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ABSTRACT 

THE ROLE OF CIS- AND TRANS-ACTING FACTORS IN REGULATION OF 
DNA METHYLATION 

 
Priyanka Madireddi 

Doctor of Philosophy 

Temple University, 2016 

Doctoral Advisory Committee Chair: Jean-Pierre Issa, M.D,  

 

High level DNA methylation of promoter CpG islands (CGIs) represses gene expression. 

However, low-level CGI methylation is currently not distinguished from complete 

absence of methylation in the literature. Here we show that very low levels of 

methylation or methylation seeds (1-20%) on promoter CGIs is present in 5-20% of 

human genes and negatively correlates with gene expression in all tissues examined. In 

vitro, seeding directly represses reporter gene expression, an effect mediated by methyl-

CpG-binding proteins as transient knockdown of MBD4 reverses this repression. In vivo, 

seeded genes are enriched for polycomb occupancy but seeding can also occur in 

H3K4me3 occupied promoters, where it also correlates with gene repression 

independently of Polycomb repressive complex binding. Seeded CGIs in normal WBCs 

are 19 fold and 65 fold more likely to gain hypermethylation in Acute Myelogenous 

Leukemia and Myelodysplastic Syndrome patients respectively, compared to 

unmethylated CGIs (i.e. those with <1% methylation). This study reveals a novel 

epigenetic mechanism of tissue specific methylation seeds that have strong effects on 

gene expression in healthy tissues, possess unique histone status, and predispose to gain 

of methylation in leukemias more so than previously known factors. In the second part, 
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we analyzed the role of chromodomain protein CHD7 in CpG island methylator 

phenotype (CIMP) Colorectal Cancers (CRCs). Analysis of CHD7 target genes identified 

that frequently methylated genes in CIMP-positive CRCs have significantly higher 

enrichment of CHD7 occupancy in mouse neural stem cells and are among genes 

regulated by CHD7 in mouse embryonic stem cells. This study provides evidence for a 

causal link between CHD7 mutations in CRCs and the CIMP phenotype. 
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CHAPTER 1 

INTRODUCTION 

1.1 DNA methylation in mammalian cells 

 

Methylation of cytosines in the context of CpG dinucleotides was suggested to act as an 

epigenetic mark in 1975 by two seminal papers 52, 114. Since then CpG methylation is one 

of the most studied and mechanically understood epigenetic modifications. Methylation 

of cytosine in CG context is more predominant though methylation outside CG was 

identified in plants, fungi and recently in a variety of human tissues 126. 5mC (5-

Methylcytosine) accounts for nearly 1% of the total DNA bases in humans and affects 

70-80% of all CpG dinucleotides 10. Of the 28 million CpGs that exist in human genome, 

a large percentage of them are highly methylated and most of the mammalian genomes 

are depleted of CpGs globally 65. 

The distribution of cytosine methylation is critical at regions called CpG islands 

(CGIs) and thus has been very well characterized. More than half the genes in vertebrate 

genomes possess these short CpG dense CGIs. Since they are positioned at the 5` ends of 

genes, methylation at CGIs play an important role in transcription. CGIs are prevalent at 

the transcription start sites of housekeeping genes and are resistant to DNA methylation 

132. In contrast to transcription start sites, most gene bodies are CpG poor and are highly 

methylated, although a subset of gene bodies may contain CGIs. These intergenic CGIs 

are thought to be “orphan promoters” that were functional during early development 55. 

CpG methylation is also highly enriched at repetitive sequences that constitute 

transposable elements and heterochromatin. 
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1.2 Regulators of DNA methylation 

 

DNA methyl transferase (DNMT) family of proteins are the only enzymes that have been 

shown to catalyze the transfer of methyl group from S-adenosylmethionine (SAM) to 

cytosine in mammals 43. There are three enzymatically active DNMTs (DNMT1, 

DNMT3A and DNMT3B) and one regulatory catalytically inactive factor DNMT3L as 

shown in fig 1 26.  DNMTs are required for establishing and also maintaining the 

methylation during cell division. DNMT1 is a maintenance methylase that has a higher 

affinity for hemi-methylated DNA. It localizes at replication foci during S phase and 

methylates hemi-methylated CpGs through its interaction with UHRF1 and PCNA 1, 121, 

128. DNMT3 enzymes are de novo methyl transferases and through their interaction with 

other factors are known to regulate locus-specific DNA methylation. DNMT3L through 

its interaction with DNMT3A plays an important role in the de novo methylation of 

imprinted loci 62. DNMTs are recruited to DNA through interactions with chromatin 

modifying enzymes. DNMTs are also proposed to recognize few histone modifications 

like H3K9me3, H3K27me3, H3K36me3 and are recruited to nucleosomes carrying such 

modifications 26. An inverse correlation between DNA methylation and H3K4me3 exists 

51, 88. Repressive histone marks like H3K9me3 are known to attract DNMTs to specific 

loci. A strong correlation between gene body H3K36me3 mark and DNA methylation is 

also known to exist 51. DNMTs have a conserved C-terminal catalytic domain as shown 

in fig 1. While DNMT3A and DNMT3B possess a cysteine rich  
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Figure 1 DNMT family of proteins 26 

(A) Schematic representation of the human DNMT1, DNMT3A, DNMT3B and 
DNMT3L structures with the different domains highlighted. (B) Depicts mechanisms that 
recruit mammalian DNA methyltransferases. (i) The ADD domain of DNMT3A and 
DNMT3L interacts with the unmodified Lys 4 of histone H3 (H3K4). (ii) Alternatively 
DNMTs can be recruited to DNA through protein-protein interactions with chromatin-
modifying enzymes, including KMTs and HDACs  
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domain and a tryptophan rich region (PWWP) domain in their N-terminal, DNMT1 

contains several motifs for its interaction with other proteins, mainly during replication 43. 

DNMT3L, which is highly expressed in germ cells, lacks both PWWP domain as well as 

a catalytic domain. 

Loss of DNA methylation can be active or passive. Active DNA demethylation involves 

enzymatic removal or modification of the methyl group from 5-mC. In contrast, passive 

DNA demethylation is the loss of methylation that occurs during successive rounds of 

replication due to an error or failure in maintenance of methylation.  Both active and 

passive demethylation is known to occur in mammals during different contexts although 

the enzymes involved in active demethylation were not identified until recently. In 2009, 

the enzyme ten-eleven translocation 1 (TET1) was found to oxidize 5mc to 5-

hydroxymethylcytosine (5hmC) 138. Discovery of Tet enzymes led to increased attention 

to the previously identified 5hmC mark which is now being considered as the “sixth 

base” in the genome. TET enzymes belong to the family of Fe(II)/α-KG- dependent 

oxygenases and all the three enzymes (TET1, TET2 and TET3)  contain a C-terminal 

catalytic domain which consists of Cysteine-rich and a double-stranded β-helix (DSβH) 

fold core oxygenase domain as shown in fig 2 133.  The catalytic domain is only a fraction 

of the TET enzymes suggesting that the non-catalytic domain plays an important role in 

its activity. TET1 and TET3 contain a CXXC domain that is known to bind to 

unmethylated CpG sequences 160, 168. 5hmC is highly enriched in mouse, human 

embryonic stem cells, purkinje neurons and various mouse tissues 59, 73, 138. Another 

active DNA demethylation process involves Base  
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Figure 2 Domain structures of human TET family proteins. 133 

The CXXC domain of TET1 and TET3 are indicated in red, the cysteine-rich domains of 
the three proteins are in gray and the double-stranded β-helix 2-oxoglutarate and Fe(II)-
dependent dioxygenase domains are in blue. Each of these proteins contains three Fer-
binding domains and one site for 2-oxoglutarate binding in the dioxygenase domain. 
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Excision Repair (BER) DNA repair pathway that leads to excision of 5mC by a DNA 

glycosylase resulting in an abasic site. The DNA backbone is subsequently nicked by AP 

lyase enzyme and the gap is subsequently filled by DNA repair polymerases and ligases 

118. In mammals, Thymine DNA glycosylase (TDG) and MBD4 possess DNA 

glycosylase activity. BER mediated DNA demethylation could act both as check for 

spontaneous deamination of 5mc to thymine or also could be targeted to specific loci 22. 

 
1.3 DNA methylation & development 

 
 
A wave of global epigenetic reprogramming takes place during early embryogenesis and 

is critical in establishing pluripotency. There is a massive global DNA demethylation in 

the newly formed embryo and methylation levels are drastically reduced by the time the 

early blastocyst stage (32–64 cells) is reached. Both active and passive demethylation 

processes play an important role in reprogramming paternal and maternal genomes in 

early embryos. While a mature sperm contains 80-90% of methylated CpGs, the paternal 

genome is completely demethylated shortly after zygote formation due to active 

demethylation and this process is completed before the onset of DNA replication at the 

pronuclear stage 3 (PN3) 102, 112, 158. TET3 is highly expressed in spermatozoa and it 

specifically localizes to the paternal pronucleus post zygote formation where it was 

shown to be responsible for 5mC to 5hmC conversion 46. TET3`s role is not functionally 

redundant as loss of TET3 leads to dramatic decrease in 5hmC 46, 157. Conversely, the 

maternal genome undergoes passive demethylation in a replication dependent manner  
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Figure 3. Reprogramming of DNA methylation during early development 158 

During mouse development, the paternal genome (♂) of the zygote is rapidly and 
globally demethylated immediately after fertilization, whereas the maternal genome (♀) 
undergoes a DNA replication-dependent demethylation during the first cleavage stages. 
After implantation, a new DNA methylation pattern is re-established by de novo DNA 
methylation in the diploid genome. De novo methylation patterns are established by the 
DNA methyltransferases DNMT3A and DNMT3B during the development of the 
blastocyst.  
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leading to an interesting epigenetic symmetry in the early embryo 90. The maternal 

genome is protected from 5mC mediated oxidation by TET3 through a protein called 

STELLA. It interacts with maternal dimethylated histone H3 Lys9-marked (H3K9me2) 

chromatin that is significantly enriched in the maternal genome compared to paternal 

pronucleus. Interaction of STELLA with H3K9me3 marked chromatin is critical in 

preventing TET3 activity on maternal pronucleus 96, 120. STELLA also protects a few 

paternally imprinted loci from active demethylation. Moreover a ZFP57/TRIM28 

repressor complex protects imprinted regions by recruiting DNMT1, DNMT3A/3B to 

these loci 108, 170. Post implantation, de novo methylation reestablish methylation patterns 

to different extent in embryonic (EM) and extraembryonic (EX) lineages. 

 
1.4 DNA Methylation & gene expression 

 
 
CGIs associated with promoters are evolutionarily conserved to facilitate gene 

expression. They are devoid of TATA boxes and facilitate the binding of transcription 

factors (which mostly contain GC sequences in their binding sites). Also CGI promoters 

possess less nucleosomes than other DNA sequences and the few nucleosomes contain 

those histone modifications that enhance gene expression 19, 110, 140. DNA methylation of 

promoter CGIs is an important cis regulatory factor that leads to stable silencing of gene 

expression. This is especially important in establishing and regulating methylation of 

imprinted genes. Imprinted genes are expressed from one of the two chromosomes and 

their regulation is tightly controlled via methylation 13, 66, 159, 171.  The majority of 

promoter CGIs are unmethylated and show few tissue-specific differences. However 

CGIs are known to show tissue specific methylation patterns when present in gene bodies 
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and intragenic regions 55, 88, 159, 170, 171. In 2009 CGI shores, were shown to have highly 

conserved tissue specific methylation patterns. These shores exist almost 2kb from CGIs. 

Intriguingly, methylation of CGI shores also correlated with reduced gene expression 

similar to promoter CGIs 56. Gene body methylation is slightly complicated, where in 

dividing cells it has been shown to correlate with increased expression and in non-

dividing cells it is not associated with increased expression 93. Erasure of gene body 

methylation for certain oncogenes has been shown to negatively correlate with gene 

expression. In colorectal cancer some of these genes were identified to be c-myc 

regulated and remethylation post demethylation by drugs required DNMT3B 163. 

Targeting of DNA methylation to specific sequences is thought to be mediated 

through interactions between DNMTs, histone modifying enzymes and histone marks 

themselves. H3K9me3 repressive mark plays a very important role in guiding DNA 

methylation to pericentric heterochromatin regions. The Suv39h1/2 H3K9 

methyltransferases catalyze the placement of H3K9me3 at heterochromatin and 

DNMT3A/B are known to directly interact with these enzymes 79. Also they can bind to 

heterochromatin protein 1 (HP1), a reader protein that recognizes and binds to H3K9me3. 

At the euchromatin loci, DNMT3A/B interact with H3K9 methyltransferases G9a/GLP, 

through their C-terminal catalytic domain and the ankyrin repeat domains of G9a or via  

the chromodomain protein MPP8 and this plays an important role in  establishing de novo 

methylation 16. 

H3K36me3 is a gene body mark localized to actively transcribed genes. It is 

enriched at exons, relative to introns 116. A link between DNA methylation and 

H3K36me3 has been suggested as a combination of DNA methylation and H3K36me3 is 
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required for regulating gene splicing 11. H3K36me3 mark is catalyzed by Setd2. It has 

been proposed that this mark plays an important role in recruiting DNMT3A/3B to gene 

bodies 29. The PWWP domain of DNMT3A/B preferentially binds to H3K36me3 and 

mutation in this domain inhibits the methyltransferase activity of DNMT3A/B in vitro. 

PWWP domain also has additional roles, apart from its interaction with H3K36me3, at 

heterochromatin as mutation in this domain leads to loss of methylation at repeats which 

are not enriched for H3K36me3 17, 41. 

The H3K4me3 mark enriched at promoter CGIs acts in a mutually exclusive 

manner with DNA methylation 154. It is thought to be a protective mark against DNA 

methylation. DNMT3L, which is a catalytically inactive regulatory factor, interacts with 

unmethylated H3K4 through its ADD domain. This interaction is very specific to 

unmethylated H3K4 and is inhibited when H3 is methylated at lysine4 103. Since 

DNMT3L is a part of tetrameric complex with DNMT3A/B, it can bring along and 

promote DNMT3A/B activity through this interaction. DNMT3L also stabilizes the 

conformation of active site loop of DNMT3A/B. In addition to DNMT3L, DNMT3A/B 

can also bind to unmethylated H3K4 through their ADD domains 80. The important role 

H3K4me3 plays in protecting sequences from gaining methylation is highlighted by the 

fact that Lsd2/Kdm1b (a histone lysine demethylase) deficient mice have loss of 

methylation at few important imprinted genes leading to a maternal-effect lethal 

phenotype 20. Catalytically inactive splice variants of DNMT3B have also been reported 

to work in a similar manner to DNMT3L 44, 147.	  

Histone acetylation is another important histone modification that positively 

correlates with gene expression at promoters. An active and open chromatin state is 
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required to facilitate transcription and histone acetylation is thought to open up chromatin 

to a transcription permissive state. It permits binding of regulatory coactivators and 

transcriptional factors 3. Histone acetyl transferases (HAT) are the enzymes that catalyze 

this reaction and are evolutionarily conserved from yeast to humans. HAT enzymes 

contain multiple subunits and can modify different histone substrates as well as non-

histone substrates 78. These enzymes are diverse and divided into groups based on their 

catalytic domains. Two prominent HAT family enzymes include Gcn5 N-

acetyltransferases (GNATs) and MYST HATs. Other HATs include p300/CBP, several 

nuclear receptor co-activators and TAF1 and are known as “orphan class” of HAT family 

of enzymes. Histone acetylation is a dynamic and reversible process 70.  

Histone deacetylases (HDACs) catalyze deacetylation of histone residues, leading 

to a repressed chromatin state. HDACs interact with DNMTs and other methyl cytosine-

binding proteins to prevent gene transcription. Similar to HATs, HDACs also deacetylate 

non- histone proteins. HDAC inhibitors are known to act synergistically with DNA 

demethylation agents in cancer to re-express transcriptionally silenced genes 12, 136. It has 

been shown in cancer cell lines that HDAC inhibitors can upregulate highly methylated 

transcriptionally silent promoters without any loss of DNA methylation. However this re-

expression of silenced genes is transient (2 weeks) compared to DNA demethylating 

agents that induce permanent epigenetic reprogramming. These data suggested that DNA 

methylation acts as a memory signal for gene silencing even after changes in chromatin 

status and also that both histone modification and DNA demethylation are required for 

long term gene activation 111. 
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1.5 Methyl-CpG-binding domain (MBD) proteins 

 
 
Methyl-CpG-binding domain (MBD) proteins are methylation readers that can 

specifically recognize and bind to the methylation moieties and mediate several 

epigenetic processes. The MBD protein family consists of five members MBD1, MBD2, 

MBD3, MBD4 and MECP2.  All these proteins share a common motif, the methyl CpG 

binding domain (MBD) as shown in fig 4 119 . Another protein called Kaiso is also a 

methylation reader though it lacks an MBD domain and uses zinc finger domains to bind 

to target promoters 107. The MBD forms a wedge shaped structure composed of a Beta-

sheet superimposed over an alpha-helix and loop 149, 150. These proteins have little 

resemblance to one another in their primary structure, outside the MBD motif, although 

MBD2 and MBD3 have a strong sequence similarity. The MBD domain in MBD3 is 

mutated where a phenylalanine group substitutes a critical tyrosine residue. Due to this 

substitution MBD3 is the only MBD that cannot bind to methylated DNA. 

MBD proteins associate with several other nuclear factors and enzymes 34. In fact 

some of the MBD members are part of large complexes. MBD proteins recruit chromatin 

remodelers, histone deacetylases, methylases and other histone modifying enzymes to 

bind to methylated DNA. Apart from acting as methylation readers MBD proteins are 

also reported to play a role in transcript silencing and ironically gene activation 14, 164, 166. 

Single deletions of MBD1, MBD2 and MBD4 result only in mild development 

phenotypes indicating redundant functions of these proteins 48, 86. 

MBD1 has five different isoforms that are a result of alternative splicing in the 

cysteine-rich CXXC and C-terminal domains. And all of them are known transcriptional  
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Figure 4 Characteristic domains of the Methyl-CpG-Binding (MBD) protein family 
119 

Abbreviations: BTB/POZ, broad complex, tramtrack, bric a brac/pox virus zinc finger; 
GR, refers to alternating glycine and arginine repeats; MBD, methyl-binding domain; 
MeCP2, methyl-CpG-binding protein 2; TRD, transcription repression domain 
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repressors. MBDv1 and MBD1v2 have been reported to repress transcription of 

unmethylated promoters as well 35, 119. MBD1 also interacts with DNA damage proteins 

as DNA-3-methyladenine glycosylase during DNA repair and transcription repression 

suggesting a direct role for MBD1 in sensing DNA damage in chromatin 153. MBD2 and 

MBD3 are part of a multifaceted chromatin-remodeling complex called the NuRD 

complex. This complex has more than one subunit with enzymatic activity- 

chromodomain-helicase-DNA-binding protein 3 (CHD3; also known as Mi 2α) and 

CHD4 (also known as Mi 2β) subunits have ATP-dependent chromatin remodeling 

activity and histone deacetylase 1 (HDAC1) and HDAC2 catalyze histone deacetylation 

32.  Lysine-specific histone demethylase 1A (LSD1) has also been reported to be 

associated with the NuRD complex. The complex also contains metastasis-associated 

gene 1 (MTA1), MTA2 and MTA3, GATAD2A, GATAD2B   and retinoblastoma-

binding protein 4 RBBP4 and RBBP7 76. The GATAD2A, GATAD2B and RBBP4, 

RBBP7 subunits are structural components of the NuRD complex and associate directly 

with histone tails. The MBD and MTA subunits are involved in recruiting the complex to 

different genomic locations by acting as methylation readers or through their association 

with transcription factors and chromatin modifiers 36, 48.  It has been well established that 

the NuRD complex binds to methylated promoters and lead to transcription repression. 

For example in colon cancer this complex mediates the transcription repression of 

methylated CDKN2A locus 84, 119. It has been shown recently that MBD3 can bind to 

5hmC, the product of active demethylation by the TET family of proteins 165. 

MECP2 is one of the most studied MBD proteins. The transcription repression 

activity of MECP2 has been well established in vitro and in vivo 97. MECP2 mutations 
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cause the neurological disorder known as Rett syndrome in females and are lethal in 

males. Rett syndrome is a complex neurodevelopment disorder that effects 1 in 10,000–

22,000 births 9. MECP2 has been reported to associate through its TRD domain with 

Sin3A repressor complex- which is a chromatin remodeling complex that contains 

HDAC1 and HDAC2. These enzymes alter the chromatin to a repressed state preventing 

access to RNA pol II and other transcriptional machinery. MECP2 also associates with 

histone lysine methyltransferase suppressor of variegation 3-9 homologue 1 (SUV39H1) 

which inactivates transcription through catalyzing H3K9 methylation 37, 38. MECP2 is 

highly expressed in brain and plays an important role in regulating the expression of 

Brain-Derived Neurotrophic Factor (BDNF).  It binds to methylated CpG sites near the 

promoter III region of BDNF in resting neurons regulates its expression. BDNF has 

neurotropic effects and is important in regulating synaptic plasticity in various brain 

areas, including the hippocampus. Postmortem studies of brains from patients with Rett 

syndrome revealed higher BDNF levels in the 'Rett-syndrome-affected' prefrontal cortex 

and lower in the 'Rett-syndrome-spared' occipital cortex, particularly after childhood 18, 

87. MECP2 levels have also been found to correlate with estrogen-receptor status in breast 

cancer specimens 94. Also, it has been reported that MECP2 mediates the transcriptional 

silencing of the DNA repair enzyme O-6- methylguanine-DNA methyltransferase 95. 

Kaiso is part of the BTB/POZ (broad complex, tramtrack, bric a brac/pox virus 

zinc finger) family of proteins and lacks an MBD domain. It binds to methylated DNA 

using a zinc finger motif located at the C-terminus. Kaiso recognizes and binds to 

sequences that contain at least two methyl CpG dinucleotides and represses transcription 

in a methylation dependent manner similar to other MBDs. Kaiso is also a sequence 
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specific transcription repressor and recognizes the minimal core nucleotide sequence 

CTGCNA. It has higher affinity for its consensus nucleotide-binding site than for the 

methyl CpG sites 24, 107. ZBTB4 and ZBTB38 are kaiso-like zinc finger proteins that have 

been identified to bind to methylated DNA in vitro and in vivo 105. 

A recent study generated genomic maps of MBD family of proteins in mouse ES 

cells and identified that MBD proteins have methylation dependent and independent 

binding activities. MBD domains were identified to be critical to bind to CpG dense 

inactive regulatory regions. In contrast binding to unmethylated sites by MECP2, MBD1 

and MBD2 was mediated by alternative domains or through protein-protein interactions. 

A linear correlation with MBD protein enrichment and local methylation density was 

identified for MBD1, MBD2, MBD4 and MECP2. Also a very similar recruitment of 

different MBD proteins to methylated DNA was identified, highlighting a largely 

redundant function between different MBD proteins 2. 

MBD4 is a unique MBD protein as it is one of the two-glycosylase enzymes in 

mammals that can repair the T: G mismatches resulting from spontaneous deamination of 

5mC 4. Oxidative deamination of cytosine results in Uracil and of 5mC results in 

thymine. These alterations lead to C: G → T: A transitions post replication and need to be 

corrected to maintain genome integrity 21 30. The full-length human MBD4 gene encodes 

a protein equal to 580 amino acids (aa) in length. It contains two DNA binding domains, 

an N-terminal methyl-binding domain (MBD) and a C-terminal glycosylase domain. 

These domains are separated by a long linker. The MBD domain is less conserved 

compared to the glycosylase domain. The MBD domain directs binding to hemi-

methylated or fully methylated DNA and is responsible for localizing MBD4 to  
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Figure 5 Conserved Binding of MBD Proteins to Densely Methylated Regions 2 

Figure illustrates MBD protein localization at example chromosomal regions. Enrichment 
for all five MBD proteins at the Peg10 and the Xist promoter is shown; both of them 
contain methylated CGI (marked as a green bar above the gene profile). CpG density per 
100 bp is shown in gray and methylation percentage of single CpGs (% m-CpG) as red 
dots. MBD protein enrichment is calculated as library-normalized number of tags per 100 
bp. 
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Figure 6 Mismatch scanning mechanism of MBD4 150 

The diagram depicts a model of MBD4-MBD domain function in which rapid 
intramolecular exchange allows MBD4 to efficiently scan CGIs for mCpG/TpG 
mismatches. The left side of the diagram shows the different modes of searching for 
binding sites by transcription factors. The right side of the diagram shows the MBD4-
MBD (blue circle) exchanging between methylated (red ovals) and unmethylated CpG 
sites (black marks). 
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methylation rich DNA sequences where base deamination might occur 131. A recent 

biochemical study identified that MBD4 has more preference for unmethylated and 

hydroxymethylated DNA compared to methylated DNA.  

Introducing mutations between binding sites did not reduce the intramolecular 

exchange rate suggesting a “hopping” mechanism for moving through DNA. It is 

estimated that the MBD domain of MBD4 recruits it to methylated CpG sites, where it 

scans and hops from successive methylated CpG sites, facilitating repair of mismatched 

methylated CpG/TpG bases 150. MBD4 knock out mice develop normally and there is no 

tumor formation. However a two to three fold increase in number of C to T transitions at 

CpG sites are observed in the small intestine of these mice compared to wild type mice. 

MBD4 deficient mice when crossed into (Apc) min/+ background showed accelerated 

tumor formation and increase in multiplicity. MBD4 was shown to interact with MLH1 

and it is mutated in a high percentage of Mismatch Repair (MMR) –deficient colorectal 

tumors with Microsatellite Instability (MSI) 4, 113 91, 156. A high percentage of MBD4 

mutations are also seen in human gastric, endometrial and pancreatic cancers that have 

MSI 91, 92, 113, 161. 

Because of its DNA glycosylase activity as a part of Base Excision Repair (BER) 

MBD4 is also implicated in DNA demethylation along with another DNA glycosylase 

TDG. In zebrafish model system overexpression of AID deaminase and MBD4 caused 

widespread demethylation and loss of these proteins led to remethylation 109. TDG, 

another DNA glycosylase has a much more prominent role in demethylation in mammals. 

TDG was shown to protect CGIs from demethylation and also is involved in 
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demethylation of tissue-specific and hormonally regulated promoters and enhancers 

through its interaction with AID and GADD45a 71. 

MBD4 is known to localize at methylation rich heterochromatic DNA in vivo and 

repair G: T mismatches. Its interaction with DNMT3B is proposed to help localize 

MBD4 to methylated CpG sites. This interaction is mediated by both the PWWP and 

catalytic domain of DNMT3B 131. In Xenopus  MBD4 was shown to interact with 

DNMT1 and MLH1, resulting in its recruitment to heterochromatic sites that are 

coincident with DNMT1 localization 117.The transcription repressor role of MBD4 has 

not been studied as extensively as for other MBDs, however a few MBD4 target 

promoters have been identified. MBD4 has been shown to bind and repress methylated 

MLH1 and p16 (INK4a) promoters in in vitro assays 71. A recent study identified that 

MBD4 plays an important role in cell survival following oxidative stress in cell lines. 

Also in unstressed cells MBD4 binds to DNMT1 and co-regulate transcription repression 

of methylated genes. Both MBD4 and DNMT1 have been shown to bind to methylated 

promoter CGIs of CDKN1A/p21 and MSH4 in HEK293T and Hela cells. Knock down of 

both led to rescue of transcription repression, and neither alone did 75. MBD4 interaction 

with DNMT1 seems to ensure methylation maintenance and transcription repression of 

certain methylated promoters.  In mouse ES cells, MBD4 along with MBD2 showed high 

enrichment at methylated intermediate CpG dense promoters and interestingly also at 

unmethylated high CpG dense promoters. Also for promoter CGIs that had methylation 

less than 20%, MBD4 showed highest enrichment compared to all other MBD proteins, 

suggesting that MBD4 might play an important role at low and unmethylated CpG island 

promoters 2. 
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1.6 Low level DNA methylation 

 
 
Gene silencing through hypermethylation of promoters is a complex event that involves 

DNMTs, chromatin remodelers, histone modifying enzymes and methylation readers. 

The altered chromatin status and the complexes orchestrating this event are well studied. 

However many global aspects of the association between DNA methylation and gene 

expression are not well defined. Highly methylated CGI promotes lead to reduced or 

complete loss of gene expression. But however in a global scale it is unclear whether the 

effect of CpG methylation is graded versus all or none in regulation gene expression.  

One of the earlier studies in 1994, sought to identify if the relationship between 

DNA methylation and gene expression is linear or exponential 54.  Using an in vitro 

methylated stable episomal viral vector it was identified that gene repression is graded in 

an exponential manner to methyl CpG density. And interestingly, methylation levels as 

low as 7% on the mini chromosome, led to 60 to 97% inhibition in gene expression. 

These results indicated that it is not essential to obtain high levels of methylation on 

promoters to significantly affect gene expression. 

In the following decade several labs reported using in vitro methylation assays 

that a particular promoter CGI is regulated by DNA methylation. Most of these studies 

used sequence specific methylases to obtain low levels of methylation on their reporter 

constructs and almost all of these studies reported a correlation between very low levels 

of methylation and a significant decrease in gene expression. Partial in vitro methylation 

(ten and sixteen CpG sites) of BRCA1 promoter constructs led to 2.5 fold and 3 fold 

decrease in reporter activity respectively when transfected in Bosc 23 cells 83. In vitro 
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methylation of 5`-POMC-LUC construct using sequence specific methylases Hpa II and 

FnuDII significantly reduced reporter activity comparable to SssI mediated completely 

methylated construct when transfected in DMS-79 cells 98. 16% methylation of MGMT 

promoter luciferase construct using sequence specific methylases in vitro led to 10-12 

fold decrease in reporter activity compared to unmethylated construct upon transfection 

in PaCa-2 cells 7. These and other reports indicate that (1) low/partial methylation of 

promoter CGIs seem more than adequate to significantly reduce gene expression and (2) 

percentage of methylation required to decrease reporter activity by at least 2 fold vary 

between promoters and cell lines. These studies provide an interesting insight into the 

quantitative nature of DNA methylation and the exponential relationship between 

methylation and gene expression. However whether such low levels of DNA methylation 

exist on promoter CGIs and if they do, how they correlate with gene expression genome-

wide has not been explored. 

Genome-wide maps of DNA methylation revealed that most human tissues have 

high levels of DNA methylation, with the exception of promoter CGIs which are 

protected from methylation. However recent studies indicate that some tissues and cell 

lines have lower methylation genome-wide including maturing red blood cells and human 

adipose- derived stem cells. Among these hypomethylated genomes, lower methylation is 

present largely in regions called Partially Methylated Domains (PMDs). These PMDs 

tend to be over 100kb in length , can cover as much as 40% of the genome and have an 

average methylation of <70%, this is in contrast to rest of the genome that is in highly 

methylated domains (HMDs) which have greater than 70 % methylation 124. These PMDs 

have been identified in certain cancers, cultured cells and recently in a normal human 
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tissue-placenta and in pancreas 125 126. These PMDs could explain the global 

hypomethylation seen in some colon and breast cancers 5, 47, 53, 127. An interesting feature 

of PMDs is that genes present in these regions tend to have tissue specific functions. 

Promoter CGIs present in placental PMD`s tend to have higher methylation than those 

present in HMDs. And the overall gene expression for CpG and non CpG promoter 

islands tend to be lower in PMDs compared to HMDs in placental genome. Interestingly 

clearly defined PMD`s were not detected in other normal tissues including kidney, 

Natural Killer cells, cerebellum, cerebral cortex 125. Methylation was globally higher in 

these tissues and it is possible that there could be cellular heterogeneity and PMDs could 

have been present in a small subset of cells in these tissues. 

Another study reported base pair resolution methylome maps of mouse ES cells 

and neural progenitor cells 135. Using whole genome bisulphite sequencing (WGBS) they 

segmented methylome into fully methylated regions (FMRs), unmethylated regions 

(UMRs) and low-methylated regions (LMRs). UMRs covered those CpGs with less than 

10% methylation, LMRs constituted CpGs with 10-50% methylation (average 

methylation 30%) and HMRs consist of CpGs with methylation between 50-100%. They 

identified that LMRs are enriched distally to promoters and have little overlap with CGIs. 

And moreover they overlapped with DNase I hypersensitivity sites and are strongly 

enriched for chromatin features such as high H3K4 monomethylation (H3K4me1) and 

the presence of p300 histone acetyltransferase which are predictive features of enhancers. 

Also most DNA binding factors showed enrichment at LMRs along with promoter 

enriched UMRs. Moreover LMRs change dynamically during differentiation and are 

driven by cell-type-specific factors. Using CTCF and REST transcription factors they 
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showed that DNA binding factors are necessary and sufficient to create LMRs. However 

using whole genome bisulphite sequencing data and studying CpG sites with only greater 

than 5 reads limited this study to distinguish CpGs with complete lack of methylation and 

those with methylation as low as 10%, and also how they are distributed and affect gene 

expression. 

Another recent study used whole-genome bisulfite sequencing to study the 

methylome in mouse Hematopoietic stem cells (HSC). They identified large regions of 

low methylation (<10%) greater than 3.5kb in length. They termed these regions 

“Canyons” in contrast to low methylated regions that are smaller than 3.5kb (cUMRs). 

90% of the canyons contained at least one clearly defined CGI. Canyon-associated genes 

showed enrichment for genes encoding a homeobox domain and genes involved in 

transcriptional regulation.  Interestingly, while cUMRs were associated with high 

H3K4me3 and low H3K27me3 levels, canyons showed a distinct bimodal distribution 

with half the genes exhibiting high levels of H3K4me3 marks and half exhibiting high 

levels of H3K27me3 marks. The relationship between these low methylated genes in 

canyons and gene expression has not been explored in detail although it has been reported 

that out of the 20 largest canyons, only 2 harbored highly expressed genes. Canyon 

associated genes were also enriched for differentially expressed genes in human AML 

patients indicating they have an important role in cancer 61. 
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1.7 Hypermethylation in Cancer 

 

In contrast to large-scale hypomethylation in cancer genomes, there is an inverse trend of 

gain of methylation at promoter CGIs. Retinoblastoma tumor-suppressor gene (Rb) was 

one of the earliest reported hypermethylated genes followed by several other tumor 

suppressors including hMLH1 (a homologue of MutL Escherichia coli), VHL (associated 

with von Hippel–Lindau disease), p16INK4a and BRCA1 (breast-cancer susceptibility gene 

1) 3, 45, 64.  Widespread CGI promoter methylation, also referred to as the CpG island 

methylator phenotype (CIMP), was later identified and has been extensively studied in 

colorectal cancer 144. Following this aberrant gene methylation of multiple genes, 

clustering reminiscent of CIMP has been identified in glioblastomas, gastric cancer, liver 

cancer, pancreatic cancer, oesophageal cancer, ovarian cancer, acute lymphocytic 

leukemia and acute myelogenous leukemia (CIMP) 57. These genes that gain methylation 

are involved in multiple pathways including DNA repair, cell cycle, carcinogen 

metabolism, cell-to-cell interaction, angiogenesis, apoptosis etc. Also hypermethylation 

occurs at different stages in the development of cancer and interacts with genetic lesions. 

Genome wide hypermethylation profiles and hypermethylation of individual tumor 

suppressor genes are good indicators of prognosis in several cancers. For e.g. promoter 

hypermethylation of epithelial membrane protein 3 (EMP3), p16INK4a and death-

associated protein kinase (DAPK) are linked to poor outcomes in brain cancer, colorectal 

cancer and lung cancer respectively 82, 89, 155.  

Unlike mutations, one of the advantages with silencing via methylation in cancer 

is its reversibility. DNA demethylating agents are used to re-express hypermethylated 
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genes and rescue their functionality in several cancers. 5-aza-2′-deoxycytidine 

(decitabine) and 5-azacytidine (azacitidine) and have been approved as treatments for the 

myelodysplastic syndrome and leukemia 106. However DNA demethylating agents have 

nonspecific effects and targeted epigenetic therapy with the use of transcription factors 

that target particular gene promoters might be advantageous. An understanding of the 

susceptibility of hypermethylation for certain promoter CGIs in cancer would be helpful 

for such a targeted therapy.  However such an analysis is complicated by the fact that 

each cancer type has a specific profile of hypermethylation of the CGIs in tumor-

suppressor genes and has unique “hypermethylome”. It is not clearly understood why 

only certain promoter CGIs are more prone to hypermethylation and why they become 

hypermethylated in some types of cancer but not in others. 

One of the factors that could predispose promoters to gain methylation is the 

repressive polycomb histone mark H3K27me3 catalyzed by EZH2 enzyme, as a part of 

the Polycomb Repressive Complex (PRC2) complex. Polycomb group proteins play an 

important role in early development by regulating chromatin structure. Two main 

Polycomb group complexes exist in mammals- Polycomb repressive complex 1 (PRC1) 

and (PRC2). PRC2 contributes to chromatin compaction by catalyzing the methylation of 

histone H3 at lysine 27 and PRC1 catalyzes the monoubiquitylation of histone H2A.  

PRC2 plays a huge role in several biological processes including maintaining stem-cell 

plasticity, proliferation and differentiation 85. 

Several lines of evidence indicate that promoter CGIs marked with H3K27me3 in 

healthy tissues are frequently hypermethylated in cancer 69, 72, 122, 148. These 

hypermethylated genes in cancer possess a bivalent chromatin mark (presence of both 
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active H3K4me3 and repressive H3K27me3) in normal embryonic stem cells and lack 

DNA methylation 101. It has been hypothesized that these bivalent genes are held in a 

'transcription-ready' state in ES cells and during/post differentiation retain one of these 

marks to guide gene expression. Although these CGIs remain unmethylated in the adult 

tissue despite presence of H3K27me mark, there exists a trigger to undergo de novo 

methylation in cancer. 

With advent of genome wide methylation studies it has been identified that 

majority of the genes that are hypermethylated in colon tumor samples are not tumor 

suppressor genes and are already expressed at relatively low levels in normal colon and 

cell lines 69, 134, 146. It was also shown that the genes that are most susceptible to 

hypermethylation in prostate cancer cell lines had low transcription in normal prostatic 

epithelial cell line. And among the genes with low transcription, the association of RNA 

Pol II with these promoters led to marked resistance to DNA methylation 139.  

All these reports indicate that de novo methylation profile in tumors is not formed 

as a result of selection but suggests an instructive mechanism for de novo methylation in 

cancer especially at pre-determined target sites that seem to include promoters with 

repressed chromatin and/or not actively transcribing. 

 

1.8 Hypothesis and Specific Aims 

 

Although the relationship between promoter hypermethylation and gene expression has 

been very well characterized, the distribution of low levels of methylation on promoter 

CGIs and its relationship to gene expression has not been well understood. Large regions 
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(>3.5kb) of low methylation (<10%) called Canyons, enriched for CGIs were identified 

recently  in mouse HSCs, but they are not delineated based on complete lack of 

methylation (0-1%) and low methylation (1-10%) 61. And how such low levels of 

methylation correlate with gene expression has not been explored. Moreover several lines 

of evidence based on in vitro methylation assays indicate that methylation as low as 7% 

can cause a dramatic decrease in reporter expression 54.  Based on these data we 

hypothesize that promoter CGIs with low methylation exist in normal tissues and they 

correlate with reduced gene expression. 

Promoter CGIs enriched for repressive polycomb (H3K27me3) in normal tissues 

are more susceptible to hypermethylation in cancer69. Interestingly these polycomb-

enriched promoters in normal have been reported to have low levels of methylation. 

Based on this we hypothesize that low methylated promoters are enriched for repressive 

polycomb mark in normal tissues and their methylation alters in cancer. 

Aim1: To investigate the mechanism of a cis-acting element-seeding in regulation of 

gene expression 

 Aim2: To identify if cis-acting element seeding predisposes to methylation gains at 

promoter CGIs in cancer. 

Aim3: To identify if trans-acting factors contribute to aberrant methylation seen in 

CIMP cancers. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 DNA Samples 

 

We used genomic DNA isolated from white blood cells of 11 healthy donors, bone 

marrow cells from 108 patients with Acute Myeloid Leukemia (AML) and 26 patients 

with Myelodysplastic syndrome (MDS). Human liver and testis tissue samples were 

obtained from Biosample Repository Core Facility at Fox Chase Cancer Center (FCCC). 

We also obtained DNA from whole blood of 12 C57BL/6 mice The Institutional Review 

Board at MD Anderson, FCCC and Temple University approved all protocols, and all 

individuals gave informed consent for the collection of blood and residual tissues as per 

institutional guidelines and in accordance with the Declaration of Helsinki.  

2.2 Digital restriction enzyme analysis of methylation 
 
 
Genome-wide DNA methylation analysis using next-generation sequencing 15, 60 was 

performed for samples for which a sufficient amount of DNA was available. Briefly, 

genomic DNA (5 µg) was digested with 5 µl of FastDigest SmaI endonuclease 

(Fermentas) for 3 hours at 37°C. Subsequently, 50 U (5 µl) of XmaI endonuclease (NEB) 

was added, and digestion continued for an additional 16 hours. The digested DNA was 

purified using a QIAquick PCR Purification Kit (Qiagen). The 3′ recessed ends of 

the DNA created by XmaI digestion were filled in with 3′-dA tails added by 

Klenow DNA polymerase lacking 3′-to-5′ exonuclease activity (New 

England Biolabs) and a dCTP, dGTP, and dATP mix (0.4 mmol/L of each). Illumina 
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paired-end sequencing adaptors were ligated using Rapid T4 DNA ligase (Enzymatics). 

The ligation mix was size selected by electrophoresis in 2% agarose. A slice 

corresponding to a 250- to 500-bp window, according to the DNA ladder, was cut 

out, and DNA was extracted from the agarose. Eluted DNA was amplified with Illumina 

paired-end PCR primers using iProof High-Fidelity DNA Polymerase (Bio-Rad) and 18 

cycles of amplification. The resulting sequencing library was cleaned with AMPure 

magnetic beads (Beckman Coulter Genomics) and sequenced on an Illumina Genome 

Analyzer II or HiSeq 2000 (Illumina) 162. 

Sequencing reads were mapped to SmaI sites in the human genome (hg18), for 

mouse genome (mm9), and signatures corresponding to methylated and unmethylated 

CpGs were enumerated for each SmaI site. Methylation frequencies for individual SmaI 

sites were then calculated. The methylation ratio is the ratio of the number of tags starting 

with CCGGG divided by the total number of tags mapped to a given SmaI site. We 

used greater than 100 sequencing reads to analyze methylation levels at individual SmaI 

sites. We used the UCSC definition of CGIs: GC content of 50% or greater, length > 200 

bp, ratio greater than 0.6 of observed number of CG dinucleotides to the expected number 

on the basis of the number of Gs and Cs in the segment 40. Sites at promoter regions are 

defined as being located within −1 kb to +500 bp from transcription start sites of RefSeq 

genes. 

  
 

2.3 RNA extraction, cDNA synthesis, quantitative real-time PCR 
 

 

Total RNA from every million cells was extracted with 1 ml TRIzol® Reagent 

(Invitrogen) as instructed in the manufacturer protocol, precipitated in 200 µl RNase-free 
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isopropanol and resuspended in 30 µl RNase-free distilled water. The reverse 

transcription was performed using the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems) with 2 µg total RNA. ABI Prism 7000 system (ABI, Foster City, 

CA) was used. Results were obtained from at least three independent experiments where 

each sample was analyzed in duplicate. The average threshold (Ct) was determined for 

each gene and normalized to GAPDH as an internal normalization control. All SYBR® 

Green primers, were described previously 63, and are listed in supplemental Table S1 

along with TaqMan® Gene Expression Assay probes used.  

2.4 Chromatin immunoprecipitation (ChIP) 

 

       ChIP assays were done based on a modification of previously published methods. Cells (5 

× 106) were treated with 1% formaldehyde for 15 min to crosslink histones to DNA. 

After washing by cold PBS, the cell pellets were resuspended in lysis buffer (150 mM 

NaCl, 25 mM Tris (pH 7.5), 5 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium 

deoxycholate) and sonicated at 70Amp for four cycles (each cycle 7:30). We then diluted 

the lysate using Chip dilution buffer and then separated them into different but equal 

fractions. We precleared lysates using protein G-Sepharose beads (GE Healthcare) at 4c 

for one hour. Next we added precleared supernatant to fresh G-Sepharose beads  and 

incubated them overnight at 4c with 10 µl each of antibody to K4 dimethylated histone 

H3, antibody to K9 acetylated histone H3, antibody to total histone H4, antibody to total 

histone H3, antibody to IgG and another lysate (1% of total) was used for input control. 

Next day we washed the beads with RIPA buffer and TE with NaCl and eluted with 1.5X 

Taliandis elution buffer mix. The crosslinks were then reversed by heating the sample at 
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65 °C for 4 h.  Samples were further treated with RNAse and proteinase K and eluted 

using MiniElute PCR purification kit (Qiagen).  Antibodies used were anti–histone H3 

(ab1791, Abcam), anti–histone H3K9 acetylation (39917, Active motif), anti-histone 

H3K4 trimethylation (07-473, Millipore), Anti-acetyl-Histone H4 Antibody (06–866, 

Millipore) and anti-IgG (12-370, Millipore). Quantification of ChIP DNA was done by 

qPCR, and primers/probes are listed in Table 4. ChIP assay was validated using Actin as 

an endogenous control. The value of each histone modification was determined by H3 

and IgG normalization using the equation: Fold enrichment = 2^-[Ct(Ab) − Ct(H3)] – 2^-

[Ct(IgG) − Ct(H3)] 111. 

 

2.5 Dual Luciferase Assay 

 

Dual-Luciferase Reporter Assay System (DLR assay system, Promega, Madison, WI) 

was used to perform assays on PGL4.10 based reporter systems to normalize cell number 

and transfection efficiency. DLR Assay System was also used to measure luciferase 

activity of cells co-transfected with promoter cloned PGL4.10 and pGL4.75 control 

vector in HEK293T cells. Luciferase assay was conducted according to the manual of 

manufacturer on GloMax-Multi Detection System (Promega). After 48hrs of transfection, 

growth media were removed and cells were washed gently with phosphate buffered 

saline. Passive lysis buffer (Promega, Madison, WI) 100ul/well was added and with 

gentle rocking for 15min at room temperature cell lysates were harvested for DLR assay. 

20ul of cell lysate were transferred in white opaque 96-well plate (Falcon, 353296). 
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Assay on GloMax-Multi Detection System for Firefly and Renilla luciferase activity were 

performed sequentially to the cell lysate in each well. For each luminescence reading, 

after injector dispensing assay reagents into each well, there would be a 2-second pre-

measurement delay, followed by a 10-second measurement period. Luciferase assays 

were analyzed based on ratio of Firefly/Renilla and Relative Light Units obtained were 

normalized to background reads.  

 

2.6 Bisulphite Cloning Sequencing 

 

Bisulfite treatment using the EpiTect Bisulfite Kit was performed according to the 

manufacturer’s instructions (Qiagen). DNA from WBC obtained from three healthy 

donors was used to validate DREAM methylation. RIPK4-Luc plasmid DNA post in vitro 

M.SssI methylation treatment was used to verify methylation levels on constructs. DNA 

from HEK293T cells was used to identify methylation at endogenous seeded and 

methylated promoters. Sequences of interest were amplified from gDNA and plasmid 

DNA and amplicons were subsequently ligated to PCR4-TOPO (Invitrogen), transformed 

into 25 µl One Shot TOP10 chemically competent E.coli (Invitrogen) and colonially 

selected on LB plates with 100 mg/ml ampicillin. Each correct TA-clone was confirmed 

by PCR with M13 forward (-21) primer (GTAAAACGACGGCCAG) and M13 reverse 

primer (TCACACAGGAAACAG CTATGAC), and the amplicon was used for Sanger 

sequencing. Primers for amplification of the bisulfite-converted DNA are listed in Table 

1. 
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2.7 Bisulfite pyrosequencing 

 

 Pyrosequencing assays were used to identify methylation at luciferase constructs, post in 

vitro methylation using universal CpG methylase M.SssI. DNA was also extracted from 

HEK293T cells; 48hrs post transfection of methylated RIPK4-Luc vectors, to identify if 

methylation is maintained on the constructs. All templates used for pyrosequencing were 

PCR products amplified using Taq DNA Polymerase (NEB), which were produced 

through nested PCR or one-step PCR reactions with one biotin-labeled universal primer 

(GGGACACCGCTGATCGTTTA) and one normal primer. Please refer to Table 2 for 

primers information. 

 

2.8 In vitro DNA methylation Assays 

 

Two in vitro methylation assays were used to obtain low methylation on cloned PGL4.10 

constructs. In the first method (sequence independent in vitro methylation essay) we used 

M.SssI methylase at a concentration of either 1.8 units or 20 units for every 10ug of DNA 

and incubated to different time points (5mins, 10mins, 30mins and 1hr). For the second 

method (sequence dependent in vitro methylation assay) we used M.HpaII, M.HhaI and 

M.SssI methylases (NEB). Plasmid DNA was either mock treated or treated with 

M.HpaII methylase or M.HhaI methylase or both for more than 3 hrs under conditions 

recommended by the manufacturer (New England Biolabs). Samples treated with M.SssI 

methylase were incubated overnight under manufacturer recommended conditions. DNA 
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was extracted using isopropanol and dissolved in TE buffer. The efficiency of 

methylation was confirmed by enzyme digestion using HpaII, HhaI and MspI restriction 

enzymes (NEB). Methylation is measured at luciferase gene using bisulphite 

pyrosequencing and validated using bisulphite cloning sequencing. 

 

2.9 Cell line and Transfection 

 

HEK293T cells were purchased from ATCC and grown in Dulbecco modified Eagle 

medium with 10% fetal calf serum and penicillin-streptomycin. Lipofectamine® 

2000Transfection Reagents (Invitrogen) was used to co-transfect 2ug of PGL4.10 

constructs and 0.1 ng of PGL4.75 control vector. Cells were seeded to 80-90% 

confluency. 48hrs post transfection cells are washed and lysed to measure luciferase 

expression using GloMax-Multi Detection System (Promega). All experiments were done 

in triplicates. 

 

2.10 siRNA treatments 

 

    ON-TARGET plus siRNA smart pools were purchased from Dharmacon for MBD4 (L-

011554-00-0005), MECP2 (L-013094-00-0010), MBD2 (L-011555-00-0005) and non-

targeting siRNA (D-001810-01-20) Lipofectamine® RNAiMAX was used as transfection 

agent. HEK293T cells are treated with each siRNA on day1 and day 3. Plasmid DNA is 
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transfected on day 4 and luciferase activity is measured on day 6. Expression of all the 

MBDs was measured on day 6 as well. 

 

2.11 Cloning into PGL4.10 vectors 

 

      Promoter sequences were amplified from healthy WBC donor DNA using iProof High-

Fidelity DNA Polymerase (Biorad). A 1011bp LRPAP1 promoter sequences was cloned 

into NheI and HindIII MCS sites on PGL4.10 generating LRPAP1-Luc construct. 1133bp 

of RAB34 promoter sequence was cloned into KpnI and NheI MCS sites generating 

RAB34-Luc construct. A 1760bp of RIPK4 promoter sequence was cloned into KpnI and 

XhoI MCS sites generating RIPK4-Luc construct and a 1085bp of GIPC1 promoter 

sequences were cloned into NheI and HindIII MCS sites generating GIPC1-Luc 

construct. The orientation and the sequence of the constructs were verified used 

sequencing primers RV primer3: 5´d (CTAGCAAAATAGGCTGTCCC)-3´ and RV 

primer4: 5´-d (GACGATAGTCATGCCCCGCG)-3´. Primers are listed in Table 3. 

 
2.12 RNA-seq analysis 

 
 
RNA-seq data sets for liver, testis and colon were obtained from RNA-seq atlas (Medical 

genomics) 74. ENCODE CSHL long RNA seq dataset 8, 25, 28, 104, 143 was used for CD34+ 

cells and RNA seq data sets for HUES64 was previously published 42. Log2 RPKM 

values were obtained for DNA methylation vs gene expression studies. Z- Scores were 

also calculated from RPKM values using: 
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                                                                                 z = (X - µ) / σ 

Where z is the z-score, X is the value of the element, µ is the population mean, and σ is 

the standard deviation. 

 

2.13 ChIP-seq analysis 

 

H3K4me3 and H3K27me3 datasets (significant called ChIP-seq peaks) were downloaded 

for PBMCs and H1-hESCs from UCSC table browser 67, 68. PBMCs chip seq was 

obtained from SYDH histone database (GSE31755) and for H1-hESCs (GSE29611) it is 

BROAD histone 8. Refseq data and CGIs dataset was also downloaded from Hg19 table 

browser67. Refseq data set was altered to include only promoters [which are defined as 

regions -1000bp to +500 bp from Transcription Start Sites (TSS)]. Only promoters that 

have CGIs are further used for all analysis. All significant H3K4me3 and H3K27me3 

peaks were overlapped with our defined promoter CpG island table and promoters are 

classified based on presence of H3K4me3 alone or H3K27me3 alone or both (bivalent 

mark) or none. H3K4me3 and H3K27me3 chip seq data sets in normal colon 

(GSE17312) were previously published 6. We used MACS peak finding algorithm and 

SICER to identify H3K4me3 and H3K27me3 enriched regions respectively, over 

background 167, 169. Biological replicates were treated independently and intersected to 

generate a list of H3K4me3 and H3K27me3 enriched regions common to both replicates. 

Once again promoters are classified based on presence of H3K4me3 alone or H3K27me3 

alone or both (bivalent mark) or none.  
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  MBD4 chip-seq data in mouse ES cells was previously published 2. MBD4 

enrichment values at promoters was downloaded and used to plot average enrichment at 

unmethylated, seeded and methylated promoter CGIs. Additionally MBD4 chip-seq 

BAM files from GEO (GSM972975) were downloaded and reads were normalized to 

input. MBD4 enrichment at each methylation category was plotted around TSS (-2000 to 

+2000) using NGS plot 130. 

 

2.14 Reduced Representation Bisulphite Sequencing Analysis 

 

HAIB Methyl RRBS datasets for PBMC, testis, kidney, liver, placenta, brain and H1-

hESC was downloaded from UCSC browser (Hg19) (GSE27584) 151. Only CpG sites 

with greater than 100 reads were used for this analysis. Chromosome x and y were not 

considered for all methylation analysis. RRBS data sets were overlapped with hg19 

promoter CGIs (promoters are defined as regions -1000bp to +500 bp from TSS). 

Methylation at each promoter was calculated as an average of methylation at all available 

CpG sites with greater than 100 tags. Further, methylation at promoters was averaged 

between replicates. RRBS data for mouse ES cells was previously published GEO 

(GSM278905) 88. Due to the low coverage of this data set, promoter methylation was 

calculated as an average of all CpG sites with greater than 20 tags. Promoters are divided 

into four methylation groups- unmethylated (0-5%), seeded (5-10% and 10-20%) and 

methylated (20-100%). 
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2.15 Data processing and statistics 

 
 
The following software’s were used for data processing and analysis: Microsoft access, 

excel, R-program, Galaxy project and Prism. The databases used include ENCODE, 

UCSC Browser, GEO, DAVID 27, RNA-seq atlas and PANTHER 141. 
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Table 1 PCR primers and sequencing primers used for bisulphite sequencing 
 
   
IKBKB F1 GGGGGTTATTTTAGGGTTGT 
 R CAAATTCCCCTCAAAACCA 
 F2 AGAGTAGGAAGTGTTTGAGGAAG 
   
ADAM8 F1 GATGATGTTGTTTGGTGAGTGG 
 R1 CCCCACAAATAAATCCCAAA 
 F2 TGGTGAGTGGTTTTAGGGAAT 
 R2 TCCCTCTCACAATTCACCTTTAA 
   
TTC22 F1 TTTTGTGATTTGGGTAAGTTTT 
 R CCCTCTACTCCCCTAACCTCA 
 F2 TTTTTGGTATATTTGGTTGTGTAATG 
   
RIPK4 F1 GGGAGAGAGAGGTAGGATTT 
 R CACCTAAACACCTAAACAACC 
   
DPYS F1 GGGTATTTTGGTGTTTTGGTG 
 R AAACTCCAACCCAACCTTCC 
 F2 TTTATGAAGGGGAATTGTATGTG 
   
TMEM132D F1 GGAGTGATAGTTGTGAGTTTT 
 R AAAAACCTCCCCTAAACCTAAA 
   
SLC35F3 F1 GGGATATTGGGTAGTTTGAGGT 
 R TCCCCAATACCCTATCCTAAA 
   
TUSC3 F TGGTTTTAGATTGAGGTTTTAGGG 
 R1 TCCATTCTACCTCCTTTTTCTTC 
 R2 ACAAAACAATATCTCCTCCAC 
   
RIPK4-M.SssI F1 GAGAAGTTTTGTTTATTTAGGGGAGA 
 R ACCCACCTTCTCCCAACC 
   
RAB34-M.SssI F1 TTGGGTAAGGGTTTTTATGAAG 
 R CCAATCCCACTACAAAACCT 
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Table 2 PCR primers and sequencing primers used for pyrosequencing 
 
Luc-M.SssI F1 GTAGTAGGTAAGGTGGTGTTTTTTTT 
 R ACTAAAACTACCTAATAACCCTTATATTT 
 F2 AGGTGGTGGATTTGGATAT 
 S AGATATTGGGTGTGAATTAG 
 RU GGGACACCGCTGATCGTTTACTAAAACTACCTAATAACC

CTTATATTT 
   
Luc-Post 
trans 

F1 GTGGATAGGTTGAAGAGTTTGATTAAATATAAGG 

 R AACTTACCCATCAATCCTTTAAACACCT 
 S AGGTTATAATAGTTAAGAAGTT 
 RU GGGACACCGCTGATCGTTTAACTTACCCATCAATCCTTT

AAACACCT 
 
 
 
 
 
 
 
 
 
Table 3 PCR primers for subcloning to constructs 
 

   
RIPK4 -1760 F GGTGTGGGCTCTTAGTCACC 
 R CCAGGTCTTCCAGTGGACAT 
   
RAB34-1133 F AGTCTTCCCTTCCGTGTCCT 
 R GGCTGCCCTACCATTACAGA 
   
LRPAP1-1011 F GATGCCCAGGCTCTATTCAC 
 R GAAGAGCAGCAGCAGTAGCA 
   
GIPC2-1085 F CAACGTAGCACCAAGCTCAA 
 R GGACATCTGGAGCAAACACA 
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Table 4 Chip primer and probes 
 
RIPK4-Luc Sense CCATGTCCACTGGAAGAC 
 Antisense GGCTTTACCAACAGTACC 
 Dual labelled Probe TATCAAGATCTGGCCTCGGCG 
   
GAPDH Sense CTCCAATTCCCCATCTCA 
 Antisense GGACACTAGGGAGTCAAG 
 Dual labelled Probe TCGTTCCCAAAGTCCTCCTGTT 
 
 
 
Table 5 RT-qPCR primers 
 
VAX2 F GGGACTTGCGAGCTGATGG 
 R AGGATGTACGTGTCCGCTTG 
   
TRHDE F ACAGACCCCTCTCATGTCCA 
 R CGGATGCTTAGGCACAGCTA 
   
LPPR5 F CTTGGGCTTAATGTGTTTGGCAT 
 R ACAGATGTTACCTTTTCCAAAGGAC 
   
RFX6 F ATGCTTTCTGGCCAACCGTA 
 R ATGGCTGGAGAAATGGGTGG 
   
CDH13 Taqman Hs01004530_m1   
   
DOK5 Taqman Hs00218324_m1  
   
MBD2 Taqman Hs00969366_m1  
   
MECP2 Taqman Hs01598237_m1   
   
MBD4 Taqman Hs00187498_m1  
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CHAPTER 3 

 
RESULTS 

 
3.1 Study of Low-level methylation or methylation seeds in human tissues 

 
3.1.1 Study of methylation in human WBC, liver and testis using Digital Restriction 

Enzyme analysis of Methylation (DREAM) 
 
 

We first studied methylation in healthy human WBC, liver and testis using DREAM 60. It 

is a restriction enzyme based method without a bisulphite conversion step and hence has 

lower backgrounds compared to other methods such as bisulphite pyrosequencing or 

methylation microarrays. This makes it ideal to study low levels of methylation in a 

quantitative manner. By using DREAM, we focused on promoter CpG sites with very 

high resolution i.e. sites with greater than 100 reads that enabled us to segregate sites that 

have no detectable methylation (<1%) and those with low methylation (1-20%). We used 

11 samples for WBC, 2 samples for liver and 3 for testis. For each sample, we queried 

promoter CpG sites with greater than 100 tags and averaged methylation across the 

samples. Using this, we obtained methylation values for 6096, 3894 and 4690 genes for 

WBC, liver and testis respectively. As expected, distribution of methylation within 

promoter CGIs in the three tissues across the samples showed a large number of CGIs 

with no detectable methylation (<1%), a small number of CGIs with high levels of 

methylation (>20%) and a subset of CGIs show evidence of low levels of methylation or 

methylation seeds (1-20%) (Fig 7A). Out of the 6096, 3894, 4690 genes studied in WBC, 

liver and testes respectively around 10-20% of them were seeded. The percentage of 
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genes with methylation seeds varied little between the three tissues, with testis having the 

lowest percentage of seeded promoters (5%). 

Next, we studied the overlap between genes among the three tissues for each individual 

methylation category. Interestingly, while 51% of the unmethylated genes and 21% of the 

highly methylated genes were common among the three tissues, in seeded genes, there 

was only 2% and 5% overlap suggesting high level of tissue specificity of methylation 

seeds (Fig 7B). 

 

3.1.2 Validation of DREAM detected methylation-using Bisulphite cloning 

sequencing 

 

To validate methylation data obtained using DREAM and also study the clonal variation 

of methylation, we first employed bisulphite cloning sequencing. This method is useful to 

observe the methylation pattern across several DNA molecules (alleles). We used DNA 

from WBCs of 3 healthy donors to amplify sequences at promoter CGIs of several 

unmethylated and seeded promoters. These sequences were cloned into TOPO TA 

cloning vector and were sequenced to identify methylation at individual clones. 

Bisulphite cloning sequencing data correlated well with the methylation data obtained at 

SmaI sites using DREAM as shown in Table 6. Genes identified as unmethylated by 

DREAM had very little methylation of any CpG site in region of 500 bases (average 

methylation was 0.7% of 124 alleles studied overall) (Fig 9). By contrast, genes identified 

as seeded showed evidence of scattered methylation throughout the region (average 

methylation was 6% of 218 alleles studied overall) (Fig 8). Most strikingly, the number  
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of sequenced alleles with any methylation was 18/124 (14%) for unmethylated genes 

compared to 114/218 (52%) for seeded genes. This increase in the number of sequenced 

alleles with any methylation seems to be a good indicator to identify low methylated 

promoters in contrast to unmethylated promoters. 

 

3.1.3 Seeded promoters and gene expression 

 

To determine whether methylation seeds impact gene expression, we used ENCODE 

CSHL long RNA seq dataset for CD34 progenitors and RNA-seq atlas datasets for liver 

and testis. (Methylation at promoter CGIs is largely conserved between CD34 progenitors 

and WBC; hence we used RNA seq data sets from CD34 cells).  We divided promoter 

CGIs into four groups, unmethylated (0-1%), seeded (1-10%), seeded (10-20%), and 

highly methylated (20-100%) in each of these tissues. As expected, highly methylated 

promoter CGIs correlated with lower expression (log2 RPKM) compared to 

unmethylated promoters (Fig 10). However, surprisingly, genes with promoters that are 

seeded (both 1-10% & 10-20% methylation) also had significantly reduced expression in 

all three tissues suggesting that even very low levels of methylation at promoter CGIs can 

potentially lead to gene repression. A larger number of seeded promoter-transcripts had 

very low RPKM (Reads per Kilobase per Million mapped reads) values, similar to highly 

methylated promoters indicating a strong repression from seeded promoters (Fig 11). 
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3.1.4 Study of biological processes enriched among different methylation groups 
 

To understand the functional significance of these methylation groups, we performed a 

gene ontology analysis to study their biological processes using DAVID bioinformatics 

database 27. Since our queried genes are a distinct subset in the genome (CpG island 

genes), we used a background of all DREAM detectable genes. This strategy helped us 

eliminate those processes that are unique for CpG island genes among the entire refseq 

and helped us query for biological processes that are only enriched among our four 

methylation groups. Gene Ontology analysis showed a higher degree of overlap in 

biological processes among the three tissues for unmethylated genes (53%) when 

compared to seeded genes (14%) (Fig 12A).  Unmethylated genes were enriched for 

housekeeping processes, while seeded genes were enriched in developmental and 

differentiation processes independent of the tissue of origin. For example, in WBC, 

unmethylated genes were enriched for transcription, cell death and signaling processes, 

methylated genes were enriched for male and female gamete generation and seeded genes 

were enriched for neurological system processes, neuron differentiation, synaptic 

transmission etc. (Fig 12B,C,D). 
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Figure 7. Low methylation (Seeded) promoter CGIs identified by DREAM Analysis. 

A) Distribution of genes with promoter (-1000 to +500) CGIs in each methylation 
category identified by DREAM analysis. Bars depict SEM for 3 testes, 2 liver and 11 
WBC donors. B) Proportional venn diagrams showing the number of genes overlap 
within the three tissues for each methylation category. Total numbers of genes are 
indicated within brackets. 
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Figure 8. Bisulphite cloning sequencing of seeded promoters 

A) Map depicts the sequenced region (black) relative to the promoter CGI. B) Bisulphite 
sequencing analysis on seeded promoters in healthy donors WBCs. Each circle represents 
an individual CpG dinucleotide. (Filled circles) Methylated CpG; (open circles) 
unmethylated CpG; Orders of CpGs follow the direction of genomic DNA sequence 
shown. Each single line (allele) indicates the methylation profile detected by direct 
sequencing analysis from one clone. 
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Figure 9. Bisulphite cloning sequencing of unmethylated promoters 

A) Maps depict the sequenced region (black) relative to the promoter CGI. B) Bisulphite 
sequencing analysis on unmethylated promoters in healthy donors WBCs. Each circle 
represents an individual CpG dinucleotide. (Filled circles) Methylated CpG; (open 
circles) unmethylated CpG; Orders of CpGs follow the direction of genomic DNA 
sequence shown. Each single line (allele) indicates the methylation profile detected by 
direct sequencing analysis from one clone. 
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Table 6  
 
Methylation summary of DREAM validated genes using bisulphite cloning 
sequencing. 

 

 
Table lists the number of genes validated by bisulphite cloning sequencing and their 
methylation percentage in 3 healthy donor WBCs. 
 
 

 

 

 

Gene 
Name 

Donor 1 
meth 

Donor 
2 
meth 

Donor 
3 
meth 

Average 
DREAM  
meth 

Donor 
1 
meth 

Dono
r 2 
meth 

Donor 
3 
meth 

Aver
age 
cloni
ng 
seq 
meth 

IKBKB 0.3 0.1 0.3 0.2 0.4 0.7 0.6 0.6 
ADAM8 0.2 0.1 0.2 0.2 2 0.5 0.6 1 
TTC22 0.7 0.4 0.7 0.6 1 0 1 1 
ACOT12 2 1.3 1.2 1.5 4 0.6 6 3.5 
CDX1- 
CS FAR 

5.3 2.3 3.4 3.8 34 44 40 39.3 

DPYS 5.6 3.6 3 4.1 10 7 6 8 
FAM65B 0.3 1.2 2 1.2 9 21 24 18 
RIPK4 4.6 3.4 2.2 3.4 8 5 5 6 
SLC35F3 3.8 1.7 1.8 2.4 4 5 5 5 
TMEM13
2D 

3.5 3.1 1.6 2.7 12 19 6 12 

TUSC3 5.3 2.6 2 3.3 11 6 2 6.3 
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Figure 10. Correlation between methylation and gene expression 

Box plots of gene expression for indicated tissue and methylation category. Box plots are 
shown with whiskers positioned at the 95th percentile and the 5th percentile. Outliers are 
not shown. All the means are compared to unmethylated category using one-way analysis 
of variance (ANOVA). (***, P < 0.001) 
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Figure 11. Gene expression analysis 

Proportion of transcripts in a given RPKM range is depicted for unmethylated, seeded 
and methylated categories for A) WBC B) liver and C) testis.  
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Figure 12. Biological processes enriched in methylated promoters 
 
A) Proportional venn diagrams showing overlap of significant biological processes within 
the three tissues for each methylation category. Percentage of overlap is indicated. B) 
Gene ontology analysis of unmethylated C) seeded and D) methylated genes in healthy 
WBCs. Ontology terms are shown on the y axis, and the P value for each category based 
on functional studies is graphed along the x axis.  
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3.2 Developmental regulation of seeding 
 
 

3.2.1 Using Reduced Representation Bisulphite Sequencing (RRBS) data to study 
methylation seeds 

 
 
RRBS similar to DREAM is employed to detect methylation around a restriction enzyme 

site (MspI sites 3’CCGG5’). However unlike DREAM, it is less quantitative and shows 

background methylation (3%) even at unmethylated sites in our analysis most likely 

stemming from PCR artifacts in bisulphite conversion step (Fig 13A). To further validate 

the seeds and study them genome wide, we used HAIB Methyl RRBS datasets for testis 

and Peripheral Blood Mononuclear Cells (PBMCs). Based on DREAM methylation, we 

divided promoters in WBC into 4 categories (0-1%, 1-10%, 10-20%, 20-100%) (CpG 

sites with greater than 100 reads) and computed the average methylation around DREAM 

SmaI sites (+/- 36 bp) in RRBS methylation data set for PBMCs. We only considered 

CpG sites with greater than 20 reads in RRBS data set, enabling us to study methylation 

around 9758 SmaI sites located in promoter CGIs.  This comparison indicated that 

unmethylated sites in DREAM (<1%) have a measured methylation of around 3% in 

RRBS and seeded 1-10%, 10-20% and methylated 20-100% sites in DREAM have an 

average methylation of 7%, 22% and 61% respectively in RRBS (Fig 13A). This 3% 

methylation of unmethylated sites could be contributed by background in the bisulphite 

conversion step present in RRBS but not in DREAM. Also, we observed a good 

correlation between DREAM and RRBS methylation around SmaI sites that range from 

0-100% (R2 = 0.83) and 0-20% (R2=0.51) for sites that are seeded (Fig 13B, C). Next, 
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we compared the technical replicates methylation between two WBC libraries using 

DREAM and two K562 libraries using RRBS. Linear regression analysis of all the CpG 

sites with high resolution showed an excellent correlation for both DREAM (R2=0.99) 

and RRBS (R2=0.91) (Fig 14A, C). However for low methylated sites (0-10%), the 

correlation was weaker with RRBS (R2=0.71) compared to DREAM (R2=0.91) 

indicating DREAM is much more reliable to study low levels of methylation (Fig 14B, 

D).	  

	  

3.2.2 Study of methylation in H1-hESCs and differentiated tissues using RRBS 

 

Using ENCODE HAIB Methyl RRBS datasets, we distributed the percentage of 

methylated promoters into one of the four methylation groups (unmethylated 0-5%, 

seeded 5-10% and 10-20%, highly methylated 20-100%) for different tissues. Due to 

background methylation detected by RRBS for unmethylated sites, we redefined 

unmethylated promoters as those having methylation between 0-5%. The percentage of 

seeded promoter CGIs varied across different tissues, and was highest in PBMCs, kidney 

and liver and lowest in testis and H1-hESCs (Fig 15A). Only 3% of 14,648 promoter 

CGIs studied using RRBS were seeded in H1-hESCs. However correlation studies 

between RRBS methylation and gene expression identified that seeded genes in H1-

hESCs also correlated with reduced gene expression (Fig 15B). We further divided 

promoters in PBMCs and testis using RRBS methylation data sets to study their gene 

expression and found strikingly similar correlation between methylation seeds and gene 

expression as previously observed in DREAM. 
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Comparisons between H1-hESCs and differentiated tissues revealed that the majority of 

genes in differentiated tissues are unmethylated in H1-hESCs (Fig 15C, D). However, in 

testis we identified that around 50% of the seeded genes are methylated in H1-hESCs. 

Overall, these data indicate that seeded promoter CGIs in H1-hESCs and differentiated 

tissues are distinct as most of the tissue seeded genes are unmethylated in H1-hESCs and 

that tissue specific seeding is established during or after differentiation.	  

	  

	  

3.2.3 Enrichment of seeded genes in Partially Methylated Domains (PMDs) and 

Canyons	  

	  

PMDs are large regions (>100 kb) in the genome with an average methylation of less 

than 70% 124. Genes in PMDs are known to be tissue specific and are associated with 

lower gene expression, similar to seeded genes. To understand if seeded genes are 

enriched in PMDs, we analyzed RRBS methylation data set of placenta. Interestingly, 

around 30% of both seeded and methylated genes in placenta showed enrichment in 

PMDs compared to 7% in unmethylated genes (p value <0.0001) (Fig 16B). Other 

regulatory regions called Canyons were previously identified in mouse HSCs. To identify 

if methylation seeds are enriched in canyons, we obtained DREAM methylation data 

from mouse whole blood (N=12) and observed that among DREAM detectable genes, 

around 13% of seeded promoters were enriched in canyons compared to 5% of 

unmethylated promoters (p value <0.0001) (Fig 16A).	  
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Figure 13. Correlation between DREAM and RRBS 
 
A) High resolution (>100 reads) CpG sites in WBC identified by DREAM are classified 
into one of the four methylation categories. And average methylation of these sites in 
RRBS PBMC data sets is plotted on the Y-axis. Bars indicate SEM. B) Correlation 
between DREAM WBC methylation and RRBS PBMCs methylation is shown for all 
CpG sites with > 100 reads. Linear regression R2=0.83. C) Correlation between low 
methylated CpG sites (> 100 reads) detected by DREAM and their corresponding 
methylation in RRBS PBMCs. Linear regression R2=0.51 
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Figure 14. Correlation between technical replicates in DREAM and RRBS 

A) Correlation between two technical replicate WBC libraries using DREAM for all CpG 
sites and B) low methylated CpG sites All DNA methylation values at 59,266 SmaI sites 
and 21,189 low methylated SmaI sites are covered by 100+ reads. Libraries from the 
same sample of a healthy WBC DNA were prepared and sequenced on separate 
occasions. C) Correlation between 2 technical replicate K562 libraries using RRBS for all 
CpG sites and D) low methylated CpG sites. All DNA methylation values at 56,466 CpG 
sites and 9983 low methylated CpG sites are covered by 100+ reads. 
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Figure 15. Seeded promoters in H1-hESCs and differentiated tissues 
 
A) Distribution of promoter CGIs in each methylation category identified by RRBS for 
PBMC, kidney, liver, placenta, testis, brain and H1-hESCs. Unmethylated promoters are 
redefined as 0-5%. B) Box plots of gene expression in HUES64 cell line. Promoters are 
classified into different methylation categories using RRBS methylation data of H1-
hESC. C) Distribution of unmethylated promoters and D) seeded promoters in each of the 
five tissues based on their methylation status in H1-hESCs. 
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Figure 16. Enrichment of seeded genes in canyons and PMDs 
 
A) Distribution of known canyon and control genes (cUMRs) among DREAM detected 
seeded and unseeded genes in mouse whole blood. B) Distribution of known placental 
PMD and NPMD genes among unmethylated, seeded and methylated genes in placenta 
identified by RRBS. 
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3.3 Effects of methylation seeds on gene expression 

3.3.1 Sequence independent methylation assay and gene expression 

 

The association described earlier between methylation seeds and gene expression does 

not prove that seeding directly repress gene expression. We therefore tested the effects of 

methylation seeds on promoter CGIs cloned into reporter luciferase constructs. We used 

pGL4.10 [luc2] basic reporter vector with no promoter that encodes for the luciferase 

reporter gene and is designed for high expression levels.  We cloned four different 

promoter CGIs (RIPK4-1760bp, RAB34-1133bp, LRPAP1-1011bp, and GIPC2-1085bp) 

into pGL4.10 vector and generated the following constructs- RIPK4-Luc, RAB34-Luc, 

LRPAP1-Luc and GIPC2-luc (Fig 18A). Additionally, we co-transfected “control” 

reporter pGL4.75 [hRluc/CMV] vector as a control for transfection efficiency and cell 

viability. The pGL4.75 [hRluc/CMV] vector encodes the luciferase reporter gene hRluc 

(Renilla reniformis) and is designed for high expression similar to pGL4.10 [luc2] (Fig 

17). 

We first used a sequence independent approach to study methylation seeds in 

vitro. We treated RIPK4-Luc and RAB34-Luc constructs with universal CpG methylase 

M.SssI in a time (5mins, 10mins, 30mins and 1hr) and concentration (1.8 units of the 

enzyme or 20 units of the enzyme per 10ug of DNA) dependent manner to obtain low 

levels of methylation on the constructs. Methylation levels on the constructs post M.SssI 

treatment were identified by pyrosequencing and further verified by cloning sequencing. 

Constructs with different methylation levels were transfected into HEK293T cells and 

luciferase activity was measured after 48hrs (Fig 19). While complete methylation with 
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M.SssI led to very little or no detectable luciferase activity, methylation seeds between 

10-20% also strikingly decreased reporter activity for both the constructs studied. 

Methylation data obtained by bisulphite cloning sequencing on the promoters of these 

constructs showed a scattered methylation pattern for seeded promoters (Fig 20C, 21C). 

This data also helped us to study the relationship between the number of alleles with any 

methylation (clones with at least 1methyl CG) and gene expression. For both the genes 

studied, we found a linear correlation between proportion of alleles with any methylation 

and respective reporter activity (Fig 20B, 21B). These data support our cloning 

sequencing observations in healthy WBCs, where with increasing methylation, there is an 

increase in the number of alleles with at least 1CpG methylated and highlights that alleles 

with even 1CpG methylated can contribute to gene repression.  

 

3.3.2 Sequence specific methylation assay and gene expression 
 
 
Next, we used a sequence specific approach to obtain methylation seeds on our 

constructs. We used in vitro sequence specific methylases M.HpaII, M.HhaI and as a 

control, the universal CpG methylase M.SssI. M.HpaII methylase recognizes and 

methylates the CpG in CCGG sequence while M.HhaI methylates the CpG in GCGC 

sequence. Complete methylation of the construct is obtained by using M.SssI as it 

methylates all the CpGs on the construct. The number of HpaII and HhaI sequences 

varied for each promoter construct (Fig 18A). Each promoter construct was mock treated, 

partially methylated using M.HpaII, M.HhaI or their combination and completely 

methylated using M.SssI. The methylation at sequence specific sites was verified by  
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Figure 17. Plasmid maps of luciferase vectors 
 
A) And B) Depict maps of pGL4.10 (luciferase) and pGL4.75 (renilla) vectors used in 
this study. Luciferase vector is used as the reporter and renilla vector is used for 
transfection control. Multiple cloning sites on pGL4.10 vector are shown, into which 
different length promoter CGIs are cloned. 
 
 
 
 
 



67	  
	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Methylation seeds in vitro decrease reporter activity: Sequence- 
dependent methylation assay 
 
A) Maps depict the cloned promoter sequence of RIPK4, RAB34, LRPAP1 and GIPC1 
into pGL4.10 vector. Arrow indicates direction of transcription, green boxes are CGIs, 
red vertical bars represent M.HhaI (GCGC) methylation sites and blue vertical bars 
represent M.HpaII (CCGG) methylation sites. B) Relative luciferase activity following 
transfection of RIPK4-Luc, RAB34-Luc, LRPAP1-Luc and GIPC1-Luc constructs into 
HEK293T cells. Constructs were either mock treated or treated with respective 
methylases and transfected. Methylation values on respective promoters are shown in 
brackets. Luciferase activity was measured 48hrs post transfection and values were 
normalized to renilla vector control. 
 

** 
** 

*** * 
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Figure 19. Methylation seeds in vitro decrease reporter activity: Sequence-
independent methylation assay 
 
A) Relative luciferase activity following transfection of variably methylated RIPK4-Luc 
and C) RAB34-Luc constructs. Constructs were either mock treated or treated with 
universal CpG methylase M.SssI at varying concentrations and times to obtain different 
methylation levels. Methylation levels were identified by pyrosequencing and constructs 
were transfected into HEK293T cells. Luciferase data is shown normalized to the activity 
of unmethylated construct. Bars represent SEM and student t test was used to generate p 
values ( p <0.01;**) B) Graphs depict the exponential relationship between in vitro 
methylation and luciferase activity for RIPK4-Luc construct and D) RAB34-Luc 
construct. Red dots are luciferase values from sequence-dependent methylation assay and 
black dots are from sequence-independent methylation assay. R2 values from exponential 
regression are shown. 
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Figure 20. Validation of RIPK4-Luc in vitro methylation using bisulphite cloning 
sequencing 
 
A) Relative luciferase activity following transfection of variably methylated RIPK4-Luc 
construct into HEK293T cells. B) Linear relationship between number of alleles with any 
methylation and luciferase activity is shown C) Bisulphite sequencing analysis on 
RIPK4-Luc constructs treated with M.SssI at different conditions. 297bp sequenced 
region on RIPK4 promoter with indicated methylation values were obtained post 
treatment. Each circle represents an individual CpG dinucleotide. (Filled circles) 
Methylated CpG; (open circles) unmethylated CpG; Orders of CpGs follow the direction 
of genomic DNA sequence shown. Each single line indicates the methylation profile 
detected by direct sequencing analysis from one clone. 
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Figure 21. Validation of RAB34-Luc in vitro methylation using bisulphite cloning 
sequencing 

Relative luciferase activity following transfection of variably methylated RAB34-Luc 
construct into HEK293T cells. B) Linear relationship between number of alleles with any 
methylation and luciferase activity is shown C) Bisulphite sequencing analysis on 
RAB34-Luc constructs treated with M.SssI at different conditions. 312bp sequenced 
region on RAB34 promoter with indicated methylation values were obtained post 
treatment. 
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Figure 22. Methylation on reporter constructs is maintained in cells 48hrs post 
transfection. 
 
A) Pyrosequencing assay on luciferase gene using DNA isolated from cells transfected 
with unmethylated RIPK4-Luc construct B) seeded (M.HhaI) RIPK4-Luc construct and 
C) methylated (M.SssI) RIPK4-Luc construct 48hrs post transfection. Box highlights 
M.HhaI site. 
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using HpaII and HhaI restriction enzymes. Methylated constructs were transfected into 

HEK293T cells and luciferase activity was recorded 48hrs post transfection (Fig 18B). 

As expected, all the four constructs showed decreased reporter activity with increased 

methylation and moreover this decrease is exponential. While complete methylation with 

M.SssI led to very little or no detectable luciferase activity, methylation seeds between 

10-20% strikingly decreased reporter activity for every construct studied similar to our 

observations in sequence independent methylation assay. To ensure methylation is 

maintained post transfection, we obtained DNA from cells 48 hrs after transfection and 

used pyrosequencing to identify methylation at a HhaI site on the luciferase gene body 

(Fig 22). The CpG site in the HhaI sequence showed methylation of 95% compared to the 

adjacent CpGs which only exhibited background methylation. 

 
 

3.4 Loss of MBD4 rescues seeded mediated repression in HEK293T cells 
 
 
Our in vitro and genome wide studies established that methylation seeds directly affect 

gene expression, however the regulators of seeded mediated gene repression are not 

known.  Since our in vitro seeding system represents the direct effects of methylation 

seeds on gene expression, we hypothesized that it would be a good tool to identify 

seeding regulators. 

Hypermethylation of promoter CGIs results in repressed chromatin and loss of 

active histone marks including H3K4me3, H3K9 acetylation and H4 acetylation. To 

evaluate whether seeding mediated gene repression is brought about by loss of active 

histone marks, we performed ChIP-qPCR assays in HEK293T cells 48 hrs post 

transfection of unmethylated, seeded and methylated RIPK4-Luc constructs. Our qPCR  
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Figure 23. Loss of MBD4 rescues seeding mediated luciferase repression 
A) Relative luciferase activity following transfection of variably methylated RIPK4-Luc 
and B) RAB34-Luc construct into HEK293T cells. Cells were treated with indicated 
siRNAs for 3 days prior transfection of luciferase constructs. Luciferase activity was 
measured 48hrs after plasmid DNA transfection and data is normalized to the activity of 
unmethylated construct. Bars indicate SEM and students t test was used for analysis (*, P 
< 0.05) C) RT–qPCR analysis measuring basal mRNA levels of the three MBDs in 
HEK293T cells. D) RT–qPCR analysis measuring mRNA changes upon respective 
siRNA treatment compared to scrambled control. E) Western blot of MBD4 in cells 
treated with scrambled siRNA or MBD4 siRNA. 
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Figure 24. Role of MBD4 at seeded genes in mouse and human cells.  
 
A) Box plot shows average MBD4 enrichment over input (log2) in mouse ES cells for 
genes in each methylation category. Means are compared using one-way analysis of 
variance (ANOVA). (***, P < 0.001) B) RT–qPCR analysis measuring mRNA level 
changes of methylated and seeded genes upon MBD4 siRNA treatment in HEK293T 
cells. C) Bisulphite sequencing analysis on promoters of respective genes in HEK293T 
cells. Methylation values are in brackets. 
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Figure 25. Active histone marks at seeded RIPK4-Luc construct in HEK293T cells 
 
A) ChIP-qPCR for analyzing the enrichment of histone marks on differentially 
methylated RIPK4-Luc constructs. Antibodies against active H3K4me3, B) H4 
acetylation and C) H3K9 acetylation were used to pull down sonicated chromatin. All the 
values were normalized to H3. ACTB is used an endogenous control. 
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Figure 26. Nonspecific binding of MBDs on transfected constructs 
 
A), B) and C) ChIP-qPCR assays for H3K27me3, MBD2 and MECP2 respectively show 
nonspecific binding to all constructs.  
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target region is around the TSS (RIPK4-Luc junction) and spans into the luciferase region 

to ensure the exclusion of the sequences from endogenous RIPK4 promoter. 

We performed ChIP-qPCR assay for active histone marks H3K4me3, H3K9ac 

and total H4 acetylation (Fig 25). Surprisingly, seeded RIPK4-Luc constructs retained 

active histone marks similar to unmethylated constructs despite decrease in reporter 

activity indicating that change in histone status was not responsible for seeded mediated 

repression. We also performed ChIP-qPCR assays for H3K27me3, MBD2 and MECP2. 

Due to technical issues with the antibodies, we were unable to make any conclusions (Fig 

26). 

Other regulators of methylation mediated gene repression include methyl-CpG-

binding domain (MBD) proteins. Several reports indicate that MBD2, MECP2 and 

MBD4 can bind to methylated DNA and lead to transcription repression in various cell 

lines. Hence, we hypothesized that MBDs might bind to the promoters of our seeded 

luciferase constructs and decrease reporter expression. To test this, we performed 

transient knockdown of MECP2, MBD2 and MBD4 separately using siRNA pools in 

HEK293T cells and transfected unmethylated, seeded and methylated RIPK4-Luc and 

RAB34-Luc constructs into these MBD depleted cells (Fig 23A, B). Interestingly, loss of 

MBD4 alone but not MBD2 or MECP2, rescued the repressed luciferase activity of 

seeded constructs. Loss of MBD4 also upregulated endogenous seeded genes VAX2, 

LPPR5 and TRHDE along with methylated CDH13 and DOK5 in HEK293T cells (Fig 

24B, C). A recent report indicated that MBD4 shows enrichment at low methylated 

promoter CGIs (<20%) in mouse embryonic stem cells (ES) 2. However it was not shown 

whether it has higher enrichment for seeded or completely unmethylated promoters. To 
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study the role of MBD4 at seeded promoters, we used published RRBS data set of mouse 

ES cells (GSM278905)   88 and divided promoters into three methylation categories- 

unmethylated (0-5%), seeded (5-20%) and highly methylated (20-100%). A comparison 

of enrichment for these three groups identified methylated promoters having highest 

enrichment followed by seeded and then unmethylated promoters indicating that MBD4 

can bind to seeded promoter CGIs and can potentially regulate their expression (Fig 

24A). 

 

 

3.5 Histone status at endogenous seeded promoters 

 

3.5.1 Chip-seq analysis in PBMC, H1-hESC and colon 

 

H3K27me3 is a repressive mark catalyzed by the PRC2 complex. In ES cells, promoters 

are in a bivalent transcription ready state with both active H3K4me3 and repressive 

H3K27me3. Post differentiation promoters could lose one of the marks and be 

transcriptionally active by retaining H3K4me3 or be transcriptionally inactive by 

retaining H3K27me3. Alternatively, they can retain their bivalent state till they receive 

further proliferation or differentiation signals. Previous reports indicated that polycomb 

silenced genes are associated with low methylation and are important in cancer 69, 72, 122, 

148. To identify if seeded promoters are enriched for polycomb repressive mark, we 

downloaded and analyzed SYDH histone data (Hg19) from UCSC browser for PBMCs. 

H3K4me3 and H3K27me3 peaks were mapped to promoter (-1000 to +500) CGIs and 
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were then classified based on the presence of either H3K4me3 or H3K27me3 or both 

(bivalent mark) or none.  Similar analysis was performed for H1-hESCs for both 

H3K4me3 and H3K27me3 using BROAD histone ChIP-seq data sets from UCSC 

browser. H3K4me3 and H3K27me3 ChIP-seq data sets in human colon were previously 

published 6. We used MACS peak finding algorithm and SICER to identify H3K4me3 

and H3K27me3 enriched regions respectively, over background. Biological replicates 

were treated independently and intersected to generate a list of H3K4me3 and 

H3K27me3 enriched regions common to both replicates. Again, promoters are classified 

based on presence of either H3K4me3 or H3K27me3 or both (bivalent mark) or none. 

We used our previous classification of promoter CGIs into four methylation 

categories [unmethylated (0-5%), seeded (5-10%), seeded (10-20%) and methylated (20-

100)] and distributed the percentage of promoters enriched for each histone mark. 

Compared to unmethylated promoters, seeded promoters in both PBMCs and colon 

showed enrichment for H3K27me3 mark (Fig 27). While in H1-hESCs, seeded promoters 

are enriched for bivalent mark instead of H3K27me3 mark alone. This is expected, as ES 

cells are enriched for bivalent marks which dynamically change post differentiation.  

 

3.5.2 Regulation of gene expression by methylation seeds and histone status 

 

Deposition of H3K27me3 mark leads to repressed chromatin and provides a block to 

transcription elongation. Enriched polycomb mark at seeded genes could potentially 

explain why seeded genes have reduced expression compared to unmethylated genes. To 

identify if the expression of seeded genes is regulated by their histone status (H3K27me3 
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mark) or DNA methylation, we divided promoters in PBMCs, colon and H1-hESCs into 

2 groups- 1) promoters with active H3K4me3 mark and  2) promoters with repressive 

H3K27me3 mark (For H1-hESC it is bivalent mark). Each group is further sub-divided 

based on their methylation categories and is plotted for their expression (average Z- score 

values calculated from RPKM). Interestingly, in all the three tissues, seeded promoters 

with active H3K4me3 mark correlated with significantly reduced Z scores compared to 

unmethylated promoters (Fig 28A, C, E). We also identified significant decrease in Z-

scores for seeded promoters with repressive H3K27me3 mark in PBMCs and H1-hESCs 

(Fig 28B, D). This data indicates that reduced expression of seeded genes is independent 

of histone status and is dependent on DNA methylation. Moreover seeded gene 

repression might be mediated via methyl-CpG-binding domain (MBD) complexes such 

as MBD4 in HEK293T cells. 

We also analyzed how histone marks correlate with gene expression within the same 

methylation category. In PBMCs, we first classified promoters into one of the four 

methylation groups [unmethylated (0-5%), seeded (5-10%), seeded (10-20%) and 

methylated (20-100)] and then each methylation group is further separated based on 

histone status and average Z scores were plotted (Fig 29). For all methylation categories, 

presence of polycomb H3K27me3 repressive mark or lack of active H3K4me3 led to 

decreased expression. 

Taken together, these data indicate that both methylation seeds and polycomb 

H3K27me3 mark can independently regulate gene expression, although there is a 

significant enrichment of polycomb mark at seeded promoters.  
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Figure 27. Histone modification on endogenous seeded genes 
 
A) Percentage of promoter CGIs with indicated histone marks for each methylation 
category in human PBMCs B) H1-hESCs and C) colon 
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Figure 28. Seeded gene expression is independent of histone status 
 
Bar graphs show average of Z- score transformed expression values for each methylation 
category. Genes are divided based on presence of A, C and E) H3K4me3 alone or B, D 
and F) H3K27me3 alone in PBMCs, H1-hESCs and colon respectively. Bars represent 
SEM. Means are compared using one-way analysis of variance (ANOVA). (***, P < 
0.001) 
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Figure 29. Presence of polycomb mark correlate with gene repression  
  
Bar graphs show average of Z- score transformed expression values for each histone 
category. Genes are divided based on methylation in PBMCs- A) unmethylated (0-5%), 
B) seeded (5-10%), C) seeded (10-20%) respectively. Bars represent SEM. Means are 
compared using one-way analysis of variance (ANOVA). (**, P<0.01, ***, P < 0.001) 
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3.6 Methylation seeds in cancer 

 

3.6.1 Methylation seeds predispose to hypermethylation 

 

Hypermethylation of promoter CGIs is a characteristic feature of several cancers, 

however, the predisposition factors to gain of methylation are not well understood. In an 

effort to characterize methylation susceptibilities of tumor suppressor genes in cancer, 

one study identified that presence of random methylation seeds on a GSTP1 construct 

leads to gain of methylation 22 days later in a prostate cancer cell line 134. However, prior 

gene silencing by mutation of transcription factor sites was required for this gain of 

methylation. Genome wide studies indicate that promoters associated with polycomb 

mark or genes with low expression are frequently targeted for hypermethylation in 

cancer. Since seeded genes are also associated with polycomb mark and have low 

expression, we wanted to identify if it is a predisposition factor. 

To investigate whether seeding in healthy tissues predisposes to gain of methylation in 

cancer, we obtained WBC methylation data of 108 AML patients and 26 MDS patients 

using DREAM. This enabled us to study how methylation seeds in healthy donor WBCs, 

change in AML or MDS. For this analysis, we first used ENCODE RRBS data set of 

PBMCs and classified promoters as either seeded or unmethylated using only those CpG 

sites with high coverage. Next, we overlapped these to the seeded and unmethylated 

promoters identified using DREAM in healthy donor WBCs. Finally, we selected only 

those promoters that are unmethylated or seeded both in RRBS as well as DREAM 

datasets.   
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 We further analyzed as to how many of these seeded and unmethylated CpG sites 

in healthy donor WBC gained greater than 40% methylation in AML and MDS patient 

samples. 543 CpG sites were identified as seeded in healthy donor WBCs. Across 108 

AML patients there are 108*543 = 58,644 sites. From these sites, we only selected those 

that have greater than 9 reads in all the AML patients, resulting in 51,142 CpG sites. Out 

of 51,142 seeded CpG sites among 108 AML patients, 4533 CpG sites are 

hypermethylated (>40%). This is in contrast to the 2595 hypermethylated CpG sites out 

of the total 565814 unmethylated sites indicating that seeded sites in donor WBC are 19 

fold more hypermethylated in these patients than unmethylated sites (OR=21.1; 95% CI 

=20.1-21.1) (Table 7; Fig 30). A similar analysis for 26 MDS patients identified that 

seeded CpG sites in healthy donor WBC are 65 fold more likely to get hypermethylated 

than unmethylated sites (OR=66.5; 95%CI=43.17-102.7) (Table 8; Fig 30). The higher 

confidence interval in MDS patients is due to lower number of patient samples and hence 

decreased CpG sites for analysis. 

 
3.6.2 Comparison of predisposition factors for gain of methylation 

 
 

Next, we studied how the two previously known predisposition factors compare to 

seeding in predicting hypermethylation in cancer. For this analysis, we divided promoters 

based on their gene expression (low expression 0-4 RPKM or high expression >4 RPKM) 

and histone status (presence or absence of H3K27me3 mark and H3K4me3 mark). We 

then computed how many of the CpG sites associated with these promoters are 

hypermethylated in all the AML and MDS patients (Table 7; Fig 30). As expected, CpG 

sites of promoters associated with low gene expression, presence of H3K27me3 mark and 
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lack active H3K4me3 mark are 3 fold, 4 fold and 5 fold more likely to gain methylation 

in AML, respectively, than those promoters without these marks. However, compared to 

the previously identified predisposition factors, methylation seeds are the strongest with 

very high odds ratio in AML as well as in MDS (Table 7, 8; Fig 30). 

Since seeded CpG sites are also associated with low gene expression and presence of 

polycomb mark, to study their relative contribution, we divided unmethylated and seeded 

CpG sites based on these factors and calculated the frequency of hypermethylation and 

odds ratio. (Table 9, 10; Fig 31). 

Interestingly, the individual odds ratio of seeded genes for each of these factors 

(i.e. seeded with low expression or seeded with H3K27me3 mark) was much lower than 

the combined odds ratio of all methylation seeds in both AML and MDS (Fig 31). This 

indicates that methylation seeds alone are the best predisposing factor of 

hypermethylation compared to presence of polycomb and low gene expression. 
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Table 7 Frequency of hypermethylation in 108 AML patients for four predisposition 
factors 

Status of 
CpG sites in 
healthy 
donor WBC 

No of 
hypermethylated 
CpG sites among 
AML patients 

No of CpG sites not 
hypermethylated 
among AML 
patients 

OR 95% 
CI 

 

      
Seeded 4533 46609 21.11 20.1 22.17 
Unmethylated 2595 563219    
      
Low exp 8469 430453 3.151 2.993 3.318 
High exp 1755 281103    
      
No 
H3K4me3+ 

5791 138265 5.448 5.236 5.669 

H3k4me3+ 4378 569518    
      
H3K27me3+ 7586 293995 4.134 3.952 4.323 
No 
H3k27me3 

2583 413788    

      
 
Table lists the number of sites hypermethylated, Odds Ratio and 95% confidence interval 
for each predisposition factor across 108 AML patients. 
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Table 8 Frequency of hypermethylation in 26 MDS patients for four predisposition 
factors 
 

Status of 
CpG sites in 
normal WBC 

No of 
hypermethylated 
CpG sites among 
MDS patients 

No of CpG sites not 
hypermethylated 
among MDS patients 

OR 95% 
CI 

 

      
Seeded  142 9561 66.58 43.17 102.7 
Unmethylated 24 107585    
      
Low exp 211 83671 2.181 1.643 2.896 
High exp  62 53625    
      
No 
H3K4me3+ 

154 26511 5.609 4.401 7.149 

H3k4me3+ 114 110078    
      
H3K27me3+ 195 56073 3.836 2.93 5.021 
No 
H3k27me3 

73 80516    

 
 
Table lists the number of sites hypermethylated, Odds Ratio and 95% confidence interval 
for each predisposition factor across 26 MDS patients. 
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Figure 30. Methylation seeds in healthy WBC are frequently hypermethylated in 
leukemias. 
 
Box plots of Odds Ratio (OR) for hypermethylation in A) AML and B) MDS calculated 
for each of the given categories. Bars indicate 95% CI. CpG sites in healthy WBCs 
associated with methylation seeds (1-20%) or unmethylated (0-1%), low gene expression 
(0-4 RPKM) or high gene expression (>4 RPKM), associated with H3K4me3 or 
H3K27me3 were used for this analysis and their frequency of hypermethylation (>40%) 
in 108 AML patients and 26 MDS patients has been calculated to generate OR. 
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Table 9 Frequency of hypermethylation in 108 AML patients for combination of 
predisposition factors 

Status of CpG 
sites in normal 
WBC 

No of 
hypermethylated 
CpG sites among 
AML patients 

No of CpG sites 
not 
hypermethylated 
among AML 
patients 

OR 95% 
CI 

 

      
Unmethylated 
Low exp 

1587 302408 1.358 1.255 1.47 

Unmethylated 
High exp 

1008 260811    

      
Seeded Low exp 4343 43377 1.703 1.466 1.978 
Seeded High exp 190 3232    
      
Unmethylated  
No H3K4me3+ 

402 53917 1.731 1.556 1.926 

Unmethylated 
H3k4me3+ 

2192 508902    

      
Unmethylated 
H3k27me3+ 

1162 172538 1.836 1.698 1.984 

Unmethylated  
No H3k27me3+ 

1432 390281    

      
Seeded No 
H3K4me3+ 

3769 38735 0.974 0.8976 1.058 

Seeded H3k4me3+ 751 7521    
      
Seeded 
H3k27me3+ 

4105 42672 0.8308 0.7468 0.9242 

Seeded No 
H3k27me3+ 

415 3584    

 
 
Table lists the number of sites hypermethylated, Odds Ratio and 95% confidence interval 
for combination of predisposition factors across 108 AML patients. 
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Table 10 Frequency of hypermethylation in 26 MDS patients for combination of 
predisposition factors 
 

Status of CpG 
sites in normal 
WBC 

No of 
hypermethylated 
CpG sites among 
MDS patients 

No of CpG sites 
not 
hypermethylated 
among MDS 
patients 

OR 95% 
CI 

 

      
Unmethylated 
Low exp 

18 58044 2.561 1.016 6.452 

Unmethylated 
High exp 

6 49541    

      
Seeded Low exp 133 8892 1.112 0.5634 2.194 
Seeded High exp 9 669    
      
Unmethylated 
No H3K4me3+ 

4 9694 2.018 0.6896 5.908 

Unmethylated 
H3k4me3+ 

20 97835    

      
Unmethylated 
H3k27me3+ 

6 31835 0.7926 0.3145 1.997 

Unmethylated 
No H3k27me3+ 

18 75694    

      
Seeded No 
H3K4me3+ 

105 7820 0.6188 0.4222 0.9069 

Seeded 
H3k4me3+ 

36 1659    

      
Seeded 
H3k27me3+ 

130 8706 1.049 0.5645 1.951 

Seeded No 
H3k27me3+ 

11 773    

 
 
Table lists the number of sites hypermethylated, Odds Ratio and 95% confidence interval 
for combination of predisposition factors across 26 MDS patients. 
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Figure 31. Seeding in healthy WBCs is the strongest predisposition factor for 
hypermethylation in leukemias 
 
Box plots of Odds Ratio (OR) for hypermethylation in A and B) AML and C and D) 
MDS calculated for each of the given categories. Bars indicate 95% CI. CpG sites in 
healthy WBC were first classified into unmethylated and seeded and then further divided 
into sites associated with low or high gene expression or presence of H3K4me3 or 
H3K27me3. The frequency of hypermethylation (>40%) in 108 AML patients and 26 
MDS patients has been calculated to generate OR 
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CHAPTER 4 
 

DISCUSSION 
 

 

In our study we exclusively focused on methylation seeds at promoter CGIs and their 

effect on gene expression. Our studies using DREAM and analysis of published RRBS 

datasets identified that although a large percentage of promoter CGIs remain free of 

methylation, a small subset of them retain low levels of methylation(seeds). We further 

show that these promoters are distinct from unmethylated promoters in their expression, 

regulation and histone status. Importantly we find that seeds are an important 

predisposition factor for methylation gains in cancer. 

While hypermethylation has been well studied, only a few studies have reported low level 

methylation in a genome wide manner. Low Methylated Regions (LMRs) with an 

average methylation of 30% have been identified distal to promoters and CpG islands in 

mouse ES cells and Neural Progenitor Cells (NPCs). Canyons, which are regions of low 

methylation greater than 3.5kb length, encompass CGIs 61. These regions, identified in 

HSCs are protected at the edges by DNMT3A. The tissue specificity of seeded genes is  

reminiscent of genes in partially methylated domains, which are specifically not 

functional in that particular tissue but important in other tissues 124. 

We find methylation seeds to be a new regulatory mechanism that is distinct from LMRs 

which are not in promoters and CGIs. Although we find a significant overlap (p value 

<0.0001)   between seeded genes and canyon genes, 87% of seeded genes are not in 

canyons. Around 30% of studied seeded and hypermethylated genes in placenta are 
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present in PMDs (p value <0.0001).  However this could be by virtue of methylation 

since hypermethylated genes are also enriched along with seeded genes. Moreover, while 

PMDs have so far been identified in a few normal tissues i.e. placenta and prostate, 

methylation seeds are present in almost all the normal tissues we examined including 

germ cells and ES cells 125, 126. 

Methylation seeds could be a potential regulatory mechanism that suppresses gene 

expression post differentiation. The tissue-specific placement of seeds indicates that 

DNMTs target certain genes for silencing that are non-essential in a particular tissue. 

Moreover we also find that seeding mediated gene repression is histone independent. 

Methylation to low levels instead of hypermethylation gives more flexibility to the 

promoter CGIs as TET proteins can demethylate and re-express these genes without 

changes in chromatin status in contrast to highly methylated promoters which need to 

lose repressive marks and gain active histone marks. 

Alternatively methylation seeds could be placed on genes that have already been 

silenced. Upon tissue differentiation, transcription factors that are non-essential in a 

tissue might not be expressed and their target genes could be silenced. DNMTs could 

easily methylate promoters that are not actively transcribing and have low expression. 

This hypothesis predicts that seeded genes are pre-selected based on their non-essentiality 

(via loss of expression) in a tissue. 

Also a hybrid condition can exist where loss of transcription factors and seeds together 

regulate non -essential genes in a tissue. Since multiple transcription factors regulate gene 

expression, loss of a few of these transcription factors in combination with seeds at 

promoters can ensure the silencing of such genes. 
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We show that seeded genes with even active histone marks are repressed indicating that 

seeds regulate gene expression independent of polycomb complex. Surprisingly, for 

polycomb regulated genes, seeding correlated with further reduction in gene expression 

in PBMCs and H1-hESCs. A recent report suggested that gene silencing/transcription 

inhibition triggers PRC2 recruitment to CpG islands 115. It is possible that very low 

methylation could lead to gene silencing which attracts PRC2 complex and methylation 

of H3K27. 

Once low methylation is established, it needs to be actively maintained to ensure no 

further methylation gains or losses. This could be established by a constant flux of 

methylation and demethylation as previously suggested 134. Supporting this hypothesis, 

DNMT3A and TET1 have been implicated in regulating low levels of methylation in 

mouse HSC and ES cells respectively. Loss of DNMT3A has been reported to erode 

canyon borders in mouse HSC and loss of TET1 led to methylation gains at sparsely 

methylated promoters in HEK293T cells 61 63. This constant de novo methylation and 

demethylation could potentially explain how seeded promoters are maintained in healthy 

cells. 

We identified that seeded promoters in healthy WBCs are frequently methylated in 

leukemias. This likely results from deregulated DNMTs and TETs that are seen in most 

cancers. Given our hypothesis that constant flux of methylation and demethylation by 

DNMTs and TETs occurs at seeded promoters in normal cells, altered function of these 

proteins in cancer, might affect seeded promoters strongly than unmethylated promoters. 

Given the critical role of methylation seeds in gene expression regulation, the 

following future studies could further our understanding of methylation seeds: 1. Study 
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the global occupancy of DNMTs and TETs at unmethylated and seeded genes in H1-

hESC and differentiated tissues. 2. Study the effect of loss of DNMTs and TETs on 

methylation seeds in H1-hESC and differentiated tissues. 3. Further characterize the role 

of polycomb in seeding; study methylation seeds and associated gene expression in EZH2 

or Suz12 KO ESCs. 4. Identify seeding regulators in differentiated tissues, study the 

occupancy of MBD proteins at seeded genes. 5. Study distribution and regulation of 

methylation seeds in cancer. 
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Figure 32. A model for the order of placement of methylation seeds on tissue specific 

non-essential genes. 

A) Loss of transcription factors and/or polycomb complex can lead to decreased gene 
expression of target genes. Placement of methylation seeds on such promoters by 
DNMT3A/B can further silence such genes by recruitment of Methyl CpG binding 
proteins like MBD4. B) Methylation seeds can first target genes for silencing. Such 
silenced genes can further gain polycomb repressive marks. 
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Figure 33. A model for seeded gene susceptibility for hypermethylation in cancer. 

A) Unmethylated genes undergo active transcription and do not have binding of 
DNMTs and TETs on their promoters. In cancer these genes are resistant to gain of 
methylation. B) Seeded genes in healthy cells are occupied by DNMTs and TETs at 
their promoter CGIs. When these promoters are deregulated in cancer, seeded 
promoters are easily targeted for hypermethylation. 
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CHAPTER 5 
 

ROLE OF CHD7 IN CIMP CRCS 
 

5.1 Introduction 

5.1.1 CpG Island Methylator Phenotype (CIMP) 

 

DNA hypermethylation of promoter CGIs is seen frequently in cancer. Cancers with high 

degree of methylation termed CpG island methylator phenotype (CIMP) represent a 

distinct group with altered epigenetic stability.  CIMP is most apparent in colon cancer, 

where tumors with increased frequency of CpG island methylation are associated with 

microsatellite instability (MSI). CIMP has been classified into CIMP-high/CIMP1 or 

CIMP-low/CIMP2 in Colorectal cancers (CRCs). CIMP-high CRCs are associated with 

BRAF mutation, microsatellite instability due to the methylation and silencing of MLH1 

while CIMP-low CRCs have lower number of genes with CpG island methylation and 

have frequent KRAS mutations 49, 129. Also patients with CIMP-positive CRCs have better 

prognosis than CIMP-negative CRCs. CIMP-positive CRCs are more frequent in older 

patients and occur predominantly in the proximal colon 58 . 

CIMP has also been characterized in other malignancies including glioblastomas, 

gastric cancer and acute lymphoblastic leukemias 39, 81, 145. Glioma-CpG Island 

Methylator Phenotype (G-CIMP) display distinct copy-number alterations and are tightly 

associated with IDH1 somatic mutations. Also patients with G-CIMP tumors are younger 

at the time of diagnosis and experience significantly improved outcome 100. 

The causes of CIMP are unknown. However several factors that are previously 

discussed can predispose to methylation gains. IDH1/IDH2 mutations are associated with 
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CIMP in glioblastomas 100. Mutations in IDH1 and IDH2 lead to gain of a new function, 

the production of 2-hydroxyglutarate (2–HG). 2-HG competitively inhibits multiple α-

KG-dependent dioxygenases, including TET family of enzymes and lysine histone 

demethylases (KDM) 33, 152. However in other CIMP associated malignancies including 

CRCs, the predisposing factors for CIMP are not well understood. 

 

5.1.2 Chromodomains 

 

Chromo-ATPase/helicase-DNA-binding (CHD) proteins are a subclass of ATP-

dependent remodelers and are vital for chromatin remodeling during development. All 

CHD proteins have two chromodomains, helicase domains and a carboxy terminal 

domain. There are nine CHD (CHD1-9) family members in humans and they are 

involved in several processes including transcription elongation, DNA damage repair, 

osteogenic differentiation, and neurogenesis 50. Heterozygous mutations of CHD7 are the 

cause of the developmental disorder CHARGE syndrome. CHARGE syndrome is a 

multiple anomaly condition which includes genital hypoplasia, heart defects ocular 

coloboma, retarded growth and development etc. CHD proteins use ATP hydrolysis for 

chromatin remodeling and their unique protein motifs are not well characterized 77.  

Sox2 has been shown to interact with CHD7 in neural stem cells and co-

regulation of disease associated genes by Sox2-Chd7 complex provides an explanation 

for several malformations associated with CHARGE syndrome 31. Interestingly, in mouse 

ES cells CHD7 occupancy sites show features of gene enhancer elements, containing 

high levels of H3K4 mono-methylation and DNase I hypersensitivity sites 123. 
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CHD8 loss of function mutations are strongly associated with autism spectrum 

disorder (ASD). CHD8 is also an ATP- dependent chromatin remodeler and has been 

shown to bind to trimethylated histone H3 lysine 4 (H3K4me3) at active promoters 23. 

CHD8 has been reported to regulate Wnt/β-catenin target genes and repress P53- 

dependent apoptosis 99, 142. 

 

5.2 Results 

 

To identify somatic mutations associated with CIMP1 CRCs next-generation sequencing 

technology has been used by others to analyze the exome of 16 colorectal tumors 137 . 

Exome sequencing identified that CIMP1 CRCs have frequent mutations in genes 

encoding proteins that function in chromatin organization, most frequently CHD7 and 

CHD8. Somatic mutations in these 2 genes were detected in 5 of 9 CIMP1 CRCs. A 

prevalence screen conducted by others showed that nonsilencing mutations in CHD7 and 

CHD8 occurred significantly more frequently in CIMP1 tumors (18 of 42 [43%]) than in 

CIMP2 (3 of 34 [9%]; P < .01) or CIMP-negative tumors (2 of 34 [6%]; P < .001) 137. 

To gain insight into the relationship between CHD7 and CIMP we mined diverse 

databases. We focused on CHD7 as it is the more studied of the 2 genes, and mutations in 

CHD7 have been reported as causative alterations in CHARGE syndrome. To identify if 

CHD7 regulates or is enriched at genes methylated in CIMP-positive CRCs, we analyzed 

CHD7 occupancy data in neural stem cells and expression data in chd7 null mouse 

embryonic stem cells. 



104	  
	  

A previous study classified genes in CRCs as CIMP-high/CIMP1 or CIMP-low/CIMP2 

or Non-CIMP by studying methylation across 125 colorectal tumors and 29 adjacent 

normal tissues using Illumina Infinium HM27 DNA methylation assay 49.   

Using this list of genes we overlapped CIMP1 CRC genes and genes belonging to 

the same family as CHD7 target genes [CHD7 target genes are defined as genes which 

have CHD7 occupancy in neural stem cells or genes whose expression is altered in chd7 

null mouse ES cells]. We found that frequently methylated genes in CIMP-positive CRCs 

had significantly higher enrichment of CHD7 occupancy in their mouse homologue genes 

in neural stem cells (P = .003 compared with all genes). We also identified that these 

CIMP-positive genes were enriched among genes that responded to chd7 gene 

knockdown in mouse embryonic stem cells (P < .00001 compared with all genes) (Fig 

32). 
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Figure 34. CHD7 occupies frequently methylated genes in CIMP-high CRCs and 
regulates their expression 
 
Pie charts show the distribution of CHD7 target genes among genes that are frequently 
methylated in CIMP high tumors. A) Enrichment of CHD7 occupancy in mouse neural 
stem cells for genes that are frequently methylated in CIMP-high CRCs (B) altered 
expression of CIMP genes in chd7 KO mouse ES cells. The genes used for comparisons 
were hypermethylated with a β-value difference >0.20 and showed >2-fold decrease in 
their gene expression levels in CIMP-high tumors. For CHD7 occupancy, CIMP genes, P 
=.003 CIMP genes and their family members, P < .00001 compared with all genes; For 
CHD7 expression regulation CIMP genes, P < .00001, CIMP genes and their family 
members, P < .00001 compared with all genes. 
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5.3 Discussion 

 

CHD7 is widely expressed in many tissue types and plays many roles in cellular 

differentiation and chromatin regulation, including a putative role in protecting chromatin 

from polycomb-mediated repression. Participation of CHD8 in chromatin insulation has 

been proposed on the basis of its interaction with the well-characterized insulator protein 

CTCF. 

In addition their chromatin regulation function, the above data indicate that CHD7 

occupies and regulates genes that are frequently methylated in CIMP. Interestingly we 

also found similar enrichment for genes that are directly not methylated in CIMP-positive 

CRCs but belong to the same family as the CIMP-positive genes. Based on these 

observations we propose that mutations of CHD7 and CHD8 in CRCs result in an altered 

pattern of chromatin modifications and structure, which causes dysregulation of 

expression of dozens to hundreds of genes. 

Though the above data suggests a strong link between CHD7 mutations and 

CIMP, there is no concrete evidence that loss of CHD7 leads to or strengthen CIMP 

phenotype. In order to further investigate the association between CHDs and CIMP, these 

further studies could be applied: 1. Genome-wide analysis of CHD7, CHD8 occupancy in 

normal colon cell lines using ChIP-seq. 2. Loss of function studies with CHD7 and 

CHD8 in normal colon cell line and CIMP-negative CRCs. DNA methylation and gene 

expression studies post stable knockdown of CHD7 and CHD8. 
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