC. 

Gene Forward Primer Reverse Primer
PTPRN2 GAAAAATAGATGAGGTAGTAATTGAGAGAT TACCAAACCCTACCTTCTTAAAATCTA
CREBBP AGTAGATAAGATTTTTTGGAGTATTTGAT AAATACAAACATCAATAAAAATTATACCC
TACSTD2 TTTTATTGGTATTTGGGTGATATATTT CTAATAATCCCTACCTATCAAAACTAAT
DROSHA TTGAAGTAGAGTAATTATTTTGAGA ACCTTAATTTCTCTTTAACAAAA
USP14 GTATGTTGAAATGAATTTTGGGAGATTAA AACAACAATTCTAACATTCC
UBR4 GGTTAAAAAATGTTAATGTTAGGGG AACCCCACAACAACTTCAAATTCT
SIN3A TAGAAAAATGTTGTATGAAAATTT CTTATACATAACCACCAACCACA
HOXA9 AAGGTAAGAAGTGGAAGGAAT ACCTTATAACATTAAACCTAAAC
GPX6 GGAATTAGAATATGGTTATTTGG TCTAACTATAACATCAACTCTAACT
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The following day, a sampling of colonies were screened for insert using colony 

PCR. If a majority of the screened clones were positive, 12 colonies were picked 

for BGS sequencing and 24 colonies for TAB-sequencing and submitted to the 

University of Florida genomics core for sequencing. Sequences were analyzed 

using the online software QUMA that is specially designed for querying the 

methylation status of cytosines from sequencing data [205]. For CpG methylation 

status the default parameters were used, and for nonCG methylation stats the 

“Upper limit of unconverted CpHs” was increased to the number of nonCG sites 

present in the region assayed. 

 

Data Analysis 

Dr. Justin Choi provided substantial aid in the upstream processing of the high-

throughput datasets. As many of the algorithms used for processing required 

advanced computer programming skills, he executed the pre-processing 

necessary for later analysis. In particular, he performed the alignment of 

sequences and CpG loci to the h19 genome build of the human genome, peak 

calling for MBD-seq and ChIP-seq, assignment of gene and region annotations 

for regions of interest, and significance testing for enrichment of marks or 

expression.  

 

MBD-seq/ChIP-seq 

Raw sequencing reads were mapped to the UCSC human genome hg19 build 

using BWA V0.5.9 [206] with a default parameter setting. Multiply mapped reads 
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and uniquely mapped reads with mismatches and indels > 5% of read lengths 

were filtered out.  SICER V1.1 [207] was used to identify peaks in a sample and 

differentially enriched regions between two samples relative to an input with the 

following parameters: redundancy allowed = 1, window size = 200, fragment size 

= 300, effective genome size = 0.833, gap size = 400, E-value = 1000, false 

discovery rate = 0.01.  In-house scripts annotated peaks and differentially 

enriched regions with RefSeq, CGIs, and repeats in the UCSC genome browser 

[208], and classified them as promoter (−1kbp - +1 for TSS), body, and 3′ end 

(TTS + 1kbp).  In some cases, gene bodies were further classified into 5′ UTR, 

exon, protein coding exon, 3′ UTR, and intron.  After discarding more than two 

reads mapping to the same location, mapped reads were lengthened to the 3′-

end to reflect their original length, and counted based on their midpoint for 

genomic features such as genes, CGIs, and repeats.  A genomic feature was 

binned by relative positions including upstream and downstream regions. 

Different numbers of mapped reads per sample were taken into account by 

calculating FPKM (fragments per kilobase per million fragments mapped).  To 

illustrate the change in tag densities around genes, a relative length window for 

gene bodies was used and the average of normalized read coverage in a window 

was measured. For integration with 450K array datasets, bedtools was used to 

determine intersection between ChIP-seq peaks and CpG loci [209].  
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Gene ontology analysis and statistical methods for data set comparisons  

Welch two-sample t-tests (unpaired, unequal variances) were conducted on β-

values for each siRNA KD sample compared to the NTC for box plot significance 

analysis testing. Ontology analysis was performed using GO_BP and 

KEGG_pathway annotations within DAVID bioinformatics database applying a 

modified EASE score to the Fisher Exact test [210, 211]. The Fisher Exact test 

with a two-tailed pval calculation was used for testing the significance of data set 

comparisons as described previously for similar data sets [159].  For added 

stringency, a modified EASE score was applied to all Fisher Exact tests. 

 

Microarray/RNA-seq 

Gene expression profiling for DNMT depleted samples was performed using 

Affymetrix Human Gene 1.0 ST arrays.  All samples were analyzed in duplicate 

at the Georgia Regents University Cancer Center Genomics Core facility. 

Microarray data was processed using the Affymetrix package in Bioconductor 

2.8. Data was normalized using the RMA method. Gene expression was 

calculated by averaging the signal intensity of probes in a gene. RNA-seq data 

for the 786-O cell lines was processed using the Tophat alignment algorithm and 

cufflinks software package with default parameters [212] to assign FPKM values 

for each gene transcript. Division into high and low expression tiers was done by 

sorting FPKM values highest (high expression) to lowest (low expression) and 

placing an equal number of genes into each tier. 
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HumanMethylation BeadChip450K 

The Illumina HumanMethylation450 BeadChip (450K array) is a hybridization 

array that interrogates the methylation status of over 450,000 CpG loci using the 

principles of bisulfite conversion [213]. Key advantages to this technology is the 

pre-annotated CpG loci making analysis much easier and more streamlined and 

the coverage of multiple regions of the genome (promoter, gene body, intergenic, 

CGIs) [213]. Additionally, TCGA has adopted this technology for DNA 

methylation profiling of patient tumors (TCGA). DNA samples (1.0 µg) were 

submitted to AKESOgen for processing. Quality control of 450K array samples 

was assessed using the Genome Studio Methylation Module (Illumina). Subset-

quantile Within Array Normalization (SWAN) was performed on IDAT files via the 

R Bioconductor package “minfi” [214]. Probes with a detection pval > 0.05 were 

eliminated from the analysis. Probes from the X and Y chromosome were 

retained for downstream analysis as both NCCIT, HCT116, and 786-O cell lines 

are derived from males. X and Y chromosomes were removed from analysis with 

TCGA datasets. The 450K array assigns numeric values ranging from zero to 

one, with zero being completely unmethylated and one being completed 

methylated. Significant differential methylation was determined from 

GenomeStudio Methylation Module Illumina custom algorithm for calculating 

DiffScores (DiffScore ≤ -13.0 (≈ pval < 0.05) = hypomethylation; DiffScore ≥ 13.0 

(≈ pval < 0.05) = hypermethylation) for the DNMT study. For the SETD2 study, 

different cut-offs of differential methylation (ǀΔβǀ ≥ 0.2, 0.1) were used to 

determine differentially methylated CpG loci. Spatial distribution plots for 450K 
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array data were generated using in-house scripts. Normalization for the genomic 

feature enrichment plots was conducted by comparing the number of significantly 

differentially methylated CpG sites to the total number of sites in each genomic 

feature present on the 450K array. Clustered heatmaps were generated using R 

and custom macros in Microsoft Excel.  

 

Gene Expression Omnibus (GEO) Accession Numbers 

Datasets for 450K array data on the 786-O cell lines and NCCIT SETD2 KD 

studies have not yet been deposited in GEO. 

 

Table 6. GEO Accession Numbers for datasets used  

 

 

TCGA datasets 

SETD2 mutational status was determined for each sample ID through analysis of 

whole-exome sequencing. For the KIRC dataset in particular, WT samples were 

chosen if no copy number loss was observed along with no mutations (as this 

frequently occurs in ccRCC). For the KIRP and LUAD datasets, WT samples 

GEO Accession Number Dataset description
GSE54840 450K array data for DNMT depletion study
GSE54841 Affymetrix  Human Gene 1.0 ST microarray for DNMT depletion study
GSE54842 MBD-seq for DNMT depletion study
GSE38938 ChIP-seq used for DNMT depletion study
GSE66884 ChIP-seq for H3K36me3 for 786-O cells
GSE66879 RNA-seq for 786-O cells

GSM670025 Human Adult Kidney H3K4me1
GSM1112806 Human Adult Kidney H3K27ac

ENCODE: ENCSR071ZMO Human Adult Kidney RNA-seq
GSM910572 Human Adult Lung H3K4me1
GSM906395 Human Adult Lung H3K27ac
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were randomly chosen. For 450K array analysis, Level 1 data (raw data) was 

downloaded from the TCGA database (http://cancergenome.nih.gov), and 

processed with the Bioconductor package “minfi” with SWAN normalization [214]. 

RNA-seq data (Level 3 (processed data)) was downloaded and used for gene 

expression analysis.   
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Table 7. TCGA samples used from KIRC dataset 

 

TCGA ID SETD2 status 450K chip and location
TCGA-CJ-4912 WT 6042308129_R01C02
TCGA-B0-5400 WT 6042308157_R04C01
TCGA-BP-4770 WT 6042308163_R06C02
TCGA-B0-5080 WT 6042316017_R01C02
TCGA-B8-4621 WT 6042316017_R02C01
TCGA-B0-5100 WT 6042324027_R01C01
TCGA-A3-3385 WT 6042324027_R05C01
TCGA-B0-5109 WT 6042324113_R01C02
TCGA-B0-5106 WT 6055424116_R05C01
TCGA-B0-4700 WT 6285617026_R06C01
TCGA-B8-5546 WT 6285617068_R03C02
TCGA-B0-5691 WT 6285617068_R04C01
TCGA-B2-5635 WT 6929671134_R04C02
TCGA-CJ-5680 WT 6929671134_R06C01
TCGA-DV-5576 WT 6929671144_R04C01
TCGA-EU-5905 WT 6929718088_R03C01
TCGA-B8-5545 WT 6929718090_R02C01
TCGA-CW-6087 WT 6929718091_R06C01
TCGA-B2-5635 WT 9305216018_R05C01
TCGA-B2-5635 WT 9305216018_R06C01
TCGA-CZ-5459 MUT 6042308132_R01C02
TCGA-B0-4710 MUT 6042308132_R03C02
TCGA-BP-5198 MUT 6042308144_R02C02
TCGA-BP-5178 MUT 6042308152_R05C01
TCGA-B0-5402 MUT 6042308163_R02C01
TCGA-B0-4852 MUT 6042308163_R05C01
TCGA-BP-5169 MUT 6042308164_R06C01
TCGA-CZ-5470 MUT 6042316009_R03C01
TCGA-B0-4712 MUT 6042316009_R06C02
TCGA-B0-4811 MUT 6042316038_R02C02
TCGA-B0-5399 MUT 6042316038_R05C01
TCGA-CZ-5461 MUT 6042316038_R06C01
TCGA-B0-4814 MUT 6042316057_R02C01
TCGA-B0-4822 MUT 6042324004_R04C02
TCGA-B0-4703 MUT 6042324004_R05C02
TCGA-B0-4718 MUT 6042324009_R03C02
TCGA-AK-3431 MUT 6042324009_R04C01
TCGA-A3-3367 MUT 6042324022_R06C01
TCGA-B0-4845 MUT 6042324033_R01C01
TCGA-B0-5121 MUT 6042324113_R05C02
TCGA-B0-5699 MUT 6285617026_R04C01
TCGA-CJ-5682 MUT 6285617026_R05C02
TCGA-A3-3358 MUT 6285617068_R05C01
TCGA-CJ-5676 MUT 6285650093_R03C02
TCGA-CJ-5684 MUT 6285650095_R02C02
TCGA-CW-5591 MUT 6285650095_R03C01
TCGA-CJ-5678 MUT 6285650095_R06C01
TCGA-CJ-5671 MUT 6929671144_R01C01
TCGA-CW-5580 MUT 6929718092_R05C01
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Table 8. TCGA samples used from KIRP dataset 

 

  

TCGA ID SETD2 status 450K chip and location
TCGA-5P-A9KA WT 3999510144_R03C02
TCGA-EV-5903 WT 6285609019_R05C01
TCGA-DW-5561 WT 6285609045_R02C01
TCGA-DW-7838 WT 7310440061_R05C02
TCGA-GL-7966 WT 7786923102_R02C02
TCGA-PJ-A5Z9 WT 9296931048_R06C02
TCGA-GL-A59T WT 9296931055_R03C02
TCGA-Q2-A5QZ WT 9296931055_R04C01
TCGA-IZ-A6M9 WT 9305216028_R04C02

TCGA-MH-A55W WT 9305216203_R04C01
TCGA-SX-A7SQ WT 9630789214_R06C02
TCGA-SX-A71U WT 9630789230_R01C01
TCGA-IA-A83S WT 9630789230_R06C01
TCGA-PJ-A8JU WT 9630789235_R04C01
TCGA-BQ-5877 MUT 6285609045_R04C02
TCGA-HE-7130 MUT 6285633034_R02C01
TCGA-DZ-6133 MUT 6285633034_R03C02
TCGA-BQ-7061 MUT 6285633053_R02C01
TCGA-BQ-5891 MUT 6929671163_R02C02
TCGA-A4-7583 MUT 7310440066_R05C01
TCGA-A4-A5Y1 MUT 9296931055_R06C01
TCGA-BQ-5875 MUT 6285609019_R04C02
TCGA-A4-8098 MUT 7800246206_R03C02
TCGA-B9-5155 MUT 6285609019_R05C02
TCGA-G7-6793 MUT 6285633053_R05C02
TCGA-BQ-5876 MUT 6929689007_R02C01
TCGA-B9-A44B MUT 8784225052_R03C01
TCGA-B1-A656 MUT 9305216028_R05C02
TCGA-BQ-7058 MUT 6285633053_R02C02
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Table 9. TCGA samples used from LUAD dataset 

 

 

 

 

 

TCGA ID SETD2 status 450K chip and location
TCGA-71-6725 WT 6285625070_R03C02
TCGA-55-7726 WT 6285633063_R04C01
TCGA-49-6761 WT 6929671144_R05C02
TCGA-44-6774 WT 6285625076_R01C01

TCGA-MP-A4SV WT 8784241084_R03C01
TCGA-L4-A4E6 WT 8795194077_R02C02
TCGA-44-3917 WT 9305216009_R03C01
TCGA-99-8028 WT 6264488026_R04C01
TCGA-50-5931 WT 6285625064_R06C02
TCGA-55-6975 WT 6285650110_R02C02
TCGA-44-A47G WT 8795194077_R01C01
TCGA-86-8054 WT 6264488067_R02C02
TCGA-55-8089 WT 6264488067_R04C01
TCGA-55-7227 WT 6929742041_R01C01
TCGA-64-5775 MUT 6042308138_R01C01
TCGA-50-5942 MUT 6264488083_R02C02
TCGA-49-4487 MUT 6285625070_R05C02
TCGA-05-4396 MUT 6285625070_R06C01
TCGA-67-6216 MUT 6285625087_R03C02
TCGA-38-4631 MUT 6285625090_R05C02
TCGA-75-5126 MUT 6285625099_R01C01
TCGA-73-4658 MUT 6285625064_R05C02
TCGA-50-5941 MUT 6285625064_R06C01
TCGA-05-4427 MUT 6929671148_R04C02
TCGA-49-6744 MUT 6929671163_R01C01
TCGA-73-4676 MUT 6264488083_R06C02
TCGA-05-4425 MUT 6285625064_R04C01
TCGA-44-2666 MUT 9305216007_R05C02
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CHAPTER III: RESULTS OF DNMT DEPLETION ON 

THE DNA METHYLOME 

 

Given the role the DNMTs play in establishing methylation patterns during cell-

fate differentiation and the susceptibility of these enzymes to be aberrantly 

regulated in cancer states, the goal of the first study was to better define the 

individual and cooperative regulatory properties of the DNMTs in different 

contexts. In particular, we focused on regulation of global CpG and nonCG 

methylation, transcription, differentiation, and interfacing these parameters with 

other epigenetic marks. All figures and text are derived from the article entitled 

“Acute depletion redefines the division of labor among the DNA 

methyltransferases in methylating the human genome”, published in Cell Reports 

November 2014 [200].  

 

Acute DNMT depletion causes differential effects on global 5mC 

Using the human embryonic carcinoma cell line NCCIT as a model system, we 

depleted the DNMTs using siRNA both individually and in combination (Figure 
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4A) to identify direct functional target sites in a more comprehensive manner than 

has been attempted previously (DNMT1+DNMT3L was omitted as no published 

evidence has linked their function). NCCIT cells are derived from an 

extragonadal germ cell tumor and demonstrate expression patterns similar to 

ESCs including high level DNMT expression (Figure 4B) [138]. Accordingly, they 

can be induced to differentiate into the three embryonic germ layers and 

extraembryonic lineages [138, 215]. Due to its pluripotency and developmental 

implications, undifferentiated (UD) NCCIT cells serve as a model to study DNMT 

function in both development and cancer. DNMTs were acutely depleted by 

siRNA transfection in UD NCCIT cells for 72 hours. After extensive optimization 

(not shown), this timepoint was chosen to observe the most immediate impact on 

5mC and gene expression, and avoid potential compensatory epigenetic 

changes [93, 216]. mRNA transcripts were depleted by ~80% among individual 

DNMT knockdowns (KD) compared to the no-target control (NTC) siRNA and no 

off-target effects on other DNMTs were observed (Figure 4C). Efficiency of the 

combination KDs varied. DNMT3B depletion efficiency in combination samples, 

for example, was typically in the 40-60% range (Figure 4C).  
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However, DNMT3B is the most highly expressed de novo methyltransferase in 

NCCIT cells [215], so this level of depletion is still sufficient to observe robust 

methylation changes in combination KDs with DNMT3B, as will be presented 

later. Depletion of the DNMTs was also confirmed at the protein level (Figure 

4D).  
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Figure 4. Validation of DNMT siRNA knockdowns in NCCIT cells. (A) Sample 

table detailing all siRNA KDs conducted in NCCIT cells with respective 

abbreviations used throughout the text. (B) mRNA expression by quantitative RT-

PCR of DNMTs in undifferentiated (UD) and differentiated (DF) NCCIT cells 

performed in triplicate relative to GAPDH expression and normalized to UD (set 

at 1.0). Error bars indicate standard error. NCCIT UD cells were treated with 

retinoic acid (10µM) for 7 days prior to the RNA harvest for DF cells, and this 

represented the “differentiated” condition used throughout this study. * = pval < 

0.005 (C) Expression of DNMTs in all DNMT siRNA knockdown (KD) samples 

(single and combination) by quantitative RT-PCR relative to GAPDH expression, 

normalized to a no-target control (NTC) siRNA transfection. Depletion efficiency 

was monitored on the same samples used for the HumanMethylation 450K and 

Affymetrix Gene 1.0 ST arrays.  * = pval < 0.005. (D) Expression of DNMTs for 

individual NCCIT siDNMT KD samples at the protein level confirms the RT-PCR 

results. PCNA was used as a loading control. 
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Housekeeping genes (RPL30, DYNLL1) and pluripotency factors (NANOG, 

OCT4) showed little change in expression during the 72 hour KD period, whereas 

markers of different germ layers varied in their expression (Figure 5) indicating 

that developmental pathways, especially ectodermal, are affected by DNMT 

depletion. We also examined TET mRNA expression in our DNMT KDs (Figure 

5); overall, TET1 expression was maintained while expression of TET2 and TET3 

was mildly decreased. 

 

 

Figure 5. Expression of developmental markers, pluripotency factors, 

housekeeping genes, and TETs by quantitative RT-PCR under conditions of 

DNMT depletion relative to TUBA1C expression, normalized to NTC.  Error 

bars indicate standard error. 
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Multiple independent siRNA KD transfections were pooled for each sample in 

subsequent 5mC and gene transcription analyses. Genome-wide methylation 

was assayed using Illumina’s Infinium HumanMethylation450 BeadChip (450K 

array). DNMT1 depletion (individual/combination) resulted in global 

hypomethylation, most notably in gene bodies and intergenic sequences (Figure 

6). The DNMT3 depletions, however, resulted in more distinctive global changes 

in methylation. Individual depletion of DNMT3B and DNMT3L resulted in 

hypermethylation across the genome, while DNMT3A depletion caused a small 

overall decrease in methylation (Figure 6). Consistent with these results, 

combination depletion of DNMT3B with DNMT3L (3B+3L), including the addition 

of DNMT3A depletion (3A+3B+3L) also induced hypermethylation. In contrast, 

siRNA KD’s involving DNMT3A (3A+3L, 3A+3B) resulted in hypomethylation 

throughout the genome (Figure 6).  

 



71 
 

 

Figure 6. Spatial distribution plots across intragenic regions derived from 

average β-values for 5mC in NCCIT DNMT depleted samples obtained from 

the 450K array. Top panel: Individual siRNA KDs Bottom panel: Combination 

siRNA KDs. Dashed black box (to the right) indicates region magnified to more 

effectively visualize relative methylation levels among samples. 

 

Further examination of methylation changes at specific genomic features 

revealed that DNMT3B/3L KD-induced hypermethylation is most prevalent in 

gene bodies and intergenic sequences, and DNMT3A KD-induced 

hypomethylation (individual/combination) is consistent across all genomic 

features (Figure 7).  
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Figure 7. Box plots representing all ∆β-values for each sample in the 

indicated features for NCCIT DNMT depletions. Outliers outside of the 5th/95th 

percentile have been removed. Red bar highlights the zero position (no change 

in methylation). 

 

We confirmed reproducibility of the genome-wide 5mC observations by 

performing two additional independent biological replicates on a subset of the 

KDs (siDNMT1, siDNMT3B, si3B+3L) followed by 450K array analysis. All 

siDNMT1 replicate samples displayed hypomethylation across all genomic 

features, while siDNMT3B replicate samples consistently displayed gains in 5mC 

in gene bodies and intergenic sequences (Figure 8).  
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Figure 8. Feature-based analysis of differential methylation demonstrates 

reproducibility among independent siDNMT KD biological replicates. Box 

plots representing all ∆β-values for each sample in the indicated genomic 

features (promoter, gene body, intergenic, islands, shores, open sea) in three 

independent KD experiments (“0, 1, 2”; 0 = original experiment). Outliers outside 

of the 5th/95th percentile have been removed. Red bar highlights the zero line (no 

change in methylation). 

 

In general, gene expression profiles for each DNMT depleted sample did not 

correlate with differentially methylated loci (data not shown), however, 

redundancy in regulation of particular genes was observed. For example, more 

genes were upregulated in individually depleted DNMT conditions, while 

combination depletion, in general (with the exception of 3B+3L), resulted in more 

genes being downregulated (Figure 9A). Accordingly, hierarchical clustering of 

gene expression profiles grouped the individual DNMT KD samples together, 
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while most of the combination DNMT depleted samples clustered together 

(Figure 9B).  

 

 

Figure 9. Differential gene expression among DNMT siRNA KD samples is 

variable. (A) Total number of genes upregulated/downregulated (≥ 1.5 fold-

change) by microarray analysis for NCCIT DNMT depleted samples. (B) 

Clustered heat map of gene expression (Affymetrix Human Gene 1.0 ST array) 

measured as log2 fold change for all NCCIT DNMT KD samples.  

 

Taken together, these results demonstrate unique and cooperative functions for 

each of the DNMTs in regulating 5mC across the genome. Importantly, the most 

immediate changes in 5mC induced by depletion of the DNMTs do not directly 

alter gene expression, but rather the DNMTs potentially co-regulate expression 

of genes independent of their 5mC writing function. 
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Depletion of DNMT3B results in specific hypermethylation events that 

coincide with DNMT1 depletion-driven hypomethylation events 

Next, we examined the most significantly differentially methylated CpG sites (pval 

< 0.05) in each DNMT depleted sample to define loci most prone to changes in 

5mC. Consistent with global methylation patterns, DNMT1 depletion 

(individual/combination) conferred widespread hypomethylation across the 

genome, with particular enrichment in gene bodies, 3’UTRs, and intergenic 

sequences (Figure 10A-B). We independently confirmed siDNMT1 associated 

hypomethylation using bisulfite genomic sequencing (BGS) for the PTPRN2 

(intron), CREBBP (intron/exon), and TACSTD2 (5’UTR) loci (Figure 10C). 

Consistent with microarray expression analysis, correlating changes in 

expression and methylation were not observed at these loci (Figure 10D).  
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Figure 10. DNMT1 depletion in NCCIT cells induces hypomethylation. (A) 

Percentage of significantly differentially methylated CpG sites (pval < 0.05) 

classified by methylation change upon siRNA KD in NCCIT DNMT siRNA 

depleted cells. (B) Normalized distribution of significantly differentially methylated 

CpG sites for DNMT1 depletion (individual/combination) by genomic feature. (C) 

Bisulfite genomic sequencing (BGS) of identified DNMT1 target genes from the 

450K array analysis. Gene structures with PCR-amplified region indicated by a 

dashed red box are provided below each CpG plot. Each pie chart indicates the 

percentage of methylated (black) and unmethylated (white) CpGs for a single 

CpG site among > 10 clones sequenced with the total percent methylation shown 
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at the right. (D) Expression of PTPRN2 and CREBBP (DNMT1 target genes) by 

quantitative RT-PCR for all DNMT depleted samples relative to GAPDH 

expression, normalized to NTC. Error bars indicate standard error.  

 

 Unexpectedly, DNMT3 siRNA KDs, particularly those involving DNMT3B, 

showed more significant hypermethylation than hypomethylation events (Figure 

11A). Overwhelmingly, DNMT3 depletion associated hypermethylation events 

occurred in gene bodies, 3’UTRs, and intergenic sequences, while significantly 

hypomethylated CpG sites were more evenly distributed among genomic 

features (Figure 11B).  

 

 

Figure 11. DNMT3 depletion in NCCIT cells induces hypermethylation. (A) 

Percentage of significantly differentially methylated CpG sites (pval < 0.05) 

classified by methylation change upon siRNA KD in NCCIT DNMT siRNA 

depleted cells. (B) Normalized distribution of significantly differentially methylated 

CpG sites for DNMT3 depletion (individual/combination) by genomic feature. 
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Since siDNMT1 hypomethylated genes and siDNMT3 hypermethylated genes 

showed similar enrichment profiles (Figure 10B left panel compare to Figure 11B 

right panel), we investigated whether common loci were targeted. Indeed, 

significant overlap was observed, particularly for siDNMT3B hypermethylated 

genes and siDNMT1 hypomethylated loci, in 5’UTRs and gene bodies (Figure 

12A). Next, we focused our analysis on CpG sites that displayed 

hypermethylation in at least one DNMT depleted sample, and examined the 

methylation level of these loci across all DNMT depleted samples (Figure 12B). 

Consistent with our previous analyses, we observed overlap of hypermethylation 

events among the DNMT3B depleted samples that coincided with 

hypomethylation events upon DNMT1 depletion (Figure 12B).  
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Figure 12. CpG loci that undergo DNMT1-induced hypomethylation 

significantly overlap with DNMT3B induced hypermethylation. (A) Overlap 

analysis of hypo/hypermethylated genes with significantly differentially 

methylated CpG sites (pval < 0.05) among genomic features (P = promoter, 5’ = 

5’UTR, B = body, 3’ = 3’UTR) for all NCCIT DNMT depleted samples. Statistical 

significance of overlap was calculated using the Fisher’s Exact test. (B) Left 

panel: Clustered heat map (Euclidean distance) of hypermethylated (Δβ ≥ 0.15) 

CpG sites for each DNMT depleted condition (duplicate CpG sites removed) 

stratified by NTC Avgβ-value most methylated to least methylated CpG sites. 

Dashed red box indicates magnified region (Avgβ-value [0.45 – 0.75] in NTC). 

Right panel: Heat map of Δβ-values for respective CpG sites from the left panel. 
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Inclusion of two additional independent biological replicates of the siDNMT1, 

siDNMT3B, and si3B+3L KD conditions confirmed these observations in which 

DNMT1 depletion induces hypomethylation while DNMT3B depletion induces 

hypermethylation (Figure 13A). Furthermore, the incidence of these two events 

occurring at shared loci is also conserved in replicate depletion experiments 

(Figure 13B). Taken together, these results demonstrate distinct and in some 

cases antithetical roles for the DNMTs in regulating 5mC, particularly in gene 

bodies.  
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Figure 13. Reproducibility of DNMT KD 5mC phenotypes observed in NCCIT 

cells. (A)  Distribution of differentially methylated CpG sites for siDNMT KD 

biological replicates. Percentage of significantly differentially methylated CpG 

sites (pval < 0.05) classified by methylation status (hypo/hypermethylation) in 

three independent NCCIT DNMT depletion experiments demonstrates the 

reproducibility of our findings. (B) Clustered heat map of hypermethylated CpG 

sites for each DNMT depleted biological replicate sample to demonstrate 

reproducibility of the siDNMT3B hypermethylation phenotype at conserved loci. 

Hypermethylated (Δβ>0.15) CpG loci (duplicate CpG sites removed) were 

clustered by siDNMT samples stratified by NTC most methylated CpG sites to 

least methylated CpG sites (left panel). Δβ-values for respective CpG loci are 

also presented (right panel). Dashed red box indicates magnified region (Avgβ-

value [0.45 – 0.75] in NTC). 
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DNMT3B regulation of nonCG methylation in human embryonic carcinoma  

cells 

NonCG methylation has recently been shown to comprise up to 25% of all 

cytosine methylation in ESCs and to accumulate specifically during neuronal 

maturation [30, 66]. Given its potential importance but poorly understood 

regulation, we analyzed nonCG methylation levels among our DNMT depleted 

samples to determine the relative contribution of each DNMT to the writing of this 

mark. The 450K array interrogates 3,091 nonCG dinucleotides allowing us to 

examine the role of the DNMTs in regulating this mark at single nucleotide 

resolution across the genome, albeit at low density.  In NCCIT cells depleted of 

DNMT3B (alone or in combination), cytosine hypomethylation occurred primarily 

at nonCG sites, with the single exception of the 3B+3L depleted sample (Figure 

14A). Average methylation across genomic features (Avgβ-value) revealed an 

interesting pattern, where DNMT3B depletion results in hypomethylation of 

nonCG sites across all regions, but depletion of DNMT3L results in 

hypermethylation of nonCG sites (Figure 14B). The DNMT3A depletion also 

follows this trend, although to a lesser extent. DNMT3A siRNA KD combined with 

depletion of DNMT3L (3A+3L) in contrast results in hypermethylation at nonCG 

sites.  
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Figure 14. The de novo methyltransferases uniquely regulate nonCG 

methylation. (A) Percent of significantly hypomethylated cytosines (pval < 0.05) 

classified by dinucleotide type (CpG vs. nonCG) for NCCIT DNMT depleted 

samples. (B) Average β-values of methylation at nonCG sites from the 450K 

array across genomic features. 

 

Indeed, histograms of ∆β-values for all 450K array nonCG sites reveal that 

DNMT3A depletion results in a shift toward hypomethylation; however DNMT3L 

depletion has the opposite effect where nonCG sites gain methylation (Figure 

15). Combined depletion of DNMT3A and DNMT3L overall results in the creation 

of more hypermethylated cytosines, however the majority of sites shift toward the 

baseline (that is, no-change in methylation (∆β = 0)). A similar pattern was 

observed with DNMT3B depletion, but to a much larger extent where most 

nonCG sites on the 450k array become broadly ([-0.4 – 0.0]) hypomethylated. 

Depletion of all DNMT3 family members results in the hypomethylation of almost 

all nonCG sites (Figure 15).  
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Figure 15. Depletion of the DNMT3s reveals dynamic shifts in DNA 

methylation of nonCG loci.  Histograms of ∆β-values (Bin# = 50) for nonCG 

dinucleotides. Red line indicates zero (no change in methylation). Values to the 

left and right of the red line indicate the number of nonCG cytosines that are 

hypomethylated and hypermethylated respectively, compared to the NTC control 

transfection. 

 

We verified these observations with clone-based BGS of target genes identified 

via the 450K array-based analysis for DROSHA, USP14, UBR4, and SIN3A 

(Figure 16). For DROSHA, nonCG hypomethylation is observed in all depletions 

involving DNMT3B, and hypermethylation is observed with depletion of DNMT3L 

alone. Notably, CpG sites within the assayed regions became hypermethylated in 

the DNMT3B single depletion sample (Figure 16).  
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Figure 16. Independent confirmation of array-based nonCG methylation 

data using bisulfite genomic sequencing. Bisulfite genomic sequencing (BGS) 

analysis of nonCG hypomethylation events in DNMT3 depleted samples 

identified using the 450K array data. CpH status is indicated above each BGS 

plot; the 450K array CpA is denoted by *.  Gene structures with amplified region 

indicated by the dashed red box provided below each CpH plot. Each pie chart 

indicates the percent methylated (black) and unmethylated (white) CpHs for a 

single CpH site among at least 10 clones sequenced. The table to the right of 

each plot indicates the total percent methylation for all CpGs and CpAs shown in 

each sample. 
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Collectively, these results indicate that DNMT3B, and to a lesser extent 

DNMT3A, plays an important role in promoting nonCG methylation at sites that 

can be interrogated by the 450K array in human EC cells, while DNMT3L plays 

an opposing role (Figure 17). Depletion of DNMT3L alone results in 

hypermethylation of nonCG cytosines, most likely due to altered control of 

DNMT3B and DNMT3A in its absence. DNMT3L depletion in combination with 

DNMT3A further emphasizes DNMT3L’s role in regulating nonCG methylation, 

as the combined depletion also displays increased 5mC at nonCG cytosines, 

most likely due to the unrestricted activity of DNMT3B in their absence.  
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Figure 17. Model for regulation of nonCG methylation by DNMT3 enzymes. 

NonCG methylation is regulated by the coordinated efforts of the DNMT3 family. 

Depletion of DNMT3A or DNMT3B results in nonCG hypomethylation. Depletion 

of DNMT3L, however, has the opposite effect where nonCG sites become 

hypermethylated, suggesting it restricts the activity of DNMT3A and DNMT3B 

toward nonCG sites. Lollipop shading reflects the relative amount of methylation 

at the indicated cytosine (black = methylated; white = unmethylated). 

 

  



88 
 

DNMT3B target loci are epigenomic ‘hotspots’ for dynamic regulation of 

DNA modifications 

Given the unexpected result of DNA hypermethylation upon DNMT3B depletion 

and the fact that standard bisulfite-based methods cannot distinguish between 

5mC and 5hmC, we investigated the regulation of DNA modifications (both 5mC 

and 5hmC), at selected DNMT3B target loci identified from the 450K array 

analysis at single CpG resolution using BGS and Tet-assisted bisulfite 

sequencing (TAB-seq) [86], respectively. Analysis of cytosine modifications at the 

HOXA9 locus upon DNMT3B depletion revealed not only an increase of 5mC, 

but also a gain in 5hmC, notably at an exon-intron junction (Figure 18A). 

Cytosine modification analysis of the GPX6 locus (Figure 18B), however, 

revealed increased 5mC only; 5hmC was absent.  
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Figure 18. Single CpG resolution analysis of cytosine modifications using 

BGS and TAB-seq analysis. (A) The HOXA9 locus is hypomethylated upon 

depletion of DNMT1, but CpG hypermethylated (based on 450K array analysis) 

and hyperhydroxymethylated upon DNMT3B depletion. Red brackets indicate the 

region of hyperhydroxymethylation, and a blow-up of this region is shown below 

the BGS plot. Each pie chart indicates the percentage of modified (black) and 

unmodified (white) CpGs for a single CpG site among at least 10 (15 for TAB) 

clones (red* = 450K probe). Gene structure for the region analyzed is shown 

directly below the BGS plots. BGS amplified region is indicated by the gray bar 

and red dashed lines (bent arrow =TSS, green bar = CGI). β-values of 450K CpG 

loci for HOXA9 (scaled to length of the gene) are presented below the gene 

structure for siDNMT1 and siDNMT3B depletion conditions to permit comparison 
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of 450K array and BGS-based results. (B) The GPX6 locus demonstrates 

hypomethylation upon depletion of DNMT1 and hypermethylation upon DNMT3B 

depletion, confirming results derived from the 450K array analysis. 5hmC was not 

detected. At least 10 (25 for TAB) clones were sequenced. 

 

To further enhance our understanding of 5mC/5hmC dynamics at DNMT3B 

target loci, we performed MeDIP/hMeDIP-qPCR to specifically assay 5mC/5hmC 

levels, respectively, in DNMT1 and DNMT3B individually depleted samples. We 

first validated the specificity of our MeDIP/hMeDIP assay with the HCT116 

colorectal carcinoma cell line using both the parental cells (methylated control) 

and derivative of the parental with knockout of DNMT1 and DNMT3B that 

demonstrates 95% reduction in 5mC relative to the parental cells (DKO, 

unmethylated control) [100, 101]. HCT116 parental cells (WT) demonstrate 

enrichment for 5mC while DKO cells show no enrichment for 5mC at these loci 

(Figure 19A). Assayed loci were chosen as they were predicted to have 

methylation from MBD-seq analysis of HCT116 WT and DKO cells (Figure 19B). 

The hMeDIP antibody was generated by the Mayo Clinic Epigenomics 

Development Laboratory, and we demonstrated specific enrichment of the 

hydroxymethylated control sequence, but not the methylated and unmethylated 

sequences confirming its specificity for 5hmC. 
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Figure 19. Validation of MeDIP/hMeDIP technique. (A) HCT116 colorectal 

carcinoma (WT) and DNMT1/DNMT3B knockout (DKO) cells were assayed for 

5mC at promoters of selected genes with previously established changes in 5mC 

levels by pull-down with the Diagenode 33D3 5mC antibody. Quantitative RT-

PCR for cytosine modification enrichment was normalized to 10% input. Error 

bars indicate standard error from technical triplicate reactions.TUBA1C serves as 

an unmethylated control and is not enriched in either cell line. (B) Representative 

browser shots demonstrating 5mC profiles for HCT116 WT and DKO cells. Red 

lines indicate the MeDIP PCR amplification region. Green bars represent CGIs. 

(C) Validation of in-house produced 5hmC antibody by spike-in hMeDIP. HCT116 

WT DNA was spiked with unmodified (Cytosine), methylated (5mC), and 

hydroxymethylated (5hmC) controls (Diagenode). hMeDIP was performed using 

the same protocol as for MeDIP, and enrichment for spike-in controls was 

analyzed by qPCR in triplicate reactions.  

 

MeDIP analysis for the DNMT1 depleted sample displayed reduced 5mC levels 

at all loci tested (Figure 20A, left panel), consistent with the 450K array and BGS 

results. 5hmC showed minor changes upon DNMT1 depletion with the assayed 
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loci displaying small increases (APOA4), decreases (HOXA9), or no change 

(EIF4G3, ZNF311) in levels of the mark (Figure 20A, right panel). DNMT3B KD 

resulted in dynamic shifts of both 5mC and 5hmC levels (Figure 20B). Some loci 

revealed that changes in 5mC were dominant (PDZK1, EIF4G3), while at other 

loci increases in 5hmC (FCGR2A, PDE4DIP, ZNF311) dominated the cytosine 

modification changes under DNMT3B KD conditions (Figure 20B). At other loci, 

such as APOA4 and HOXA9, levels of both 5mC and 5hmC increased (Figure 

20B), consistent with BGS/TAB-seq results for the HOXA9 locus.  
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Figure 20. MeDIP/hMeDIP validation of siDNMT1-induced hypomethylation 

and siDNMT3B-induced hypermodification at target loci. (A) MeDIP/hMeDIP 

analysis of siDNMT target loci. (B) MeDIP/hMeDIP analysis of siDNMT3B target 

loci. TUBA1C serves as an unmethylated control. Quantitative RT-PCR for 

cytosine modification enrichment was normalized to 10% input. Error bars 

indicate standard error from technical triplicate reactions.  

 

To gain further evidence for the specificity and reproducibility of these effects on 

cytosine modifications, we performed a “rescue” experiment. Ectopic expression 

of murine FLAG-tagged Dnmt1 (Figure 21A) or Dnmt3b1 (Figure 21B), coupled 
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with our siRNA transfection protocol, rescued the siRNA-induced changes to 

5mC/5hmC levels and returned them to the level of the control sample, as 

assayed by MeDIP/hMeDIP (Figure 21C,D). Notably, ectopic expression of 

murine FLAG-Dnmt3b1 in the presence of endogenous DNMT3B resulted in 

reduced 5mC levels at all assayed loci (Figure 21D), supporting the notion that 

DNMT3B is recruited to these CpGs and limits access of other DNA modifiers. 

Taken together, these results indicate that dynamic regulation of cytosine 

modifications occur at CpG sites targeted by DNMT3B in which DNMT3B 

appears to protect these loci from modification with 5mC or 5hmC deposition by 

other DNMT and TET enzymes.  
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Figure 21. Rescue of DNMT1 and DNMT3B depletion phenotypes with 

expression of murine Dnmts. (A) Western blot analysis of protein expression 

demonstrates efficient depletion of endogenous DNMT1 in the presence of 

transfected empty ectopic expression vector (empty) and efficient ectopic 

expression of FLAG-Dnmt1 at levels near that of endogenous DNMT1 in NCCIT 

cells transfected with the latter expression vector. (B) Western blot analysis of 

protein expression demonstrates efficient depletion of endogenous DNMT3B in 

the presence of transfected empty ectopic expression vector and efficient 

expression of FLAG-Dnmt3b1 at levels near that of endogenous DNMT3B in 

NCCIT cells transfected with the latter expression vector. Note that the gel photo 



96 
 

was cut to facilitate comparison with part A because samples were loaded in a 

different order. (C & D) Rescue experiment. (h)MeDIP analysis of NCCIT siRNA 

transfected depleted cells transfected with expression vectors encoding murine 

(C) FLAG-Dnmt1 and (D) FLAG-Dnmt3b1 resistant to the human siRNAs. Gene 

structures highlighting (h)MeDIP assayed regions (red bars) are shown below 

each graph. β-values for CpG sites on the 450K array present in each locus 

(scaled to length of the gene) are presented below the gene schematics in 

graphical form. 

 

MBD-seq analysis following DNMT3B depletion supports key 450K array 

findings and reveals that hypermethylation events occur at highly 

expressed genes marked by H3K36me3 

Since our observation of significant hypermethylation events in DNMT3B 

depleted samples was unexpected, we sought to gain a more comprehensive, 

genome-wide view of 5mC changes under this experimental condition by 

performing methyl-CpG-binding domain (MBD)-seq on the DNMT3B siKD 

sample. MBD-seq (utilizing the methyl-binding domain isolated from MBD2) 

preferentially binds 5mC over 5hmC by a 5-fold margin, providing specificity for 

analyzing 5mC distribution [217]. Overall, hypomethylation (≥ 2-fold change in 

5mC) was observed across all genomic features (Figure 22A). However, 

increasing stringency by evaluating larger magnitude changes in 5mC (≥4-fold) 

revealed features (e.g. introns & gene bodies) in which hypermethylation events 

were more numerous than hypomethylation events (Figure 22A), consistent with 
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450K array results. Next, we sought to decipher the functional implications of 

gene body hypermethylation events upon DNMT3B depletion. As actively 

transcribed genes are associated with gene body methylation [30] and 

trimethylation of lysine 36 on histone H3 (H3K36me3) [144], we compared genes 

with ≥ 4-fold change in methylation upon DNMT3B depletion with gene 

expression stratified into three tiers (high, medium, and low expression in the 

siDNMT3B KD sample) and H3K36me3 localization in NCCIT UD cells previously 

published by our laboratory [138]. Indeed, gene body hypermethylation events 

under DNMT3B KD conditions significantly overlapped with highly expressed 

H3K36me3 marked genes, while genes with low expression were largely 

excluded (Figure 22B). Ontology analysis of genes in common with all three 

parameters revealed marked enrichment for functions in RNA splicing, 

translation, and protein ubiquitination (Figure 22C). Collectively, these results 

demonstrate targeted hypermethylation upon DNMT3B depletion to gene bodies 

of highly expressed genes, and potential functional implications for stabilizing 

expression of protein fidelity pathways.  
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Figure 22. Hypermethylation events resulting from DNMT3B depletion 

correlate with highly expressed, H3K36me3 marked genes. (A) Number of 

genes with respective fold changes in methylation (using MBD-seq) across 

genomic features for the NCCIT DNMT3B knockdown. (B) Overlap analysis of 

genes with ≥ 4-fold 5mC changes (by MBD-seq) in the features indicated (P = 

promoter, 5’ = 5’UTR, E = exon, I = intron, B = body, 3’ = 3’UTR) with gene 

expression stratified by level (high, medium, low) and H3K36me3 occupancy in 

NCCIT UD cells. (C) Venn diagram illustrating overlap between hypermethylated 

introns (≥ 4-fold by MBD-seq), high expressing genes, and H3K36me3. Color 

scale from Fig. 5B applies. Ontology analysis of genes that concurrently gain 

5mC upon DNMT3B depletion, are marked by H3K36me3, and are highly 

expressed. 
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Differentiation induced changes in gene expression and 5mC patterns 

mirror those observed upon siRNA depletion of DNMT3B 

Since it is well-established that the DNMTs are crucial for development [9, 10] 

and NCCIT cells also serve as a model for differentiation [138], we next 

compared gene expression and 5mC patterns from the DNMT depletions with 

differential gene expression and 5mC data derived from NCCIT cells 

differentiated with retinoic acid for seven days (DF). A significant percent of 

genes (pval < 0.0001) upregulated in singly depleted DNMT1, DNMT3B, and 

DNMT3L conditions overlapped with genes that become upregulated during 

differentiation (Figure 23A, left). Overlapping genes among DNMT depleted and 

NCCIT DF datasets are enriched in processes involved in cell proliferation (data 

not shown). Genes downregulated during NCCIT differentiation significantly 

overlap among nearly all DNMT depleted samples (Figure 23A, right), and show 

enrichment for ectoderm differentiation and amino acid biosynthesis and 

transport pathways (data not shown). Changes in expression of select genes in 

the siDNMT depleted samples and NCCIT differentiation sample based on 

microarray analysis were confirmed by qRT-PCR (Figure 23B).  
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Figure 23. Differential expression from siDNMT KDs mimics expression 

changes that occur during differentiation. (A) Overlap analysis of DNMT 

knockdown differentially expressed genes (≥ 1.5 fold-change) with differentially 

expressed genes in differentiating (DF) NCCIT cells (following 7 days of retinoic 

acid treatment). ‘DF Genes’ (orange bar) represents the percentage of genes in 

differentiated NCCIT cells that are differentially expressed. The “%Genes” for 

siDNMT depleted samples represents the percent overlap of differentially 

expressed genes among the respective siDNMT depleted sample with genes 

differentially expressed in differentiated NCCIT cells. (B) QRT-PCR-based 

validation of differentially expressed genes identified from microarray analysis 



101 
 

(blue line) performed in triplicate relative to TUBA1C expression and normalized 

to the NTC (siDNMT samples). Error bars indicate the standard error. mRNA 

expression (qPCR) of each gene upon differentiation of NCCIT cells with retinoic 

acid treatment (orange line) is overlaid to demonstrate concordance of 

expression profiles between siDNMT and NCCIT DF samples. NCCIT UD cells 

were treated with retinoic acid (10µM) for 7, 10, 14, and 21 days prior to RNA 

harvest for DF cells. Microarray fold changes (blue line) are overlaid upon the 

qRT-PCR results (gray bars) for siDNMT samples to demonstrate the 

consistency between qPCR and microarray data. R2 = Spearman rank correlation 

between siDNMT qRT-PCR and microarray data. The secondary axis (right) for 

DUSP6 refers to fold expression changes for the NCCIT DF series. 

 

Next, we evaluated the most significant changes (pval < 0.05) in 5mC in DF 

NCCIT cells for their distribution across the genome. Hypomethylation events did 

not show enrichment in any particular genomic feature (Figure 24A, top). In 

contrast, hypermethylation events, which accounted for ~70% of significant 

methylation changes (data not shown), predominately occurred in gene bodies, 

3’UTRs, and intergenic sequences (Figure 24A, bottom), an enrichment profile 

that resembles hypermethylation events occurring upon DNMT3 depletion 

(Figure 11B, right).  Overlap analysis of DF NCCIT gene 5mC with 5mC patterns 

in NCCIT DNMT depleted samples revealed significant overlap (pval < 0.05) of 

hypomethylation events, particularly in promoter regions, and hypermethylation 

events in gene bodies (Figure 24B).  
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Figure 24. Global changes in 5mC patterns resulting from DNMT3B siRNA 

depletion mimic methylation changes during differentiation. (A) Normalized 

distribution of significantly differentially methylated CpG sites (pval < 0.05) by 

genomic feature in NCCIT DF cells. (B) Overlap analysis of 

hypo/hypermethylated genes with significantly differentially methylated CpG sites 

(pval < 0.05) among genomic features (P = promoter, 5’ = 5’UTR, B = body, 3’ = 

3’UTR) for all NCCIT DNMT depleted samples versus NCCIT DF significantly 

hypo/hypermethylated genes. 

 

We next compared the MBD-seq methylation profiles (≥ 4-fold change in 

methylation) with DNMT3B ChIP-seq from NCCIT UD and DF cells published 

previously [138]. Genes that became hypomethylated in promoters and 5’UTRs 

significantly overlapped with DNMT3B binding in UD NCCIT in these same 

regions, linking the altered methylation observed upon DNMT3B depletion with 

the presence of DNMT3B. In contrast, siRNA DNMT3B-induced 



103 
 

hypermethylation overlapped significantly with DNMT3B binding in DF NCCIT 

cells in gene bodies and 3’UTRs (Figure 25A). The CTSZ and PDZK1 promoters 

are representative of loci that demonstrate hypomethylation upon DNMT3B 

depletion and are occupied by DNMT3B in UD NCCIT cells (Figure 25B). The 

entire gene body of EIF4G3 and TBL1XR1 display hypermethylation upon 

DNMT3B depletion that corresponds with DNMT3B occupancy that does not 

decrease upon differentiation (Figure 25B). Decreased binding of DNMT3B in DF 

cells is observed primarily in gene promoters, indicating that as DNMT3B 

expression is reduced during differentiation, the remaining DNMT3B binds 

strongly to gene bodies to regulate 5mC patterns through development. Taken 

together, these results show that DNMT3B is a critical regulator of 5mC during 

early differentiation. 
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Figure 25. 5mC patterns induced by siDNMT3B correspond with binding 

profiles for DNMT3B during differentiation. (A) Overlap analysis of genes with 

≥ 4-fold 5mC changes (by MBD-seq) for the indicated features with DNMT3B 

binding (ChIP-seq) in NCCIT undifferentiated (UD) and differentiated (DF) cells. 

(B) Representative browser views of promoters displaying hypomethylation upon 

DNMT3B depletion, are bound by DNMT3B in UD NCCIT cells, and become 

hypomethylated upon differentiation (top). Gene body hypermethylation with 

DNMT3B depletion coincides with sustained binding of DNMT3B in DF NCCIT 

cells (bottom). 
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Hypermethylation events resulting from DNMT3B depletion are conserved 

in other cell types 

We next sought to determine whether some of the key observations derived from 

NCCIT cells were reproducible in other cell lines. To accomplish this, we 

evaluated 5mC in the HCT116 colorectal carcinoma cell line and its isogenic 

derivatives in which DNMT1 and/or DNMT3B have been genetically inactivated 

or over-expressed [100, 101, 202] (Figure 26A). Genome-wide methylation 

analysis using the 450K array revealed that global 5mC levels for each sample 

were similar to what has been observed in previous studies, and corresponded 

well with the known activities of DNMT1 and DNMT3B (Figure 26B) [100, 101].  
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Figure 26. Validation of HCT116 series of isogenic derivatives and overall 

levels of 5mC. (A) Expression of DNMT mRNA by quantitative RT-PCR for all 

HCT116 samples relative to GAPDH expression, normalized to WT (parental 

HCT116 cells). Error bars indicate standard error. * = pval < 0.05. (B) Spatial 

distribution plots across intragenic regions derived from average β-values for 

5mC in HCT116 DNMT1/DNMT3B knockout (KO) and over-expressing (KI) cells 

derived from the 450K array. Dashed black box (to the right) indicates region 

magnified. 

 

The majority of significantly differentially methylated CpG sites in the 1KO, 

3BKO, and DKO cell lines were hypomethylation, while hypermethylation events 

were the dominant change in HCT116 cells ectopically expressing DNMT1 and 

DNMT3B (Figure 27A). Interestingly, however, we observed that almost 40% of 

differentially methylated CpG sites gained methylation in DNMT3B KO cells. The 
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distribution of hypomethylation changes among DNMT1 KO lines revealed 

enrichment profiles similar to those observed when DNMT1 was acutely depleted 

(Figure  27B compared to Figure 10B). For 3BKO, 1KI, and DKI HCT116 cells, 

hypomethylation (relative to the parental cell line) was enriched upstream of the 

TSS and within intergenic sequences; hypermethylated CpG sites were relatively 

evenly distributed (Figure 27B).   

 

 

Figure 27. Direction and distribution of differentially methylated CpG loci in 

the HCT116 series. (A) Percent of significantly differentially methylated CpG 

sites (pval < 0.05) classified by methylation status.  (B) Normalized distribution of 

significantly differentially methylated CpG sites by genomic feature in HCT116 

KO/KI cells. 

 

We next analyzed CpG sites that became hypermethylated (∆β-value > 0.15) in 

each HCT116 cell line to determine if common sites were targeted, and indeed, 

3BKO hypermethylated CpG sites became hypermethylated in 1KI and DKI 

HCT116 cells (Figure 28A). Finally, we compared the methylation status of 

HCT116 KO/KI hypermethylated CpG sites (whose methylation levels in parental 
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HCT116 cells were comparable to those of the NCCIT NTC (∆β-value between 

NCCIT NTC vs. HCT116 WT [-0.10 - 0.10])), across all DNMT depleted samples 

(Figure 28B). Sites hypermethylated in 3BKO, IKI, and DKI cells are those that 

became hypermethylated in NCCIT DNMT3B depleted cells (Figure 28B) 

indicating that regulation of 5mC at particular CpG sites is conserved across 

other cell types.   

  



109 
 

 

Figure 28. Knockout and ectopic expression of DNMT1 and DNMT3B in 

HCT116 colorectal carcinoma cells reveals conserved modes of regulating 

5mC. (A) Heat map of hypermethylated (Δβ > 0.15) CpG sites for each HCT116 

sample (duplicate CpG sites removed) stratified by WT (parental HCT116 cells) 

least methylated to most methylated CpG sites. (B) Heat map of 

hypermethylated (Δβ ≥ 0.15) CpG sites for HCT116 KO/KI cells in conjunction 

with the respective CpG loci in NCCIT DNMT siRNA depleted samples stratified 

by HCT116 WT most methylated to least methylated CpG sites. Dashed red box 

indicates magnified region (Avgβ-value [0.50 – 0.70] in WT). Duplicate CpG sites 

were removed. 
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CHAPTER IV: RESULTS OF SETD2 DEPLETION 

ON THE DNA METHYLOME 

 

To decipher the impact of SETD2 mutations on the epigenome and cancer 

pathogenesis, we utilized a ccRCC cell line, 786-O (ATCC) and two isogenic 

clones with genetic inactivation of SETD2 [195]. Specifically, we focused on the 

distribution of H3K36me3 and DNA methylation in SETD2 knockout (KO) 786-O 

cells as recent evidence from our laboratory and others clearly demonstrates an 

interplay between these two epigenetic modifications [131, 138-140, 200]. Gene 

expression was determined and integrated to understand the functional 

implications of aberrant epigenomic modifications on the expression program. 

This project was a collaborative effort with Dr. Thai Ho from Mayo Clinic Arizona. 

Dr. Ho developed the cell lines, performed the ChIP-seq for H3K36me3, and 

submitted samples for RNA-seq. We conducted the DNA methylation profiling by 

submitting DNA isolated from the 786-O parental and two isogenic SETD2 KO 

clones for the 450K array. We performed all experiments and data analysis 

related to SETD2 KD in NCCIT cells. 
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Loss of SETD2 induces redistribution of H3K36me3  

As determining DNA methylation localization was a primary focus of this study, 

we assayed the mRNA expression of the DNMTs and Ten-eleven translocation 

(TETs) family members by RNA-seq and quantitative real-time PCR (qRT-PCR) 

(Figure 29). In 786-O parental cells, DNMT1 was the most highly expressed 

DNMT (data not shown) consistent with its role as the maintenance 

methyltransferase in somatic cells. Overall expression level of the de novo 

methyltransferases (determined by RNA-seq) was low in the parental cells with 

DNMT3L expression almost undetectable (data not shown). Loss of SETD2 in 

786-O cells induced downregulation of DNMT1 and upregulation of DNMT3B, but 

no change in expression of DNMT3A and DNMT3L (Figure 29). Notably, 

DNMT3B has recently been shown to directly bind H3K36me3 through its PWWP 

domain [131]. Overall expression level of the TET enzymes in 786-O parental 

cells was variable, with almost no expression of TET1 and moderate expression 

of TET3 (data not shown). Loss of SETD2 resulted in further downregulation of 

TET1 and upregulation of TET3 (Figure 29). Since the DNMTs and TETs play 

important roles in development, we also assayed mRNA expression of 

pluripotency and germ layer markers upon loss of SETD2 (Figure 29). 

Importantly, SETD2 KO altered expression of these markers with upregulation of 

pluripotency markers and variable changes in expression among the different 

germ layers (Figure 29). Subunits of the PAF complex, a complex frequently 
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associated with H3K36me3 and active transcription, remained relatively constant 

with loss of SETD2 function (Figure 29).  

 

 

Figure 29. Expression of epigenetic modifiers, PAF complex members, and 

development markers. Relative mRNA expression measured by qRT-PCR of 

genes involved in epigenetic, transcription, and developmental pathways. Error 

bars represent standard error of technical triplicates. 

 

SETD2 KO in 786-O cells resulted in global reduction of H3K36me3 with little 

effect on H3K36me1 and H3K36me2 total levels (Figure 30A). However, 

H3K36me3 is not completely depleted with loss of SETD2 as low levels of this 

mark can still be detected in both SETD2 KO clones. We next performed 

chromatin immunoprecipitation (ChIP-seq) of H3K36me3 in the 786-O parental 

and both SETD2 KO clones to assay the change in H3K36me3 genome-wide 

distribution with loss of the sole writer of the mark. Consistent with known 

distributions of H3K36me3, peaks were primarily localized across gene bodies in 
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normal kidney (Epigenome Roadmap) and parental 786-O cells (Figure 30B). 

However, in the SETD2 KO clones a marked redistribution of the remaining 

H3K36me3 was observed with gains of this mark primarily occurring in intergenic 

regions of the genome (Figure 30B). To rule out the possibility of non-specific 

binding of our H3K36me3 ChIP-antibody (Active Motif) with other histone 

modifications, we performed dot blotting with varying amounts of other histone 

modifications and determined that our utilized antibody has high specificity for 

H3K36me3 alone (data not shown, experiment conducted by Dr. Thai Ho). We 

next assayed differential enrichment of H3K36me3 by SICER-DF analysis [138] 

among the 786-O parental and SETD2 KO clones. Predominately, loss of 

H3K36me3 occurred in the SETD2 KO clones with particular enrichment across 

gene bodies (Figure 30C). However, a small number of genes aberrantly gained 

H3K36me3 with loss of SETD2 with no particular enrichment in a gene feature 

(Figure 30C).  
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Figure 30. Reduction and redistribution of H3K36me3 upon loss of SETD2 

in 786-O ccRCC cells. (A) Western blot of H3K36 methylation. Histone H3 

provided as loading control. (B) Distribution of H3K36me3 ChIP-seq peaks 

genome-wide in parental 786-O ccRCC cells and SETD2 KO derivatives (C) 

Number of genes with ≥ 2-fold-change in H3K36me3 level. 

 

Regions of the genome that underwent aberrant gains in H3K36me3 were highly 

conserved among the SETD2 KO clones (Figure 31A) as were regions that lost 

H3K36me3. As aberrant gains in H3K36me3 were unexpected, we validated our 

H3K36me3 ChIP-seq results with region specific ChIP-qPCR (Figure 31B) both 

in intergenic regions and gene bodies. Overall, we observed reduction in 

H3K36me3 as a result of SETD2 KO in 786-O cells, but also paradoxical gains of 
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H3K36me3 over certain gene bodies and intergenic regions. As SETD2 depletion 

induced marked redistribution of H3K36me3, we next focused on DNA 

methylation patterns as these two epigenetic marks are linked. 

 

 

Figure 31. Redistribution of H3K36me3 is occurs at conserved regions 

between both SETD2 KO clones in 786-O ccRCC. (A) Representative browser 

shots demonstrating loss and gain of H3K36me3 in SETD2 KO clone 1. Top 

panel represents intergenic regions that gain H3K36me3. Dotted red boxes 

indicate relative position of region assayed by ChIP-qPCR in SF1E. Bent arrows 

= TSS, Green bars = CpG islands. (B) H3K36me3 ChIP-qPCR of candidate 

regions for gain and loss of H3K36me3. IgG serves as negative control for ChIP.  
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Loss of SETD2 results in DNA hypermethylation that coincides with 

aberrant gains in H3K36me3 

As previously mentioned, it has become quite apparent from recent studies that 

H3K36me3 and DNA methylation share a significant interplay with regard to their 

distribution genome-wide [131, 138-140, 200]. To understand how this interplay 

may be affected in SETD2 mutated tumors, we assayed genome-wide DNA 

methylation in our 786-O SETD2 KO clones with the Illumina 

HumanMethylation450 BeadChip (450K array). On a global level, 

hypermethylation was observed in both SETD2 KO clones among all genomic 

features, but most apparent in intergenic regions (Figure 32A). Focus on the 

most differentially methylated CpG loci (ǀΔβǀ≥0.2) revealed that greater than 80% 

of differential methylation included hypermethylation events with loss of SETD2 

(Figure 32B). Hypermethylation events were predominately focused in intergenic 

regions of the genome while hypomethylation was enriched in gene termini 

(Figure 32C). MeDIP-qPCR was performed to validate DNA methylation changes 

observed from the 450K array analysis (Figure 32D).  
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Figure 32. Distribution of DNA methylation genome-wide upon loss of 

SETD2. (A) Box plots representing all Δβ-values (change in methylation) in the 

indicated features. (B) Percentage of differentially methylated CpG sites (ǀΔβǀ ≥ 

0.2) classified by methylation change upon SETD2 KO (hypo/hypermethylation). 

(C) Normalized distribution of significantly differentially methylated CpG sites by 

genomic feature. (D) MeDIP analysis of candidate hypermethylated regions in 

786-O SETD2 KO cells by utilizing 33D3 (Diagenode) 5mC antibody to pull-down 

methylated DNA coupled with qPCR to analyze relative enrichment. TUBA1C 

serves as a negative control for no DNA methylation in all samples. SEMA4C 

serves as a positive control region for DNA methylation that does not change 

upon SETD2 KO. 
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Next, we integrated DNA methylation and H3K36me3 distribution data from our 

786-O SETD2 KO cells to determine if interplay existed between the aberrant 

distributions of these epigenetic marks. Consistent with a previous report [218], 

genes that lost H3K36me3 upon SETD2 KO did not change their DNA 

methylation status (Figure 33A), rather the observed DNA hypermethylation was 

focused on genes that aberrantly gained H3K36me3 (Figure 33A. To further 

investigate the effect H3K36me3 distribution may have on DNA methylation, we 

assigned differentially methylated CpG loci to categories based on their 

localization with H3K36me3 differential peaks (Figure 33B). Hypermethylated 

CpG loci significantly overlapped with gains in H3K36me3, while hypomethylated 

loci significantly coincided with loss of H3K36me3 (Figure 33B). Genomic feature 

enrichment profiles revealed that hypermethylated CpG loci that fall within 

regions that gain H3K36me3 predominately occur in intergenic regions, and 

hypomethylated CpG loci that occur in regions that lose H3K36me3 are enriched 

in gene termini (Figure 33B), indicating that H3K36me3 distribution plays a 

notable role in the guidance of DNA methylation placement.  
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Figure 33. Hypermethylation occurs in intergenic sequences and at genes 

that gain H3K36me3 upon SETD2 KO. (A) Spatial distribution plots of DNA 

methylation across intragenic regions derived from average β-values stratified by 

loss or gain in H3K36me3 upon SETD2 KO in 786-O cells. (B) Scatter plot of 

differentially methylated CpG loci (ǀΔβǀ ≥ 0.2) that fall within peaks of H3K36me3 

in 786-O cells indicating the change in methylation (x-axis) versus change in 

H3K36me3 (y-axis) in clone 2 (clone 1 demonstrates very similar patterns, but 

was removed for visual simplicity). Number of CpG loci is provided in the corner 

of each quadrant along with significance of the methylation/H3K36me3 overlap. 

Green = significant overlap; Red = significant exclusion. Genomic feature 

enrichment plots normalized to the number of CpGs present in each feature on 

the 450K array for the categories with significant overlap are provided to the 

right.  

 



120 
 

Poised enhancers from the normal adult kidney are targets for DNA 

hypermethylation and aberrant H3K36me3 gains in ccRCC 

Previous DNA methylome profiling of RCC patients identified hypermethylation 

across gene bodies and H3K4me1 marked intragenic regions. H3K4me1 is a 

common histone modification positioned at both poised and active enhancers, 

while H3K27ac marks active enhancers [59]. Active enhancers are typically 

devoid of DNA methylation as these regions are hotspots for transcription factor 

binding necessary for positive gene expression. Indeed, understanding the 

epigenetic regulation of enhancer elements has become a prime focus as these 

regions are commonly dysregulated in cancer [60, 162-164]. To investigate the 

epigenetic regulation of enhancers in SETD2 mutated ccRCC, we integrated 

ChIP-seq data for H3K4me1 and H3K27ac from human adult normal kidney 

(Epigenome Roadmap) into our DNA methylation and H3K36me3 profiling for 

786-O SETD2 KO cells. First, we assayed the overall change in methylation of 

the CpG loci that fell within peaks of enhancer-associated histone marks. 

Consistent with the previous DNA methylome profiling of RCC [201], we 

observed the occurrence of hypermethylation in regions marked exclusively by 

H3K4me1 genome-wide, while regions marked with H3K27ac displayed 

hypermethylation in intergenic regions only (Figure 34A). Overlap analysis of the 

most differentially methylated CpG loci in 786-O SETD2 KO revealed significant 

enrichment of hypermethylated loci occurring at regions marked by H3K4me1 in 

normal adult kidney and exclusion of differential methylation at H3K27ac-marked 

regions (Figure 34B).  
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Figure 34. Hypermethylation upon SETD2 KO is enriched at regions marked 

by H3K4me1. (A) Box plots representing the change in methylation of CpGs that 

fall within peaks of specified enhancer marks stratified by genomic feature. 

Enhancer mark annotations are derived from normal adult human kidney 

H3K27ac and H3K4me1 ChIP-seq from the Epigenome Roadmap. SETD2 KO 

clone 2 is presented as SETD2 KO clone 1 displayed a very similar pattern. (B) 

Overlap analysis of SETD2 KO induced differentially methylated CpGs with 

CpGs that fall within peaks of specified enhancer marks (Fisher’s Exact test). 

N.S. = Not significant 

 

Next, we determined and classified genes from normal adult kidney that were 

marked exclusively with regions containing K4me1 alone, K4me1+K27ac alone, 

or K27ac alone (Figure 35A). Genes containing all classified enhancer regions 

were also determined (termed “All classes”) (Figure 35A). Expression of the 

classified genes in human adult kidney corresponded as would be expected with 

the associated enhancer mark as genes marked by K4me1 alone (“poised” 

enhancers) demonstrated low expression and genes marked with K27ac 

exhibited active expression (Figure 35B). Specifically, genes marked exclusively 
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by H3K4me1 in normal adult kidney significantly overlapped with 

hypermethylated genes in 786-O SETD2 KO (pval<2.089e-07), and were 

enriched for genes involved in developmental processes (Figure 35C). Finally, 

we determined the differential H3K36me3 status of the normal adult kidney 

enhancer classified genes in our 786-O SETD2 KO cells. Importantly, genes 

exclusively marked by H3K4me1 in normal adult kidney demonstrated a broad 

range of differential H3K36me3 in our 786-O SETD2 KO clones including 

aberrant gains while genes marked with H3K27ac in human adult kidney 

overwhelming underwent loss of H3K36me3 (Figure 35D). The mechanism by 

which poised enhancers are targeted for aberrant epigenomic regulation such as 

gains in H3K36me3 and DNA hypermethylation remains unclear, but importantly 

demonstrate enrichment for developmental processes. Considering our qRT-

PCR results of differential methylation for pluripotency genes and germ layer 

markers upon SETD2 depletion (Figure 29), perhaps aberrant epigenomic 

regulation of poised enhancers may serve as a means by which the SETD2 

mutated tumors move to a more de-differentiated state that may contribute to 

metastasis.  
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Figure 35. Hypermethylation and paradoxical gains in H3K36me3 upon 

SETD2 KO predominately occur at developmental genes poised for 

expression in human adult kidney. (A) Venn diagram of genes that are 

hypermethylated upon SETD2 KO and marked exclusively by H3K4me1 in adult 

human kidney. Biological process ontology of overlapping genes is presented to 

the right. (B) Box plots of mRNA expression (RNA-seq) for genes classified by 

exclusive regions of particular enhancer-mark status (K4me1 only, K27ac only, 

K4me1+K27ac only) from normal adult kidney. “All classes” indicates genes that 

contain all enhancer classified regions.  (C) Venn diagram of genes that contain 

regions marked by K4me1, K27ac, or both K4me1 and K27ac in human normal 

adult kidney. *Color regions indicate genes that are used Figures 2F and SF2I-J. 

(D) Box plots of H3K36me3 change in 786-O SETD2 KO cells for genes that are 

marked by specified enhancer marks in normal adult kidney (see Figure 35A).  
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Reconfiguration of DNA methylation and H3K36me3 influences the gene 

expression program in ccRCC SETD2 KO cells 

DNA methylation, H3K36me3, and enhancer elements all play pivotal roles in the 

proper regulation of gene expression. As these epigenetic marks are severely 

altered in our 786-O SETD2 KO cells, we next examined if gene expression was 

consequently impacted. First, we stratified gene expression in the 786-O parental 

cells into two expression tiers, high and low (including genes with no expression), 

by RPKM values. Next, we determined the fold-change in expression for both 

SETD2 KO clones relative to the parental cells. Overall, most differential 

expression (≥ 2 fold-change) occurs at genes belonging to the low expression 

tier, with a majority of the differentially expressed genes being upregulated 

(Figure 36A). Conversely, genes within the high expression tier were typically 

downregulated (Figure 36A). Next, we assayed the change in H3K36me3 among 

genes stratified by expression tier.  Interestingly, H3K36me3 loss induced by 

SETD2 KO occurred at high expression genes while low expression genes are 

among those that aberrantly gained H3K36me3 (Figure 36B). Importantly, 

upregulated genes from the low expression tier significantly overlapped with 

genes that gained H3K36me3 (pval<E-50) while genes that lost H3K36me3 were 

not enriched for differential gene expression (Figure 36B).  
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Figure 36. H3K36me3 gains induce upregulation of previously low 

expressing genes. (A) Number of genes up/downregulated (≥ 2 fold-change) at 

high and low expressing genes in 786-O parental cells. (B) Box plot 

demonstrating the fold-change in H3K36me3 relative to 786-O parental cells at 

high and low expressing genes. RPKM values stratified expression into high and 

low tiers. (C) Number of genes up/downregulated (≥ 2 fold-change) in each 

expression tier (high/low) classified by if the gene demonstrated loss or gain in 

H3K36me3 upon SETD2 KO. *=overlap (pval<E-50), ‡=exclusion (pval<E-50). 

Data from the SETD2 KO clone 2 is presented as clone 1 demonstrated very 

similar results.  

 

Integration of DNA methylation level and the subsequent change upon SETD2 

KO revealed that genes that undergo loss of H3K36me3 do not experience 

changes in DNA methylation or gene expression (Figure 37A), and that these 

genes have the typical methylation profile of high expressing genes with low 

methylation at the promoter and high methylation across the gene body (Figure 

37A). Filtering for genes in the high expression tier that lose H3K36me3 further 

reveals the extent to which DNA methylation remains the same upon SETD2 KO 
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(Figure 37B, top). Genes that gain H3K36me3, however, do show marked 

changes in both DNA methylation and gene expression with hypermethylation 

across all regions of the gene (promoter and gene body) and upregulation of 

expression (Figure 37A). Indeed, evaluation of the overall level of DNA 

methylation at genes within the low expression tier that gain H3K36me3 reveals 

hypermethylation in both SETD2 KO clones (Figure 37B). Ontology analysis of 

genes that gain H3K36me3 and become hypermethylated and upregulated 

demonstrate enrichment for processes involved in cell adhesion, signaling, and 

development (Figure 37C). To determine if differential methylation at base-pair 

resolution correlates with changes in H3K36me3 status and gene expression, we 

integrated differential expression with the categories described previously in 

Figure 33B. Notably, significant overlap with gene expression change only 

occurred with hypermethylated CpG loci that fell within peaks of increased 

H3K36me3 (Figure 37D) indicating that gains, but not loss, of H3K36me3 

specifically influence gene expression with loss of SETD2. 
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Figure 37. Paradoxical gains in H3K36me3 coincide with hypermethylation 

of low expression genes that effectively induces upregulation. (A) Heatmaps 

demonstrating the average DNA methylation level, change in methylation, and 

overall expression change for genes that lose/gain H3K36me3 upon SETD2 KO. 

DNA methylation level and the change in DNA methylation for CpG loci (450K 

array) of genes that lose/ gain H3K36me3 were averaged based on genomic 

location (P=promoter, B=body). Each row represents a gene (B) Spatial 

distribution plots of DNA methylation across intragenic regions derived from 

average β-values stratified by loss or gain in H3K36me3 and expression tier 

(high/low) upon SETD2 KO (C) Overlap of genes that are hypermethylated (Δβ ≥ 

0.2), upregulated (≥ 1.5 fold-change), and gain H3K36me3 (≥ 2 fold-change upon 
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SETD2 KO in clone 2. Ontology for overlap of all three categories are presented 

to the right. (D) Number of CpG loci that demonstrate respective changes in 

H3K36me3 and DNA methylation stratified by expression tier and changes in 

gene expression. *=overlap (pval<E-10) 

 

We validated upregulation of genes that gain H3K36me3 and DNA methylation 

upon SETD2 KO (Figure 38A) by qRT-PCR (Figure 38B). Finally, as epigenetic 

regulation of enhancer elements also influences gene expression, we determined 

if genes marked by a particular class of enhancer marks (see Figure 35A) 

experienced differential expression upon SETD2 KO. Interestingly, genes 

marked exclusively by H3K4me1 were significantly enriched for upregulation 

(Figure 38C), the same class that displayed enrichment for H3K36me3 gains 

(Figure 35D) and DNA hypermethylation (Figure 34A). Taken together, these 

results indicate that loss of SETD2 function induces marked redistribution of 

H3K36me3 and DNA methylation that positively influence expression of 

previously low expressing genes. Interestingly, a number of the low expression 

genes that become upregulated are marked with poised enhancers (H3K4me1 

only) in normal adult kidney, perhaps providing a potential target for aberrant 

H3K36me3 gains that occur upon SETD2 KO.  
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Figure 38. Validation of upregulation and integration with enhancer marks. 

(A) Representative browser shots demonstrating hypermethylation and gain of 

H3K36me3 across the gene locus. Bent arrows = TSS; Green bars = CpG 

islands. (B) Relative mRNA expression measured by qRT-PCR of candidate 

genes. Error bars represent standard error of technical triplicates. (C) Number of 

genes up/downregulated upon SETD2 KO stratified by enhancer classification 

status from SF2H. *=overlap (pval<E-10), ‡=exclusion (pval<E-5)  

 
  
 

Hypermethylation induced by SETD2 KO occurs over large regions of the 

genome 

As a large proportion of differential hypermethylation occurs at intergenic regions 

upon SETD2 KO (Figure 32A, 32C), we next evaluated if neighboring genes to 

the hypermethylated intergenic CpG loci also demonstrated hypermethylation. 
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Low expression genes adjacent to hypermethylated intergenic CpG loci were 

hypermethylated across both the promoter and gene body region (Figure 39). 

Notably, a number of the genes demonstrated gains in H3K36me3 and 

upregulation (Figure 39). Interestingly, high expression genes adjacent to 

hypermethylated intergenic CpG loci did not change their methylation status.  

 

Figure 39. Intergenic hypermethylation upon SETD2 KO and methylation 

status of adjacent genes in 786-O cells. Heatmaps demonstrating the average 

DNA methylation level, change in methylation, change in H3K36me3, and overall 

expression change for genes adjacent to hypermethylated (Δβ≥0.2) intergenic 

CpG loci. DNA methylation level and the change in DNA methylation for CpG loci 

(450K array) of genes adjacent to hypermethylated intergenic CpG loci were 

averaged based on genomic location (P=promoter, B=body, I=intergenic). Each 

row represents a gene. 

 

Differentially methylated regions (DMRs) are defined as contiguous regions of 

the genome that undergo conserved changes in DNA methylation. Since genes 
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adjacent to hypermethylated intergenic CpG loci also display hypermethylation, 

we assayed the SETD2 KO clones for DMRs (defined as eight CpG loci that 

consistently have Δβ≥0.2) (Figure 40A). Importantly, 80% of identified DMRs 

from one SETD2 KO clone was conserved in the other SETD2 KO clone, 

indicating that these regions are consistently targeted for hypermethylation with 

loss of SETD2 (Figure 40A). Enrichment for CpGs within the identified DMRs 

show predominant enrichment in intergenic regions (Figure 40B).  
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Figure 40. Conservation of hypermethylated DMRs between both SETD2 

KO clones. (A) Table indicating the number of DMRs (≥ 8 CpG loci with Δβ ≥ 

0.20) and CpGs contributing to DMRs for each SETD2 KO clone and the number 

of DMRs and CpGs conserved between the two SETD2 KO clones. (B) 

Normalized distribution of significantly hypermethylated CpG sites that fall within 

DMRs by genomic feature. 

 

Significantly, hypermethylated DMRs coincided with large domains that gained 

H3K36me3 upon SETD2 KO (Figure 41A) (pval<2.65E-49) and the underlying 

genes within the DMR were typically upregulated as a result (Figure 41B). 

Additionally, a significant proportion of the genes within DMRs are marked by 

H3K4me1 in normal adult kidney (pval<5.75E-10). Finally, almost all genes within 

DMRs are low expression tier genes, and typically exhibit lack of expression or 
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upregulation upon SETD2 KO (SF4C).  Ontology analysis of the genes revealed 

terms for biological processes involved in development (likely a reflection of the 

genes marked previously by H3K4me1, Figure 41C), cell adhesion, and signal 

transduction (Figure 41C).    
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Figure 41. Genes underlying hypermethylated DMRs are low expressing 

genes that become upregulated. (A) Representative browser shot of a 

differentially methylated region (DMR) in which DNA hypermethylation, 

H3K36me3 gains, and upregulation of gene expression occurs. DMR is 

highlighted in gray. Log2FC = Log2 fold-change in H3K36me3 where red 

indicates gains in H3K36me3 and green indicates loss of H3K36me3. Genes that 

fall within the DMR are highlighted in red. (B) Expression by RNA-seq of genes 

outside and inside of the DMR (C) Number of genes with indicated gene 

expression changes for genes that fall within hypermethylated DMRs stratified by 

expression tier. Ontology analysis for conserved genes that fall within DMRs 

between both SETD2 KO clones is presented to the right.  
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SETD2 Knockdown (KD) induces DNA hypermethylation in NCCIT 

embryonic carcinoma cells 

To determine if DNA hypermethylation is a common phenotype of SETD2 

depletion, we next depleted NCCIT embryonic carcinoma cells of SETD2 via 

siRNA. Our laboratory has previously utilized NCCIT cells extensively for 

studying differential methylation upon KD of several epigenetic writers [200], 

readers [40], and erasers [38] as it serves as an ideal model to study epigenetic 

dynamics through both development and disease [215]. Total H3K36me3 was 

decreased with KD of SETD2 in NCCIT cells (Figure 42A). SETD2 knockdown 

did not significantly alter expression of housekeeping genes, epigenetic 

modifiers, and PAF complex subunits (Figure 42B). However, pluripotency 

markers and germ layer markers were differentially expressed upon SETD2 KD 

(Figure 42B), similar to changes observed in 786-O SETD2 KO cells.  
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Figure 42. Validation of NCCIT SETD2 KD model. (A) Western blot for 

H3K36me3 reduction in NCCIT SETD2 KD cells. Histone H3 and KU70 serve as 

loading controls. (B) Relative mRNA expression measured by qRT-PCR of genes 

involved in housekeeping, epigenetic, transcription, and developmental 

pathways. Error bars represent standard error of technical triplicates. 

 

Next we assayed genome-wide methylation of SETD2 KD NCCIT cells with the 

450K array. Similar to 786-O SETD2 KO cells, regional analysis of DNA 

methylation change specifically exhibited hypermethylation occurring in 

intergenic regions (Figure 43A). Analysis of the most differentially methylated 

CpG loci (ǀΔβǀ≥0.1) additionally demonstrated over 85% of CpG loci undergoing 

hypermethylation upon SETD2 KD (Figure 43B), similar to methylation changes 

observed in 786-O SETD2 KO (SF2B).  
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Enrichment analysis of differentially methylated CpG loci demonstrated 

hypomethylation occurring at gene termini while hypermethylation was enriched 

at intergenic regions (Figure 43C), again, patterns similar to 786-O SETD2 KO 

cells. 

 

 

Figure 43. SETD2 KD in NCCIT cells induces hypermethylation. (A) Box plots 

representing all Δβ-values (change in methylation) in the indicated features. (B) 

Percentage of differentially methylated CpG sites (ǀΔβǀ ≥ 0.1) classified by 

methylation change upon SETD2 KD (hypo/hypermethylation). (C) Normalized 

distribution of significantly differentially methylated CpG sites by genomic feature. 

 

 Next, we performed overlap analysis of genes that became hypermethylated or 

hypomethylated in NCCIT SETD2 KD cells with those that become 

hypermethylated/hypomethylated in 786-O SETD2 KO cells. Hypermethylation of 

promoters and gene bodies significantly overlapped among the two datasets, 

while hypomethylation specifically overlapped in gene bodies alone (Figure 44A). 

Finally, hypermethylation induced by SETD2 KD in NCCIT cells was present 
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across conserved regions of the genome as observed in 786-O SETD2 KO cells 

(Figure 44B). Notably, these regions also demonstrated paradoxical gains 

H3K36me3 in the 786-O SETD2 KO clones (Figure 44B). Taken together, these 

results provide evidence for conserved hypermethylation as a consequence of 

SETD2 depletion. 
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Figure 44. Acute depletion in NCCIT embryonic carcinoma cells mimics 

DNA methylation patterns observed upon SETD2 KO in 786-O cells. (A) 

Overlap analysis of genes that contain differentially methylated CpG loci (SETD2 

KD = ǀΔβǀ ≥ 0.1; SETD2 KO = ǀΔβǀ ≥ 0.2). The Fisher’s Exact Test was used to 

determine significance. (B) Representative browser shots demonstrating 

conservation of hypermethylation between NCCIT SETD2 KD and 786-O SETD2 

KO. H3K36me3 786-O ChIP-seq tracks are provided as a reference for 

H3K36me3 status across displayed regions. 

 



140 
 

SETD2 mutated ccRCC manifest DNA hypermethylation consistent with 

786-O SETD2 KO ccRCC cells 

After identifying epigenetic patterns that consistently occur upon depletion of 

SETD2 in cancer cell lines, we next determined if these epigenetic phenotypes 

manifested in ccRCC SETD2 mutated tumors. Previous analysis of ccRCC 

tumors demonstrated over 90% of tumors contained SETD2 copy number loss, 

but interestingly, monoallelic inactivation of SETD2 was insufficient to induce loss 

of H3K36me3 [195]. Therefore, we identified tumor samples from the Cancer 

Genome Atlas (TCGA) ccRCC KIRC dataset with biallelic inactivation due to 

copy number loss and concurrent mutations in SETD2 (n=29) and compared 

these samples to KIRC tumors with no evidence of mutation or copy number loss 

of SETD2 (n=20). To allow direct comparison with our previous analysis in 

SETD2 KO cell lines, only KIRC samples with available 450K array data were 

used in our analysis. Consistent with genome-wide changes in DNA methylation 

observed in both 786-O SETD2 KO and NCCIT SETD2 KD, hypermethylation 

specifically occurred at intergenic regions (Figure 45A). Focus on the most 

differentially methylated CpG loci (ǀΔβǀ≥0.1) revealed that greater than 80% of 

these loci underwent hypermethylation (Figure 45B), consistent with 786-O 

SETD2 KO and NCCIT SETD2 KD. Enrichment profiles for differentially 

methylated CpG loci were also consistent with those observed in the depletion 

models with hypomethylation enrichment at gene termini and hypermethylation 

enrichment at intergenic regions (Figure 45C). 
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Figure 45. SETD2 mutations in ccRCC induce hypermethylation. (A) Box 

plots representing all Δβ-values (change in methylation) in the indicated features 

in SETD2 mutated ccRCC from TCGA KIRC dataset (B) Percentage of 

differentially methylated CpG sites (ǀΔβǀ ≥ 0.1) classified by methylation change 

in SETD2 mutated ccRCC (C) Normalized distribution of significantly differentially 

methylated CpG sites by genomic feature. 

 
 Indeed, DMRs with conserved hypermethylation among all SETD2 depletion 

models and SETD2 mutated ccRCC tumors were identified illustrating the 

reproducibility of DNA hypermethylation with loss of SETD2 function (Figure 

46A). Overlap analysis of differentially methylated CpG loci among the KIRC 

SETD2 mutated tumors and 786-O SETD2 KO revealed highly significant overlap 

of hypermethylated CpG loci among all genomic features and overlap of 

hypomethylated CpG loci specifically across gene bodies (Figure 46B). Ontology 

analysis of hypermethylated genes that overlap among 786-O SETD2 KO and 

SETD2 mutated ccRCC tumors revealed similar biological process terms to 

those observed in earlier analysis for the SETD2 KO cell lines including 
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developmental processes, cell adhesion, and transport (Figure 46C). Importantly, 

a significant portion of the overlapping genes among the 786-O SETD2 KO and 

SETD2 mutated ccRCC tumors are those that are exclusively marked by 

H3K4me1 in adult human kidney (pval<1E-100), indicating that genes marked 

with poised enhancers are targeted for aberrant epigenetic regulation upon 

SETD2 loss. 
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Figure 46. SETD2 mutation induced hypermethylation significantly overlaps 

with SETD2 depletion models. (A) Representative browser shots of genomic 

regions that demonstrate consistent hypermethylation among all SETD2 altered 

conditions studied. Bottom region is an example of hypermethylation across 

intergenic region. (B) Overlap analysis of differentially methylated CpG loci 

between 786-O SETD2 KO (ǀΔβǀ ≥ 0.2) and SETD2 mutated ccRCC (ǀΔβǀ ≥ 0.1) 

across different genomic features. P = Promoter; B = Gene Body; I = Intergenic. 

Fisher’s Exact Test was used to determine significance. (C) Venn diagram of 

hypermethylated genes in 786-O SETD2 KO cells and ccRCC SETD2 mutated 

tumors. Color legend from part A applies. Biological process ontology analysis 

(DAVID) of overlapping hypermethylated genes among 786-O SETD2 KO 

samples and SETD2 mutated ccRCC is presented to the right. 
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Next, we determined genes that fall within high and low expression tiers from the 

KIRC TCGA normal samples, and evaluated differential methylation among the 

SETD2 mutated ccRCC tumors stratified by expression tier. Similar to the 786-O 

SETD2 KO cell lines, hypermethylation was primarily focused on genes within 

the low expression tier, and hypomethylation of genes in the high expression tier 

(Figure 47A). We examined the DNA methylation level between SETD2 WT and 

mutated ccRCC tumors stratified by expression tier. Although subtle, 

hypermethylation in the SETD2 mutated ccRCC tumors was observed at genes 

in the low expression tier while genes in the high expression tier maintained their 

DNA methylation (Figure 47B), a result highly consistent with 786-O SETD2 KO 

clones. 
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Figure 47. Hypermethylation in SETD2 mutant ccRCC occurs at low 

expressing genes. (A) Percentage of differentially methylated CpG loci (ǀΔβǀ ≥ 

0.1) that fall within the respective expression level tiers. (B) Spatial distribution 

plots of DNA methylation in ccRCC tumors stratified by expression level of genes 

in the matched normal ccRCC patient samples. Dotted box indicates region that 

is enlarged in bottom right of plot to better visualize the change in methylation 

that occurs at lower expression genes. 
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Notably, unsupervised hierarchical clustering of DNA methylation from the top 

10,000 most variable CpGs from our 786-O SETD2 KO samples and the KIRC 

dataset successfully separated the samples based on SETD2 functional status 

(Figure 48).Taken together, our results from the 786-O SETD2 KO ccRCC cells 

were highly predictive of epigenetic phenotypes that occur as a result of SETD2 

mutation in ccRCC. 
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Figure 48. SETD2 depletion results in a consistent hypermethylation 

phenotype among experimental and SETD2 mutant patients. Unsupervised 

clustering of top 10,000 differentially methylated CpG loci among all samples 

(calculated by standard deviation) of ccRCC patient and 786-O cell line samples. 

 

As DNA hypermethylation was consistently induced in our models of SETD2 

depletion and in ccRCC, we next investigated if loss-of-function SETD2 
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mutations observed in other cancer types also produced this phenotype. In 

particular, we identified samples from TCGA kidney renal papillary cell carcinoma 

(KIRP) and lung adenocarcinoma (LUAD) data collections that harbored SETD2 

mutations and analyzed the 5mC patterning of these tumors (TCGA 2014). 

Similar to the ccRCC dataset, analysis of differentially methylated CpG loci 

(ǀΔβǀ>0.1) revealed marked hypermethylation of SETD2 mutated tumors relative 

to WT tumors (Figure 49A). We next performed unsupervised hierarchical 

clustering based on the 10,000 most variable CpGs on the 450K array in each of 

the tumor types (Figure 49B). The clustering analysis revealed two major clusters 

KIRP and LUAD based on DNA methylation profiles; one cluster was dominated 

by hypermethylation, which coincided with a high prevalence of SETD2 mutant 

tumors compared to primarily wild-type tumors with relatively lower methylation 

patterns. Specifically, 83% and 79% of KIRP and LUAD, respectively segregated 

into the expected cluster based on SETD2 mutation status. 
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Figure 49. Mutations of SETD2 leads to a hypermethylation phenotype 

across tumor types. (A) Percentage of differentially methylated CpG sites (ǀΔβǀ 

≥ 0.1) classified by methylation change in SETD2 mutated KIRP and LUAD. (B) 

Unsupervised clustering of top 10,000 differentially methylated CpG loci among 

all samples (calculated by standard deviation) for KIRP and LUAD tumors. 

 

To investigate if enhancer elements may contribute to the direction of the 

hypermethylation observed among all the cancer types interrogated,, we next 

assayed differential DNA methylation of CpG loci that fall within peaks of 

particular enhancer marks (H3K4me1 only, H3K4me1+H3K27ac, H3K27ac only) 

derived from the Epigenome Roadmap datasets (normal adult kidney was used 

for KIRC and KIRP datasets; normal adult lung for LUAD. Importantly, 

hypermethylation was consistently enriched among all tumor types at regions 

marked by K4me1 while excluded from K27ac-marked regions (Figure 50A). 
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Notably, hypermethylation at K4me1-marked regions occurred among all 

genomic features indicating that the previous presence of the mark may influence 

establishment of DNA methylation upon SETD2 loss (Figure 50B). Collectively, 

SETD2 depletion models accurately reflected dysregulation of the epigenome 

that occurs for SETD2 mutated tumors. 

 

 

Figure 50. Mutation of SETD2 in tumors induces hypermethylation at 

poised enhancers. (A) Overlap analysis of differentially methylated CpG loci 

(ǀΔβǀ ≥ 0.1) in SETD2 mutated tumors that fall within peaks of respective 

enhancer mark(s). Fisher’s Exact Test was used to determine level of 

significance. (B) Box plots representing all Δβ-values (change in methylation) for 

CpGs that fall within peaks of the respective enhancer mark(s) for each tumor 

type. 
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CHAPTER V: DISCUSSION 

 

Discussion of DNMT depletion results 

 

In the current study we tackled the important but still unanswered question of 

why mammalian genomes contain four DNA methyltransferase genes and how 

each of the encoded proteins function independently and cooperatively to 

establish and maintain genome-wide patterns of 5mC. This work represents, to 

our knowledge, the first study to comprehensively address this issue by depleting 

all four DNMTs individually and in all combinations and assaying the impact of 

these perturbations on genome-wide patterns of 5mC and transcription. In 

addition, by employing siRNA to acutely deplete the DNMTs, we focused on the 

earliest and most direct effect of each DNMT on genomic 5mC patterns. 

Coupling this system with a cell line that provides information on both 

pluripotency and differentiation, we observed dynamic changes in 5mC that 

revealed a number of unexpected findings. For example, siRNA depletion of 

DNMT3B resulted in numerous DNA hypermodification events (increased 5mC 

and/or 5hmC) that are not only conserved in other cell types, but also correlate 
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with high-expressing, H3K36me3-marked loci that become hypomethylated when 

DNMT1 is depleted, revealing an interplay between these two DNMTs within 

gene bodies. In addition, we identified an important role for DNMT3B in 

mediating nonCG methylation and a role for DNMT3L in regulating the choice 

between CpG and nonCG methylation activity of DNMT3A/DNMT3B. Finally, we 

showed that DNMT3B depletion in NCCIT cells mirrored the methylation and 

expression changes that occur during the normal differentiation program and 

these changes occur at loci bound by DNMT3B. Taken together, these results 

provide insight into the differential role of each DNMT in positively and negatively 

regulating cytosine modifications.  

 

A key finding from this study was that depletion of each DNMT had a distinct 

impact on different genomic features. Depletion of DNMT3B by siRNA resulted 

predominately in hypermethylation events throughout the genome, but 

particularly centered on gene bodies. Not only did 5mC increase, but 5hmC was 

also dynamically regulated at DNMT3B target sites and contributed to the 

appearance of DNA hypermethylation as detected using traditional BGS. To 

date, the role of gene body methylation remains unclear, although intriguing 

correlations have been identified related to differential promoter use and 

alternative splicing [54, 57]. The recent discovery of dual-use codons (duons) for 

transcription factor binding generates further possible regulatory roles for 

cytosine modifications in gene bodies as it could impact transcription factor 

binding [219]. In this regard our BGS and TAB-BGS results from the HOXA9 
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locus showing elevated 5hmC focused specifically at an exon-intron junction 

upon depletion of DNMT3B is intriguing. Although this is only a single example, it 

raises questions regarding the role of the CpG epigenetic regulatory ‘hotspots’ 

we identified that are sensitive to DNMT3B levels. To better define loci prone to 

hypermethylation upon DNMT3B depletion, we performed MBD-seq, and 

observed that 5mC increased primarily within introns of high expressing, 

H3K36me3-marked genes. Recent reports identify exon-intron boundaries as 

genomic locations that undergo dynamic regulation of cytosine modifications; 

Laurent et al. observed sharp peaks of cytosine modification across cell lines in 

different stages of differentiation [27], and Huang et al. noted that Tet2 maintains 

5hmC at exon boundaries of high expressing genes [90]. Taken together with our 

results, we propose that DNMT3B target loci are susceptible to dynamic shifts in 

5mC and 5hmC levels, and at least a subset of these may contribute to important 

intragenic regulatory processes including RNA processing. 

 

Further investigation of hypermethylation events induced by DNMT3B depletion 

led to one of the more unexpected findings to arise from this study: a hitherto 

unknown 5mC regulatory mechanism coordinated by DNMT1 and DNMT3B. Loci 

that gained 5mC and/or 5hmC upon depletion of DNMT3B correlated significantly 

with those that lost methylation upon DNMT1 depletion, suggestive of co-

regulation by DNMT1 and DNMT3B. Importantly, these hypermethylated loci 

were conserved in HCT116 cells with ectopic expression of DNMT1 indicating 

that the hypermethylation is a result of DNMT1 activity. Taken together, these 
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results allow us to propose a mechanism of 5mC regulation in which DNMT3B 

occupancy of mildly to moderately methylated intragenic regions hinders DNMT1 

and/or TET access (Figure 51). When DNMT3B is depleted, DNMT1 and/or the 

TETs gain access to previously DNMT3B-bound sites and subsequently increase 

methylation or allow TET access and conversion of the 5mC to 5hmC (Figure 

51).  
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Figure 51. Model for regulation of gene body DNA modifications. DNMT3B 

restricts DNMT1 and TET function at certain loci. Conserved loci were identified in 

NCCIT DNMT3B depletion, NCCIT differentiation, and HCT116 3BKO, 1KI, and DKI 

conditions that gain DNA modifications (5mC and 5hmC); these same loci significantly 

overlap with CpGs that become hypomethylated with DNMT1 depletion, indicating a 

regulatory interaction. Additionally, in NCCIT cells depleted of DNMT3B, 5hmC 

increases at these loci indicating that TETs are also recruited. Shaded lollipops indicate 

the level of each cytosine modification (uC = unmodified cytosine; 5mC = 5-

methylcytosine; 5hmC = 5-hydroxymethylcytosine). 

 

Alternatively, DNMT3B has been reported to possess dehydroxmethylase activity 

in vitro [220]; potentially 5hmC accumulates in the absence of DNMT3B as it is 

no longer present to dehydroxymethylate 5hmC to 5C.  We showed previously 
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that DNMT3B was the DNMT most highly enriched in transcribed gene bodies 

[138]. DNMT1 and DNMT3B directly interact in vitro and co-localize [102], 

however no direct link between DNMTs and TETs has been reported. If 

coordination between DNMT and TET activity exists, such as through an adaptor 

protein like UHRF1 that binds 5hmC and can also recruit DNMT1 for 

maintenance methylation [11, 221], then the net effect of reduced DNMT3B might 

primarily be elevated 5hmC, an idea that will require further testing. Our results 

therefore add another layer of complexity to the co-regulation of 5mC by DNMT1 

and DNMT3B; in addition to the positive effect on 5mC genome-wide by these 

two enzymes observed by our laboratory and others, an opposing role also exists 

dependent on genomic context. This antagonistic relationship may also have 

implications for the creation of aberrant 5mC patterns in cancer where the 

DNMTs and TETs are often aberrantly expressed or mutated. The particular 

milieu of DNMT deregulation potentially in the setting of deregulated TET activity, 

may drive methylation changes differently in distinct regions of the genome (e.g. 

promoter hyper- and intragenic hypomethylation). Given that stem-cell like 

characteristics are frequently observed in cancer cells, our finding that DNMT3B 

depletion recapitulates differentiation-induced 5mC changes suggests that some 

epigenetic changes contributing to tumor stem cell development may reflect 

deregulated DNMT activity impacting intragenic regulatory mechanisms such as 

alternative promoter selection and/or splicing. Future work aimed at elucidating 

this novel regulatory mechanism will be crucial to fully understanding its 

contribution to the cancer epigenome.  
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NonCG methylation is most abundant in pluripotent embryonic cells [30], 

accumulates during development of the adult brain [66] and has thus far been 

attributed almost exclusively to DNMT3A [61]. Our results challenge this 

paradigm by showing that, at least for sites interrogated on the 450k array, 

DNMT3B is a major contributor to nonCG methylation. DNMT3L restricted the 

activity of DNMT3A and DNMT3B toward nonCG sites. Furthermore, within 

regions in which we confirmed the presence of nonCG methylation using BGS, 

CpG sites were highly methylated, consistent with observations that nonCG 

methylation occurs adjacent to highly methylated CpG sites [30, 62]. At loci we 

assayed using BGS, DNMT3B depletion consistently resulted in increased 5mC 

at CpGs adjacent to hypomethylated nonCGs, while combined depletion of 

DNMT3B and DNMT1 resulted in loss of methylation at CpG and nonCG sites 

(DROSHA, USP14). We therefore propose that DNMT3B occupies certain loci to 

confer nonCG methylation, while concurrently restricting access of DNMT1 (and 

possibly also the TETs) to CpG sites. Depletion of DNMT3B then results in 

hypomethylation of nonCG and hypermethylation of CpG sites as DNMT3B 

occupancy is lost and DNMT1 occupancy is gained (Figure 51). One caveat to 

this model is our limited ability to decipher relationships between nonCG 

methylation and nearby CpG methylation due to the low density coverage of 

nonCG sites on the 450K array. NonCG methylation correlates positively with 

expression in ESCs but negatively with expression in developed adult brain [30, 

66, 67]. Indeed, Lister and colleagues noted that DNMT3A expression correlates 
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with accumulation of nonCG methylation and synaptogenesis in developing adult 

brain [66]. Collectively, these studies demonstrate that both DNMT3A and 

DNMT3B methylate nonCG sites, but one particular DNMT3 may predominate in 

a developmental stage- or cell type-specific manner.  

 

In summary, our results clarify the division of labor among the DNMT family 

members and reveal previously unknown regulatory interactions, including 

opposing roles for DNMT1 and DNMT3B dependent on genomic feature and 

cytosine dinucleotide type, and new evidence for DNMT3L participating in the 

choice of substrate by DNMT3A and DNMT3B. The only currently FDA-approved 

DNA methylation inhibitors, 5-aza-2’-deoxycytidine and 5-azacytidine, are 

effective treatments for acute myeloid leukemia, yet typically responses are 

transient [156]. Both agents broadly and non-specifically inhibit the DNMTs and 

result in significant DNA damage [222]. Assuming the aza nucleosides act 

through DNA methylation and not DNA damage, therapeutic efficacy may be 

enhanced by development of DNMT inhibitors that bind the free enzyme rather 

than require incorporation into the DNA. Our results add further to this idea by 

showing that inhibiting each DNMT may have a different consequence on 

genomic 5mC patterns and broad inhibition may not be the most effective way to 

normalize gene expression. Depletion of DNMT1 results in broad 

hypomethylation over the genome with some preference toward gene bodies, 

which may result in altered intragenic regulatory processes that may or may not 

increase therapeutic effect. On the other hand, inhibition of DNMT3B will have 
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less effect on total 5mC but cause more specific changes including some 

promoter hypomethylation and gene body hypermethylation events. Given that 

the key lesion in the four DNA epigenetic marks now known to exist that drives 

tumor initiation and promotion is not known (e.g. 5mC or other mark, promoter 

versus gene body methylation), development and testing of isoform specific 

inhibitors in an attempt to increase therapeutic efficacy of DNMT inhibitors and 

reduce their off-target side effects appears warranted. 

 

Discussion of SETD2 depletion results 

 

In this study, we determined the genome-wide distribution of H3K36me3 and 

DNA methylation under conditions of SETD2 depletion to aid in understanding 

aberrant regulation of the epigenome in SETD2 mutated tumors. Using the 786-

O ccRCC cell line with two SETD2 KO isogenic clones, we observed marked 

redistribution of H3K36me3. While loss of the H3K36me3 was the predominant 

phenotype, unexpectedly we observed gains in H3K36me3 largely focused on 

intergenic regions of the genome. Importantly, DNA hypermethylation 

significantly co-occurred at regions of the genome that gained H3K36me3 

indicating that H3K36me3 localization influences DNA methylation placement. 

Significantly, aberrant distribution of these two epigenetic marks influenced gene 

expression by upregulating previously no to low expression genes, that were 

commonly marked exclusively by H3K4me1 in normal adult kidney. Depletion of 

SETD2 in an embryonic carcinoma cell line additionally induced 
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hypermethylation with predominance in intergenic regions of the genome, and 

notably, many of the hypermethylated regions were conserved with those found 

in 786-O SETD2 KO cells highlighting the reproducibility of our results as well as 

the role SETD2 plays in regulating the epigenome at conserved regions. 

Excitingly, hypermethylation observed from our SETD2 depletion models 

accurately reflected the aberrant epigenetic marks observed in SETD2 mutated 

ccRCC, and furthermore were also observed in SETD2 mutated KIRP and 

LUAD. Taken together, our results provide crucial insight to understanding how 

the epigenome is aberrantly regulated in SETD2 mutated cancers and 

importantly provide a targetable mechanism for treatment of metastatic tumors 

with this particular mutational landscape.  

 

As expected, depletion of SETD2 from 786-O cells resulted in reduction of 

H3K36me3 levels across gene bodies of high expressing genes. However, 

perhaps the most unexpected result from our study was to also observe aberrant 

gains in H3K36me3 across low expression genes and intergenic regions of the 

genome. Importantly, paradoxical gains in H3K36me3 that influence RNA 

splicing were previously identified by Ho and colleagues in a metastatic ccRCC 

SETD2 mutated tumor [195]. Comparison of H3K36me3 redistribution that 

occurred with this particular SETD2 mutated tumor with our 786-O SETD2 KO 

clones revealed significant overlaps indicative of both conserved aberrant gains 

as well as loss of H3K36me3.  To date, SETD2 is considered the only histone 

methyltransferase responsible for catalyzing the tri-methyl mark on lysine 36 
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(Lys36) of histone H3. The most likely scenario for the occurrence of gains in 

H3K36me3 is that a different histone methyltransferase with preference for Lys36 

adopts the trimethylation responsibility in the absence of SETD2. The nuclear 

receptor-binding SET domain (NSD) histone methyltransferase family consisting 

of NSD1, NSD2/MMSET/WHSC1, and NSD3/WHSC1L1 preferentially mono- 

and di-methylate Lys36 in vivo [223]. In vitro, the NSD family is capable of 

trimethylation of several histone lysine residues, including Lys36 [224]. Although 

not widely accepted, mESCs depleted of Whsc1 (NSD2) demonstrated reduction 

in total H3K36me3, but not the di- or mono-methyl mark [225]. Interestingly, 

H3K36me2 distribution in a multiple myeloma cell line (KSM11) overexpressing 

NSD2 due to a t(4;14) chromosomal translocation is notably similar to what we 

have observed with paradoxical gains in H3K36me3 upon SETD2 depletion 

[226]. In particular, H3K36me2 distributions in KSM11 cells predominately 

occurred over intergenic regions of the genome, and enrichment of H3K36me2 

over intragenic regions was primarily centered at low expression genes that 

became functionally upregulated with the addition of the mark [226]. Although we 

did not observe changes in mRNA expression (RNA-seq) for the NSD family in 

our SETD2 KO clones (data not shown), perhaps in an effort to maintain normal 

H3K36me3 levels and distributions certain Lys36 histone methyltransferases 

may adopt the role of Lys36 trimethylation, however in an inefficient and aberrant 

manner as this is not the typical mark for which they regulate. 
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In this study, we have demonstrated severe redistribution of H3K36me3 in the 

absence of SETD2 that can functionally effect gene transcription. H3K36me3 

acts as a docking-site for many epigenetic readers that confer downstream 

effects on nuclear processes such as alternative splicing (MGR15, ZMYND11), 

DNA mismatch and damage repair (MSH6, LEDGF), and guidance of de novo 

DNA methylation (DNMT3A, DNMT3B) to name a few [198]. Indeed, disruption of 

many of these nuclear processes have been described for SETD2 mutated 

ccRCC.  For example, intron retention and alternative exon usage has been 

observed in H3K36me3-deficient tumors that was associated with decreased 

nucleosome occupancy [195, 197]. Loss of SETD2 in RCC cell lines increased 

DNA damage and impaired recruitment of cofactors for DNA damage repair [153, 

199]. We observed marked DNA hypermethylation that corresponded with 

redistribution of H3K36me3, most likely conferred by the de novo DNMTs. 

Collectively, these studies demonstrate dysregulation of multiple cascading 

pathways that is initiated by aberrant H3K36me3 distribution in ccRCC, and may 

provide an explanation as to why SETD2 mutated tumors tend to be metastatic in 

nature. 

 

To our knowledge, studies to date have largely focused on the relationship 

between DNA methylation and H3K36me3 from the perspective of observing 

DNA methylation changes at sites that lose H3K36me3 under conditions of 

SETD2 depletion. For example, Hahn and colleagues hypothesized that perhaps 

DNA methylation and H3K36me3 were established independently of each other 
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as SETD2 depletion did not change DNA methylation at gene bodies that lost 

H3K36me3, and conversely H3K36me3 distribution did not change significantly 

in HCT116 colorectal carcinoma cells depleted of DNMT1 and DNMT3B [218]. 

Our results largely support their observation that genes that lose H3K36me3 do 

not experience changes in DNA methylation as high expression genes in our 

786-O SETD2 KO clones that lost H3K36me3 maintained their level of DNA 

methylation. The original TCGA analysis of SETD2 mutated ccRCC tumors 

remarked specifically on hypomethylation that was observed at genes that were 

marked with H3K36me3 in normal adult kidney [7].  Our results support this 

notion as CpG loci that underwent hypomethylation upon SETD2 KO in 786-O 

cells significantly overlapped with regions that lost H3K36me3, and importantly 

were enriched at gene termini. Additionally, our analysis of the TCGA KIRC 

dataset revealed significant overlap of hypomethylated CpG loci in SETD2 

mutated tumors with hypomethylation observed in 786-O SETD2 KO clones 

particularly across gene bodies. The original TCGA analysis of ccRCC 

additionally demonstrated hypermethylation of CpG loci that occurred at genes 

that previously were not marked by H3K36me3 in normal adult kidney, consistent 

with our results that hypermethylation occurs at CpG loci previously unmarked by 

H3K36me3, but rather gain H3K36me3 with SETD2 depletion [7]. Recent work 

from our laboratory and others have demonstrated the preference of DNMT3B for 

active gene bodies marked by H3K36me3 and the ability to methylate these 

regions [138-140, 200], and as previously mentioned, the de novo 

methyltransferases have been shown to bind H3K36me3 through their PWWP 
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domain, and likely methylate CpG loci upon recruitment [131, 137]. Notably, 

DNMT3B mRNA expression was the only DNMT upregulated upon SETD2 KO in 

786-O and SETD2 KD in NCCIT. Taking these studies and our results under 

consideration we hypothesize that aberrant gains in H3K36me3 guide DNMT3B 

to these locations resulting in hypermethylation. Additionally, we do not observe 

hypomethylation upon loss of H3K36me3 as the DNA methylation pattern across 

gene bodies is already established by DNMT3B and is being maintained by 

DNMT1. The exception to maintenance of DNA methylation by DNMT1 is gene 

termini where loss of H3K36me3 does appear to induce hypomethylation. 

Importantly, ChIP-seq of DNMT3B localization by our laboratory and others has 

demonstrated the highest enrichment of DNMT3B at gene termini indicating that 

perhaps DNMT3B is responsible for both the establishment and maintenance of 

DNA methylation at gene terminal CpG loci, and therefore loss of H3K36me3 

removes the recruitment mark necessary for DNMT3B localization.  

 

Perhaps the most significant and exciting finding from this study is that 

hypermethylation observed from our SETD2 depletion models is highly 

conserved in loss-of-function SETD2 mutated ccRCC tumors from the TCGA 

dataset. Importantly, our observation of predominately hypermethylation events 

is consistent with previous methylome profiling of three different RCC cohorts. As 

discussed previously, the original TCGA analysis of the ccRCC dataset identified 

hypermethylation of CpG loci that were not originally marked by H3K36me3 in 

normal adult kidney in SETD2 mutated tumors [7]. Although the mutational 
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landscape of the tumor was not taken into consideration, DNA methylome 

profiling of RCC tumors conducted by Hu and colleagues demonstrated 

hypermethylation of gene bodies and H3K4me1-marked genes that was 

predictive of poor prognosis [201]. Finally, Sato and colleagues profiled 106 

ccRCC tumors and stratified differential DNA methylation among tumors relative 

to normal kidney into three clusters of low, intermediate, and high methylation. 

Interestingly, 92% of the SETD2 mutated tumors were present in the 

intermediate and high level methylation clusters [194]. These studies taken 

together with our results clearly define a hypermethylation phenotype for SETD2 

mutated ccRCC tumors.  

 

Consistent with DNA methylome profiling conducted by Hu and colleagues, we 

also observed enrichment for hypermethylation at genes that are exclusively 

marked by H3K4me1 in normal human kidney. Not only did we observe 

hypermethylation in our 786-O SETD2 KO clones, but we also observed 

enrichment at H3K4me1 marked genes in SETD2 mutated ccRCC, pRCC, and 

lung adenocarcinoma indicating that hypermethylation at these loci is a 

conserved process in the absence of SETD2. As H3K27ac is a characteristic 

histone mark attributed to active enhancers, the specific enrichment of 

hypermethylation at genes exclusively marked by H3K4me1 suggests a 

significant mechanism at play for targeting of poised enhancers. Poised 

enhancers typically are marked by both active (H3K4me1) and repressive marks 

(H3K27me3) [58]. Although we did not assay localization of H3K27me3 marks in 



166 
 

this study, given the low expression of these genes that are highly enriched for 

developmental processes, we can anticipate the presence of H3K27me3 at these 

genes [58]. Active enhancers, along with H3K4me1 and H3K27ac, can also co-

occur with H3K36me3 [227]. Notably, we observed gains of H3K36me3 and 

upregulation of genes previously marked by H3K4me1 in normal adult kidney in 

786-O SETD2 KO clones, however the mechanism for targeting of genes with 

poised enhancers remains unknown. Consistent with our profiling of altered 

expression in pluripotency and germ layer markers upon SETD2 depletion, the 

majority of these genes are related to developmental patterning indicating that 

SETD2 mutation induces a de-differentiation state that may contribute to 

metastasis of the tumor.  

 

As SETD2 mutations are not restricted to ccRCC alone, we expanded our 

analysis to encompass other tumor types in which SETD2 mutations have been 

observed including pRCC and lung adenocarcinoma [8], and significantly we 

observed a similar hypermethylation phenotype in SETD2 mutated tumors 

relative to WT tumors. Interestingly, loss of 3p21 (locus where SETD2 resides) is 

almost a universal occurrence in lung cancers [228]. SETD2 mutations are 

thought to occur early in branched evolution of ccRCC tumors contributing to 

intratumor heterogeneity [196], and potentially contribute to a more metastatic 

nature for the tumor. Our results support this notion as a majority of the SETD2 

mutated tumors that exhibited hypermethylation phenotypes were associated 

with more aggressive tumor staging classifications (Stage II-IV). Indeed, SETD2 
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is considered a tumor suppressor gene in ccRCC as patients with SETD2 

mutations generally receive a poor prognosis [228, 229]. Due the high 

prevalence of VHL inactivation in ccRCC, most therapies for metastatic tumors 

have been directed towards inhibition of HIF associated pathways, however with 

limited success [189].  Aberrant DNA methylation is a common occurrence in 

cancer, and as such has been an attractive target for therapeutic intervention. 

For example, decitabine, a FDA-approved DNMT inhibitor, effectively reverses 

DNA hypermethylation observed in intermediate gliomas that result from 

mutations in IDH1 [185]. Additionally, decitabine treated cells demonstrated 

reversion of gene expression programs to a more differentiated state and 

decreased tumor growth [185]. Importantly, aberrant upregulation of gene 

expression in colorectal carcinoma, most likely attributed to increased DNA 

methylation across gene bodies, can be corrected with treatment of decitabine 

[139]. Taken together, these studies along with our results identifying a 

hypermethylation phenotype in SETD2 mutated tumors that likely contributes to 

altered gene expression programs highlight the promising potential of targeting 

aberrant DNA methylation for therapeutic intervention in patients with this 

mutational landscape.  
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CHAPTER VI: SUMMARY 

The studies presented in this dissertation aimed to understand regulation of DNA 

methylation from two different angles: (1) by deciphering regulatory mechanisms 

and identifying target sites of the DNMTs, and (2) understanding the role a 

histone modification, H3K36me3, plays in directing DNA methylation genome-

wide. For both aims, we identified model systems relevant to the pathway being 

studied to execute genetic depletion of the writer enzymes. For the first aim, we 

utilized a pluripotent cell line as the DNMTs are crucial for development and cell-

fate determination, and for the second aim we employed a RCC cell line as 

SETD2 is frequently mutated in this particular type of cancer. By successfully 

executing this approach, we gained several novel insights to the regulation of 

DNA methylation from both direct action of the DNMTs as well as indirect 

modulation of DNA methylation through dysregulation of H3K36me3.  

 

To accomplish the first aim, we depleted a pluripotent cell line of the DNMTs both 

individually and in all possible combinations coupled with the 450K array to assay 

changes in 5mC patterning under these conditions. Depletion of DNMT1, the 

classical maintenance methyltransferase, resulted in marked reduction of 5mC 
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levels genome-wide with particular enrichment at gene termini. Surprisingly, 

depletion of DNMT3B resulted in hypermethylation at gene termini that 

significantly occurred at CpG loci that lost methylation under conditions of 

DNMT1 depletion, indicating a potential antithetical relationship between DNMT1 

and DNMT3B for regulation of DNA methylation across gene bodies. Further 

investigation of these CpG loci revealed not only dynamic regulation of 5mC, but 

also 5hmC indicating that gene bodies are hotspots for modulation of DNA 

modification patterns. MBD-seq analysis of the DNMT3B depleted sample 

revealed that high expressing genes marked by the active histone mark, 

H3K36me3, were targets for this dynamic regulation. The converse relationship 

between DNMT1 and DNMT3B was also observed in an additional cell line as 

overexpression of DNMT1 resulted in hypermethylation of CpG loci that were 

hypermethylated with loss of DNMT3B, again indicating that dynamic regulation 

of 5mC patterning at these loci is a coordinated effort between DNMT1 and 

DNMT3B.  

 

Importantly, 5mC patterning under conditions of DNMT3B depletion mimicked 

those observed upon induced differentiation in which DNMT3B becomes 

downregulated. Indeed, 5mC patterning from the DNMT3B depleted sample 

corresponded with changes in DNMT3B binding observed during the transition 

from pluripotency to a differentiated state as hypomethylation in gene promoters 

corresponded to loss of DNMT3B binding and hypermethylation occurred across 

gene bodies for which the presence of DNMT3B increased. Additionally, the de 
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novo methyltransferase family was determined to play a significant role in the 

regulation of nonCG methylation where both DNMT3A and DNMT3B confer 

methylation, but DNMT3L acts to oppose placement of a methyl group on nonCG 

cytosines. Again, this mimics 5mC patterning during differentiation as DNMT3B 

expression decreases and nonCG methylation is lost in most somatic cells. 

Taken together, the results from the first specific aim provide evidence for a 

previously unknown antithetical relationship between DNMT1 and DNMT3B for 

the regulation of 5mC and 5hmC patterning across gene bodies. Significantly, 

this relationship may be extended to understanding regulation of 5mC patterning 

that occurs during cell-fate determination as the 5mC patterns observed upon 

DNMT3B depletion strongly resembled those observed during differentiation of 

NCCIT cells. In the context of aberrant methylation patterns observed in cancers, 

further dissection of this relationship between DNMT1 and DNMT3B yields the 

potential to better understand dysregulation of this system and provide new 

avenues for therapeutic intervention. 

 

To accomplish the second specific aim we assayed 5mC patterns on the 450K 

array for 786-O RCC cells depleted of SETD2 and integrated this dataset with 

H3K36me3 distributions (ChIP-seq) and gene expression (RNA-seq). Loss of 

SETD2 in these cells resulted in redistribution of H3K36me3 in which high 

expressing genes lost H3K36me3 across gene bodies, while paradoxical gains in 

H3K36me3 occurred at low expressing genes and intergenic regions. High 

expression genes that lost H3K36me3 did not undergo changes in 5mC 
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patterning, and gene expression was relatively maintained. Predominately, 

hypermethylation was induced by loss of SETD2 and occurred genome-wide with 

particular enrichment at intergenic regions. Significantly, hypermethylation 

coincided with gains in H3K36me3, and resulted in upregulation of underlying 

genes that typically had little to no expression in the parental cells. Interestingly, 

we observed enrichment for this regulatory phenotype at genes that were marked 

exclusively by the poised enhancer mark H3K4me1 in normal adult kidney. We 

validated this phenotype in a separate SETD2 depletion system mediated by 

siRNA in NCCIT cells, and additionally observed conservation of genomic 

regions targeted for this regulation of 5mC patterning.  

 

SETD2 depletion models accurately reflected phenotypes observed in SETD2 

mutated tumors. Analysis of the TCGA KIRC ccRCC dataset revealed that 

SETD2 mutated tumors exhibited hypermethylation relative to WT tumors. 

Comparison of hypermethylation in SETD2 mutated tumors to our SETD2 KO 

cell lines revealed consistent regions targeted for this regulation indicating high 

conservation for 5mC patterning exists at the identified regions. We extended this 

analysis to other tumors that frequently exhibit mutations in SETD2 and observed 

a similar hypermethylation phenotype. Notably, genes exclusively marked by 

H3K4me1 in normal tissue were consistently enriched for hypermethylation 

across all analyzed SETD2 mutated tumors.  
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Aberrant 5mC patterns in cancer have been well-documented, however the 

mechanisms by which these patterns are established remain poorly understood. 

Our results demonstrate a previously unknown cooperative effort between 

DNMT1 and DNMT3B for regulation of gene body DNA modifications, as well as 

provide evidence for how aberrant methylation can arise due to dysregulation of 

histone modifications. Taken together, the results presented in this dissertation 

provide valuable insight to understanding the regulation of DNA methylation 

through both direct and indirect means, and potentially yield new avenues for the 

development of targeted therapeutic strategies. 
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