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ABSTRACT OF THE DISSERTATION 

 

Regulation of Mammalian Transcriptional Enhancers by H3K4 Methyltransferases and H3K4 

Demethylases 

 

by 

 

Saurabh Agarwal 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2012 

 

Professor Bing Ren, Chair 

Professor James T. Kadonaga, Co-Chair 

It is well known among the scientific community that mammalian promoters are enriched 

for histone H3 lysine 4 methylation (H3K4) specifically trimethylation of the lysine (H3K4me3). 



xx 
 

Such a definition for transcriptional enhancers, regulatory elements in the genome that positively 

contribute to the transcriptional activity of a particular promoter, has only been discovered 

recently. Earlier studies from our lab which were further corroborated by studies from other 

groups show that transcriptional enhancers in mammalian cells show the presence of 

H3K4me1,another modification of the same lysine (H3K4), but generally lack H3K4me3. It has 

also been well known that MLL family of lysine methyltransferases (KMTs) which are specific for 

H3K4 are the enzymes responsible for this H3K4me3. Although, earlier studies have shown that 

MLL family of KMTs are also capable of methylating H3K4 to H3K4me1 and H3K4me2, their 

presence at enhancers or their roles in regulation of transcriptional enhancers has not been 

elucidated completely. Other families of proteins, H3K4 specific demethylases, have recently 

been discovered to reverse this methylation of H3K4, which for a long time was considered an 

irreversible reaction.  

In our quest to identify the proteins that might have an important role in regulation of 

enhancers, specifically H3K4 mono-methylation at enhancers, I started with the identification of 

the lysine methyltransferases and related proteins that bind to enhancers (Chapter 1). We found 

that MLLs, JARID1C and LSD1 are recruited to transcriptional enhancers in human cells.  

In Chapter 2, we do knock-down experiments on LSD1 and JARID1C to see the effect of 

their loss on gene expression. We find LSD1 acts as a repressor whose loss results in 

upregulation of a significant number of genes whereas JARID1C’s loss results in upregulation 

and downregulation of similar number of genes. We also conduct GWLA of LSD1 in knock-down 

cells to show LSD1’s loss result in a genome-wide increase in H3K27 acetylation and H3K4me3 

at both promoters and enhancers. In Chapter 3, we study the role of LSD1 in DNA methylation 

and control of transcription from repetitive DNA elements in the mouse genome.  

 Chapter 4 represents an unrelated study where we studied binding patterns of several 

transcription factors and histone modifications to identify cis-regulatory modules in the human 

genome. 
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Chapter 1: Identification of Histone H3 Lysine 4 specific 

methyltransferases and related proteins binding at promoters and 

enhancers. 
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Abstract 

A recent study from our lab [1] has shown that transcriptional enhancers are marked with 

H3K4me1, a histone modification generally not found at promoters. To understand the 

mechanisms and identify the proteins having an important role in regulation of H3K4me1 and thus 

regulation of enhancers,  we conducted GWLA analysis with most of the known H3K4 specific 

methyltransferases/demethylases in a human cell type and drew out their patterns of occupancy 

to identify the proteins that show binding at enhancers. I start with a brief introduction of genome, 

histones and histone modifications followed by the rationale for conducting this study followed by 

the experimental approach that shows that MLLs, members of the MLL core complex and H3K4 

demethylases LSD1 and JARID1C might be important for regulation of transcriptional enhancers. 

Introduction 

Human Genome 

The word genome could be understood as a collection of all genes of an organism [2] and 

has been derived from the amalgamation of the words gene and chromosome.  In modern 

biology, the genome is the entirety of an organism's hereditary information. It is encoded either in 

DNA or, for many types of virus, in RNA. The genome includes both the protein coding genes, the 

non-coding sequences of the DNA/RNA and the regulatory elements of transcription regulation. 

For an eukaryotic organism, chromosomes are the complete set of genetic information 

required for the inheritance of traits to the to their daughter cells so as to ensure both the survival 

and the diversity of their progeny. Each chromosome is a large linear DNA molecule packaged 

with DNA-binding and other proteins into a condensed structure called as ‘chromatin’ within the 

cell nucleus. This allows the very long DNA molecules to fit into a small nucleus and also 

facilitates movement of large DNA molecules to daughter cells during cell division. The structure 

of chromosomes and chromatin varies through the cell cycle, where it opens up during DNA 
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replication but condenses before cell division (cytokinesis). In addition to the nuclear 

chromosomes, almost all eukaryotes also have a small mitochondrial genome. 

The human genome comprises of 23 chromosome pairs plus several copies of the small 

mitochondrial DNA. 22 of the 23 chromosomes are paired chromosomes and are autosomal, 

while the remaining two chromosomes determine the sex of an individual and therefore are called 

sex-chromosomes. The haploid human genome, as in an egg and or a sperm cell, consists of 

approximately 3 billion DNA base pairs whereas all other cells have two copies of each 

chromosome, and thus, contain twice the amount of DNA content. 

The term human genome generally refers to DNA contained inside the nucleus (i.e., 23 

pairs of nuclear chromosomes) but can also be applied to include the "mitochondrial genome”.  

Histones, Nucleosomes and Chromatin Architecture 

In eukaryotic cells, DNA in chromatin is organized in arrays of nucleosomes to form a 

repeating ‘beads on a string’ structure [3, 4]. This structure helps to pack the large eukaryotic 

genome into the small nucleus and provide structural support while still facilitating appropriate 

access to DNA to ensure correct gene expression. This regulation of access and compaction is 

achieved by formation of a complex of DNA with core histones and other DNA-binding and 

chromosomal proteins to form chromatin.  

Histones are the structural proteins closely associated with DNA molecules. They are 

responsible for the structure of chromatin and play important roles in the regulation of gene 

expression. Compaction of DNA by histones into nucleosomes is a ubiquitous mechanism of 

gene regulation across all eukaryotic species and the structures of histones are highly conserved 

Five types of histone proteins have been identified: H1 (or H5), H2A, H2B, H3 and H4.   Two 

molecules of each histone protein, H2A, H2B, H3 and H4, also called as core histones, assemble 

together into a histone octamer that has approximately 146 base pairs of DNA wrapped in a left-

handed fashion around it to form a nucleosome core (Figure 1.1) with another 20-60 base pairs of 
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linker DNA intervening two nucleosomes. This highly conserved nucleoprotein complex occurs 

essentially every few hundred bases pairs throughout all eukaryotic genomes [4-6]. Linker histones 

such as H1 and its isoforms such as H5 are involved in further chromatin compaction to form 

higher-order structures of chromatin. Two molecules of H1 interact with the core, one each near 

the DNA entry and exit binding sites of the core. They also interact with the ‘linker DNA’ between 

two nucleosomes.  

 

 

 

 

 

 

 

 

Figure 1.1: Structure of an eukaryotic nucleosome and the 10nM fiber. 

When visualized in an electron microscope, chromatin could be seen as two different 

types of fibers which are approximately 10 nm, and 30 nm in diameter. 10nm fiber is essentially 

an array of nucleosomes and its formation does not need the histone H1 whereas histone H1 is 

absolutely required for the formation of the higher structure of chromatin i.e. 30 nm fiber[7, 8].With 

the aid of hstone H1 and additional proteins, the 10nm fiber is further packaged into a more 

compact 30-nm fiber with six nucleosomes per turn [6, 9] which compacts linear DNA overall by a 

factor of ~50[10]. For the activation of a gene, the 30 nm fiber unfolds back into the 10 nm fiber to 

increase the accessibility of an RNA polymerase and other factors required for transcription. The 

10 nm fiber is also repressive to an access to DNA. ATP-dependent nucleosome-remodelling and 
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post translational modifications of histones have been proposed to be at least two mechanisms 

that facilitate the access of DNA to the transcriptional machinery[11]. The histones and later 

nucleosomes, thus, shape and control the structure of DNA from a nucleotide level to higher 

order 30nm structure and are the primary determinant of DNA accessibility. 

Each core histone is composed of a ‘'helix turn helix turn helix' motif and two unstructured 

tails. The three-helix domain allows easy dimerization through intermolecular interactions. 

Although the histone tails are dispensable for the formation of the nucleosome, they are required 

for nucleosome–nucleosome interaction [5]  

Chromatin Structure and Transcription Regulation 

Gene expression is the most intrinsic level at which the genome, the inherited genetic 

information, controls the organism’s observable traits such as its morphology and behavior. In 

multi-cellular organisms, development or maintenance occurs through coordinated patterns of 

gene expression across different cell types.  

Gene expression is the process by which information stored in the nucleotide sequence 

of a gene is interpreted by a highly orchestrated and multi-step process, known as transcription, 

and is converted to RNA. RNA itself could be a functional product such as ribosomal RNA 

(rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA) or microRNA (miRNA). However, 

protein-coding messenger RNAs (mRNA) are further decoded to produce a specific polypeptide. 

These polypeptides undergo folding which is dictated by their amino-acid sequences into a 

specific three-dimensional structure. Both the structure and the amino-acid sequence determine 

the function of a particular protein. Irrespective of the final functional product, the genetic 

information stored in a gene is first converted base by base into RNA by the activity of the RNA 

polymerase machinery. Mammalian cells have three different nuclear RNA polymerases, namely 

I, II and III that are responsible for transcription of different subsets of genes. RNA polymerase II 
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(Pol II) transcribes most of the protein coding mRNAs[12],miRNAs[13] and most small nuclear 

RNAs.  

Transcription of a gene generally starts from a precise genomic location called as 

transcription-start site (TSS) and is contained within a region called as a “promoter” or more 

specifically a “transcriptional promoter”. Transcriptional promoters comprise one of many classes 

of transcriptional regulatory elements. They are the regions where transcription of a gene is 

initiated. They are generally located upstream of the gene and could be either constitutive, i.e. 

always active, or regulated, i.e. they become active in response to a stimulus. Irrespective of the 

types of promoter, the ability of the promoter to produce a transcript essentially depends on the 

nearby chromatin structure. 

Most eukaryotic promoters are regulated by another class of regulatory elements called 

as “enhancers” which contribute positively to the level of transcription of the gene or a set of 

genes. Enhancers can act both in cis or trans and could be close to or several kilobases away 

from the promoters. While promoter is typically located at the 5' ends of a gene immediately 

surrounding the transcriptional start site, its enhancer or enhancers could be present upstream, 

downstream, within the gene it controls, or even on a different chromosome.  

Eukaryotic transcription, a highly elaborate process, consists of three essential and 

sequential steps, namely: initiation, elongation and termination. Although initiation of transcription 

begins with synthesis of the first phosphodiester bond of RNA, before the transcript is greater 

than around ten bases, RNA polymerase has a propensity to dissociate from the RNA 

transcript[14] and references therein. This process is called abortive initiation. After several rounds of 

producing abortive products, RNA polymerase complex gets modified to form the elongating 

complex which can clears the promoter and synthesizes full length RNA [15, 16]. 

Transcription initiation can be further subdivided into pre-initiation, initiation and promoter 

clearance. In addition to the multi-subunit Pol II enzyme, the transcription machinery consists of a 

collection of general transcription factors (GTFs) also called as basal transcription factors [15-19]. 
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Pre-initiation starts with the assembly of pre-initiation complex (PIC) at the promoter that later 

recruits and positions RNA polymerase II at the transcription initiation site. The first step in the 

formation of PIC is the recruitment of the TATA-box binding protein (TBP) to the TATA-box. TFIID 

is then recruited to the gene promoter through its interaction with TBP and triggers the assembly 

of the TFIID complex. This complex then interacts and recruits other general transcription factors 

TFIIA, TFIIB, TFIIE, TFIIF, TFIIH and RNA polymerase II in a stepwise manner to form the pre-

initiation complex which binds and melts the DNA for transcription initiation[15, 16]. TBP recruitment 

to promoters is generally the rate limiting step for transcription in vivo[20].  

Although each step in gene expression can be regulated by diverse mechanisms, control 

of transcription initiation is the most important determinant of whether a gene is expressed and at 

what level in a given cell. 

Histone tails 

  The core histones consist of a globular C-terminal domain and an unstructured N terminal 

tail [5, 21]. Modifications both in the N-terminal tails and the core domain control the structural and 

functional characteristics of chromatin. These modifications change the structure of the 

nucleosome and therefore control DNA accessibility within the nucleosome, nucleosome-

nucleosome interaction and therefore, are important for interactions involved in higher order 

structures. Although interest in the molecular details of core histone tail conformations and 

contacts has increased considerably over the last couple of decades and crystal structure of 

nucleosomes have been deduced by many studies [5, 22, 23], an example of which is shown in 

Figure 1.2, our understanding of all the possible interactions within a nucleosome is still marginal. 

Histone tails have been shown to participate in both short-range and long-range interactions 

between nucleosomes [24].  
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Figure 1.2: Structure of a nucleosome showing histone tails and their locations relative to the DNA. A. A 
nucleosome shown with DNA. B. Core Histone octamer of the nucleosome as in A showing histone tails. Cn3D 
rendering of the molecules from Tsunaka et al. (2005)[23] 

 

The Histone Code: Post translational modification of histones 

Many proteins are enzymatically modied after translation where a small or bulky moiety 

or “modification” is covalently added to at least one of its amino acid residues by another enzyme. 

This posttranslational modification (PTM) of amino acids extends the range of functions of the 

protein by changing its molecular structure. The range of these post translational modification is 

huge, a subset of which includes attachment of a functional groups by the process of either 

methylation, acetylation, phosphorylation, biotinylation, lipolyation,glycosylation and even 

attachment of polypeptides (ubiquitination). PTMs could also include processes which change the 

chemical nature of an amino acid (e.g. citrullination), or modifies the structure of a protein (e.g. 
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formation of disulfide bridges). These PTMs determine the function, stability or sub-cellular 

localization of the protein. Many of these PTMs occurring on proteins involved in chromatin 

formation regulate the structure of the chromatin and thus, regulate accessibility of the underlying 

DNA by different proteins involved in a myriad of processes like transcription, DNA-damage repair 

and replication.  

A multitude of PTMs have been well documented that have been shown to be present on 

histone tails. Despite significant efforts have been made to decipher the functions of various 

histone modifications, our understanding is still very limited. Two different classes of proteins are 

involved in either adding (“Writers”) or removing (“Erasers”) these histone modifications whereas 

another class of proteins interact (“Readers”) and interpret (“effectors”) these modifications and 

execute the instructions written on the histones[25]. Chromatin modifications confer a unique 

identity on the nucleosomes involved. Histone modifications and these proteins thus regulate the 

interaction affinity for various chromatin associated proteins and thus control the function and 

structure of the chromatin. This forms the basis of the “Histone code”. [26]   

Histone Acetylation 

Multiple enzymes have evolved to covalently modify histone tails by methylation, 

acetylation, phosphorylation and ubiquitination. Several histone acetyltransferases (HATs) have 

been identified that act as coactivators of gene expression [27, 28]. Similarly, several histone 

deacetyltransferases (HDACs) have also been discovered that reverse this reaction [29-32].     

Histone acetylation increases the negative charge of a histone disrupting the DNA-

histone and nucleosome-nucleosome interaction, thereby, relaxing the chromatin structure and 

facilitating transcriptional activation [27, 33] whereas the removal of this modification from the 

histone tails typically promotes formation of heterochromatin and silencing of gene expression. 

Thus, HATs and HDACs act as transcriptional activators and repressors, respectively. 
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Histone Lysine methylation 

Histone methylation occurs on lysine and arginine residues and is the other most 

common modification that is observed on histones H3 and H4. At least five lysine residues on 

histone H3, namely K4. K9, K27, K36 and K79, and one lysine K20 on histone H4 have been 

identified to be modified with methylation. As shown in Figure 1.3, a free lysine group can be 

modified with either one(mono-methylated), two (di-methylated) or three(tri-methylated) methyl 

groups. Unlike acetylation, which generally correlates with transcriptional activation, both the 

position and level of lysine methylation can possibly signal different biological responses. 

 

Figure 1.3: The three different possible levels of methylation of a lysine by histone methyltransferases (HMTs). 
Generally, HMTs are specific for a particular lysine residue and these 3 possible methylation steps on a lysine could be 
catalyzed either by a single HMTs or individual HMTs that have specific catalytic activities depending upon the 
methylation of the substrate lysine or the product lysine. 

Similar to HATs and HDACs, multiple histone methyltransferases (HMTs) and 

demethylases have also been identified that catalyze the methylation and demethylation of these 

lysines in histones H3 and H4.  

Methylation of histone H3 at Lys4 (H3K4) is associated with gene activation with 

H3K4me3 being the one which is observed at virtually all active promoters and has been shown 

to be required for gene expression[34]. Methylation of Lysine 36 on H3 has been shown to be 



11 
 

 
 

associated with gene bodies of actively transcribed genes [35] and to be involved in DNA-damage 

repair[36]. Methylation of H3K9, H3K27, and H4K20 are generally associated with heterochromatin 

[37, 38] and silent genes. Inactive genes show tri-methylation at lysine 27 (H3K27me3), and 

permanently silenced genes are generally marked by methylation at lysine 9 (H3K9me3). Some 

genes have been shown to be tri-methylation at both H3K4me3 and H3K27me3 and are believed 

to be poised genes. Such genes called as “bivalent genes” or genes associated with bivalent 

domains are believed to be developmentally regulated inactive genes, which are poised for 

activation [39].  

Most of HMTs contain a SET (Su (var)3-9, Enhancer-of-zeste, Trithorax) domain which 

was initially identified in Drosophila Trithorax protein and was later also found in Drosophila 

Su(var)3-9 and 'Enhancer of zeste' proteins[40]. It is noteworthy that in addition to the specificity 

towards a particular lysine residue, HMTs also show product specificity, where in SUV39H1 can 

methylate H3K9 to H3K9me3 whereas G9a is primarily responsible for di-methylation of  H3K9 

[41]. HMTs specific to H3K4 methylation and the role of different H3K4 methylation will be 

discussed with more detail about their structure and function in later sections. 

Demethylation of histone lysines 

Until 2004, lysine methylation, and in particular tri-methylation of lysine, was believed to 

be essentially irreversible because of the high thermodynamic stability of the N–CH3 bond. The 

discovery of lysine-specific demethylase-1 (LSD1 or KDM1a) [42, 43] suggested for the first time 

that histone methylation is both reversible and a highly dynamic process. LSD1 is a flavin-

adenine-dinucleotide (FAD)-dependent amine oxidase[44] and catalyzes the demethylation of 

H3K4me2 and H3K4me1. LSD1 has been shown to be incapable of demethylation of H3K4me3 

due to the absence of a protonated nitrogen required for oxidation[45]. Another protein AOF1 

(LSD2) has been recently characterized by few studies [46, 47] and has been shown to possess 

similar catalytic activity and specificity as LSD1 (AOF2) although the functional role of AOF1 is 

still under scientific scrutiny. 
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The second class of histone demethylases was characterized by the presence of a 

Jumonji C (JmjC) domain and a dependence on Fe2+ and α-ketoglutarate[48, 49]. Several histone 

demethylases were identified as containing the Jumonji (JmjC) catalytic domain and has been 

shown to demethylate specific lysines or arginines in the H3 tail.[35, 49-55]. These JmjC-domain 

containing proteins have been shown to demethylate mono-, di-, and tri-methylated lysines. A 

small subset of JmjC proteins have also been shown to be catalyzing demethylation of histone 

arginine residues[52].  

Histone 3 Lysine 4 (H3K4) methylation: Differential Methylation of a single 

lysine residue as epigenetic hallmarks at promoters and enhancers 

In comparison to other post-translational modification of nucleosomal histones, 

methylation of lysine and arginine residues is unique as three possible modification of the same 

residue, mono- (me1), di- (me2) and tri- (me3) modification states can be generated [25, 56] and 

references therein. These different states of methylation could possibly elicit diverse consequences on 

transcriptional activities.  

First through Chromatin Immunoprecipitation (ChIP) studies focusing on individual 

promoters and then through Genome Wide Location Analysis (GWLA) using ChIP followed by 

hybridization to microarrays spanning either promoters or tiled genomes[1, 57-59], it was firmly 

established that two of the most important hallmarks of actively transcribed protein-coding 

promoters are H3K4me3 and H3K27Ac. Newer technologies like next-generation sequencing of 

immunoprecipitated chromatin providing higher resolution have further confirmed these well 

known phenomena that these modifications populate the nucleosomes flanking nucleosome-free 

regions (NFR) that coincide with the transcription start sites (TSSs) of actively transcribed genes 

[60, 61] and this information of presence of H3K4me3 can used for predicting novel promoters in the 

genomes whereas the additional information of presence or absence of acetylation of histone H3-

H4 histone tails (primarily H3K27 and H3K9) can used be used to differentiate them into active or 

poised promoter in a given cell type. 
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As promoters mark the start of every transcript and the TSS is defined as the 5’ extreme 

of a RNA, a lot of scientific studies had previously focused on isolation and characterization of 

these promoters and identifying epigenetic modifications around these important regulatory 

elements. However, due to lack of important scientific tools like GWLA  [62, 63] and Chromosome-

Conformation Capture (3C and its variants) [64], most of which have been developed only during 

the last decade, the search of other important regulatory elements  like “insulators” or 

“enhancers” on a genome-wide scale has been lacking. Our lab had previously shown that active 

transcriptional enhancers are marked by a distinct epigenetic modifications, central to which is an 

enrichment of H3K4me1 [1]. Using ChIP-Chip for several factors and DNAse hypersensitivity 

(DHS) assays, the study conducted in Hela cells focused on 1% of human genome tiled on an 

oligonuleotide array. They examined the binding profiles of p300, a histone acetyltransferase 

associated with open chromatin, STAT1, a transcription factor involved in signal transduction in 

response to several cytokines, TAF1, a factor in the Pre-Initiation complexes (PIC) and RNA 

Polymerase II (RNAPII). They also studied the occupancy of H3, H3K4me1, H3K4me2, 

H3K4me3, H3Ac and H4Ac. The study corroborated the previous observations that active 

promoters are marked by nucleosome free regions (NFR), DHS, histone acetylation, H3K4me3, 

H3K4me2 and presence of TAF1 and RNAPII. However the study also found that some promoter 

distal regions that showed binding by p300 and hypersensitivity to DNase were depleted for 

Histone H3 but had epigenetic features which were markedly different from those of known 

promoters. Some of these regulatory elements which were later characterized as ‘transcriptional 

enhancers’ showed a distinct enrichment of H3K4me1. Several following studies [61] conducted in 

different cell types have corroborated these findings defining additional differential epigenetic 

features of promoters and enhancers like H3K27me3, H3K27Ac and RNA polymerase activity [65-

67] which helps to further classify promoters and enhancers into groups according to their 

transcriptional activity namely as “active”, “poised” or “silenced” (Figure 1.4). 
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Figure 1.4: Differential patterns of H3K4 methylation and H3K27 acetylation at transcriptional promoters and 
enhancers. Active or poised promoters are marked by high H3K4me3 whereas silenced/repressed promoters are 
generally marked with H3K27me3 or H3K9me3. Active promoters show a depletion of H3K4me1 near the TSS 
whereas active/poised enhancers show the presence of this mark. Both active promoters and active enhancers are 
also marked by H3K27Ac where the actively transcribed genes show enrichment of H3K36me3 in gene-bodies. 
 

Histone H3 Lysine 4 Methyltransferases 

The majority of histone lysine methyltransferases contain a SET domain, which catalyzes 

the addition of methyl groups to the specific lysine residues. Yeast SET1, the first SET domain 

containing methyltransferase was identified in S. cerevisiae and was found to be the only enzyme 

in yeast responsible for H3K4 methylation [68, 69]. In mammals, at least ten known or predicted 

methyltransferases exist for the methylation of H3K4 (Figure 1.5, Adapted from Figure 1A from 

Ruthenburg et al. (2007)[25]. Six of these MLL1, MLL2, MLL3, MLL4, SET1A and SET1B 
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comprising the MLL family have a SET domain which are related to the yeast SET1 and 

Drosophila Trx . Four additional H3K4 specific methyl transferases with a non-related SET 

domain have also been suggested (Figure 1.5), namely ASH1[70], SET7/9[71], SMYD3[72], and 

Meisetz [73]. 

MLL Family  

SET1 is the only enzyme responsible for methylation of H3K4 in yeast. Six human 

homologues were identified through bioinformatic analysis to be specific for H3K4 [74] which are 

collectively called as MLL family members and were shown to be capable of methylating H3K4 by 

later studies[74-76]. 

Presence of multiple methyltransferases for the same lysine residue is suggestive of 

either a functional redundancy or a functional specialization or both. Different studies conducted 

in mice showed that deletion in Mll2 and Mll3 genes have different phenotypic response[74, 77], 

indicating that these proteins may not be entirely redundant. These proteins have also been 

shown to be present in different complexes [77] and to associate with different proteins [76]. 
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Figure 1.5: Schematic representation of the domain architecture and homology between known H3K4 histone 
methyltransferases (HMTs). The mammalian H3K4 HMTs comprise of two groups. The MLL family contain a SET 
domain that is related to yeast SET1 and Drosophila Trx (MLL family) (A) where the second group contains H3K4 
methyltransferases with an unrelated SET domain. Sequence homology and domain architecture suggests that MLL1 
and MLL2, MLL3 and MLL4, and SET1A and SET1B are similar to each other (Figure 1A from Ruthenburg et al. (2007) 
[21]). 
 

MLL Core Complex: WDR5, RBBP5, and ASH2 

All 6 MLL-family members have been shown to associate with a common core complex 

containing at least three common subunits: WD repeat protein-5 (WDR5), retinoblastoma-binding 

protein-5 (RBBP5), and the absent small homeotic-2-like protein (ASH2L)[78, 79]. A remarkable 

study employing biochemical reconstitution of these 3 MLL core-complex members and the MLL1 

showed that WDR5, RBBP5 and Ash2l are necessary and sufficient for efficient methylation of 
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H3K4[80]. This study also suggested a hierarchical organization of the core complex in which 

Ash2l is recruited via interactions with RBBP5. It has been suggested that different composition of 

the core complex could result in differential outcome of H3K4 methylation [80-82], where WDR5 and 

RBBP5 are absolutely required for any methylation of H3K4 but ASH2L is required for tri-

methylation[82]. Multiple studies determining the crystal structure of WDR5 and H3 N-terminal tail 

have shown that WDR5 recognizes the four most amino-terminal residues of H3 and thus present 

the tail to the methyltransferase complex for subsequent methylation [83-86]. 

 

Figure 1.6: Schematic representation of the interactions between a MLL-family HMT and the core-complex. A 
MLL-family HMT associates with the core complex containing RBBP5, WDR5, and ASH2. The core complex 
cooperates with the catalytic SET domain to methylate H3 at K4. WDR5 plays a role in substrate recognition and 
presentation to the SET domain. Adapted from Figure 1B from Ruthenburg et al. (2007) [25]. 
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Figure 1.7 Speculative model for the requirement of ASH2L for efficient H3K4 tri-methylation. A core complex 
containg MLL, WDR5 and RBBP5 are required and sufficient for H3K4me1 and H3K4me2 but ASH2L is required for 
proper H3K4 tri-methylation by the MLL complex (Adapted from Figure 3D from Steward et al. (2006) [82]). 

MLL-family methyltransferase complexes, in addition to the common core-complexes 

have also been to shown to contain specific protein subunits like HCF-1 [79], MENIN [76, 78, 87] or 

PTIP [88]. Another protein hDPY30 which has been discovered as an essential protein [89] has 

been recently shown by several studies  to be an integral part of the larger MLL complexes [90] 

which binds directly to ASH2L [88] and is required for differentiation of embryonic stem cells but 

not for self renewal [91] although its catalytic activity or its functional role in the MLL complex is still 

questionable. 

H3K4 Demethylases 

As mentioned earlier, LSD1 (Lysine specific demethylase 1), was discovered as the first 

histone demethylase and was shown to be present in the Co-REST complex [42-44, 92]. 

As mentioned earlier, after the discovery of Jumonji-C domain containing protein JARID2 

as a lysine demethylase [49] and discovery of a large family of proteins containing this domain [48, 

49],  In 2007, a flurry of independent studies [53-55, 93-95] discovered and characterized the four 

members, A to D, of a smaller family namely JARID1 as containing both JmjC and JmjN domain 

and containing ARID, PHD finger and zinc-finger domains and demonstrated that these four 

proteins were specific for demethylation of methylated H3K4.  
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Each of these studied focusing on individual JARID1 family members, showed that 

JARD1A/KDM5A/RBP2[54], JARD1B/KDM5B//PLU1[53], JARD1C/KDM5C/SMCX[55, 95], 

JARD1D/KDM5D/SMCY[55, 94] form a family of protein specific to demethylation of methylated 

H3K4. Using several common approaches like demethylation of methylated peptides coupled with 

mass spectrometry, in vivo over-expression of WT and catalytic inactive proteins coupled with 

immune-fluorescence with antibodies recognizing different methylated states of H3K4 showed 

that all of these members were able to demethylate H3K4me3 and H3K4me2 in a step-wise 

manner.  

Although the studies focusing on JARD1A and JARDI1B were very comprehensive and 

showed that although these proteins were capable of demethylating H3K4me1, the in vitro 

demethylation activity on H3K4me1 was much lower than demethylation of H3K4me2 or 

H3K4me3 to H3K4me0. This deficiency could be attributed to a difference in vitro vs. in vivo 

activity of the proteins or need for additional cofactors. This unique property of JARD1A and 

JARD1B when compared to that of JARD1C and JARD1D has been greatly overlooked in later 

studies and reviews. It seems that JARD1A and JARD1B form a subclass in the JARID1 family 

which can demethylate H3K4me1 whereas JARD1C and JARD1D can demethylate only 

H3K4me3 and H3K4me2 to H3K4me1 but no further. This is also supported by the fact that 

phylogenetically, JARD1A and JARD1B lie closer to each other than JARD1C and JARD1D [56] 

which are orthologs present on ChrX and ChrY respectively. This important difference is catalytic 

activities of these two subclasses can be shown as Figure 1.8 which has been modified from 

Secombe et al. (2007)[96]. 
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Figure 1.8: Correct assignment of substrate and product specificities of the catalytic activities of the four 
members of JARID1 family.  JARD1C and JARD1D are orthologs present on sex-chromosome which can 
demethylate H3K4me3/H3K4me2 but cannot demethylate H3K4me1. JARD1A and JARD1B are relatively similar to 
each other than JARD1A or JARD1B and can also demethylate H3K4me1.  

Generation of H3K4me1 at transcriptional enhancers: Methylation of H3K4me0 

or Demethylation of H3K4me3 and/or H3K4me2  

Several initial studies focusing on the characterization of SETD7 (SET7, SET7/9, SET79) 

[71] as a histone H3K4 methyltransferase have previously shown that SETD7 can methylate H3K4 

to H3K4me1 in vitro. These studies argued that SETD7 also posses this activity in vivo but the 

evidence of in vivo mono-methylation was very weak. They could show that SETD7 can 

methylate peptides in vitro but could not methylate nucleosomal histones or histone octamers 

which made me believe that this could have been an artifact of the in vitro conditions used or in 

vitro non-specific activity of SETD7. Indeed, there had been several following studies focusing on 

SETD7 as a methyltransferase of p53[97] and other protein substrates but none that show that 

SETD7 is an H3K4 methyltransferase. The inability of SETD7 to be a HMT is also supported by 

our repeated failures to observe any signal of enrichment of chromatin in a ChIP-Chip assay 

using different cell types (HelaS3 and GM06990) or different antibodies. The two antibodies that 
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were used in these experiments were checked for specificity and both displayed good affinity to 

SETD7 by western blots. 

It has been shown that loss of MLL1 has negligible effects on global H3K4 methylation. 

However, loss of MLL1 influences the expression of a subset of genes [75, 98]. 

Although MLL1 was the first H3K4 methyltransferase to be discovered and has been 

shown to methylate H3K4 to all states of methylation, its enzymatic activity to tri-methylate H3K4 

has come under scrutiny recently. A couple of studies had previously shown that this activity 

needs the presence of ASH2L in the core complex for tri-methylation [80, 82] whereas another study 

[90] has shown  that tri-methylation by MLL1 is strongly stimulated by presence of hDPY-30 in the 

core complex. Different groups have recently published studies where they have shown that tri-

methylation of H3K4 at promoters by MLL family members requires the ubiquitination of H2K120 

by different ubiquitin ligases which in turn is recognized by WDR82 [99-104]. Wu et al. (2008) also 

showed that WDR82 associates with SET1A/B COMPASS complexes but not MLL1-4 

COMPASS like complexes and knockdown of WDR82 by RNAi results in a reduction of both 

SET1A and H3K4me3 whereas the siRNA treated cells still contain active MLL complexes. The 

study also showed that in vitro ubH2K120 directly stimulates the tri-methylation of H3K4 by 

purified hSET1 containing COMPASS complex whereas in its absence, hSET1 can only 

methylate H3K4 to H3K4me1 and H3K4me2 [103]. Another study in Drosophila showed that loss of 

Trx (Homolog of MLL in Drosophila) results in decreased bulk H3K4me1 and H3k4me2 whereas 

dSET1 is responsible for bulk H3K4 tri-methylation [105] . In recognition of these different 

observations, some of which were made after this study was started, we focused on studying as 

all MLL family members in our quest to find the protein/protein complexes having an important 

role at enhancers. 

Since a sub-group of JARID1 family members namely JARD1C and JARD1D cannot 

remove mono-methyl mark from H3K4me1, we hypothesized that in principle a H3K4me1 can 

also be generated by the activity of demethylases on H3K4me2 and H3K4me3 (Figure 1.9). The 
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observation made earlier [1, 61] that transcriptional enhancers are generally devoid of H3K4me3 but 

are marked by H3K4me1 was also an encouragement to study these JARID1 family members 

including another non-related H3K4 demethylase LSD1 to study the regulation of transcriptional 

enhancers. 

 

Figure 1.9: Methylation and demethylation of unmodified or methylated histone lysine.  HMTs catalyze the 
addition of methyl groups whereas lysine demethylases (KDMs) catalyze the reverse of this reaction. In principle, a 
particular methylated state of lysine can be generated by either methylation by a HMT or demethylation of a methylated 
lysine by one of the KDMs. 

 

Experimental methods and results 

Most of our understanding of transcription machinery relies heavily on experiments done 

on a limited set of genes employing conventional molecular biology and biochemical techniques, 

and the data from these experiments should not be used to generalize the functions of the 

proteins involved. Though such experiments give us an invaluable insights about some of the 

properties and possible mechanisms of transcription regulation and most of the time are sufficient 

to answer a limited set of questions about a particular locus, considering the complexity of the 

transcriptome with an interplay of several hundred transcription factors and thousand of possible 

regulatory complexes, observations from one locus may not be relevant for another gene or set of 
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genes and definitely such data cannot be and should not be extrapolated to represent genome-

wide mechanisms. So to study the genome-wide localization (Genome-Wide Location Analysis or 

GWLA) of H3K4 methyltransferases and members of the MLL core complex, we employed a 

powerful technique of Chromatin-Immunoprecipitation followed by hybridization to microarray 

chips, commonly known as  ChIP-Chip. 

Experiment 1: GWLA of MLL Family Members, Members of MLL core complex 

and H3K4 specific demethylases in K562 cells. 

Although, there was no particular reason for GWLA of H3K4 methyltransferases and 

related proteins in K562 cells, a previous study had used K562 to decipher the role of MLL1, 

RBBP5, ASH2L and WDR82[100]. K562 cells were the first human immortalized myelogenous 

leukemia line to be established. K562 cells are of the erythroleukemia type. The cells are non-

adherent and rounded and are positive for the bcr:abl fusion gene. 

K562 cells were grown in several biological replicates at 37°C in Iscove's Modified 

Dulbecco's Medium with 15% FBS and 1% GlutamaxTM (Invitrogen, Carlsbad CA) under 5% CO2. 

Cells were crosslinked with formaldehyde and sonicated chromatin was prepared as described 

earlier[1, 57, 58, 63]. 

Antibodies against H3K4me1 (Abcam), H3K4me2, H3K4me3, H3K27Ac (Upstate 

Biotechnology) and TAF1 (Santa-Cruz Biotechnologies, Santa Cruz) used in this study have been 

described elsewhere [1]. Antibodies against WDR5, MLL2 and MLL3 were a kind gift from Prof Kai 

Ge (NIDDK, National Institutes of Health). All other antibodies used in this experiment against 

MLL1, MLL4, SET1A, RBBP5, ASH2L, JARD1A, JARD1C and LSD1 were from Bethyl 

Laboratories (Montgomery, TX). For MLL1, LSD1 and JARD1C, multiple antibodies were used to 

conduct chromatin immunoprecipitation to ensure the authenticity of the data and check the 

robustness of different antibodies. The biggest drawback of ChIP-Chip experiments is that 

studying of a protein is limited by the availability of an antibody with a very strong affinity against it 
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to endure the harsh biochemical conditions during washes after the chromatin 

immunoprecipitation. This limited our ability to study other proteins like JARD1B, JARD1D and 

SET1B as antibodies against these proteins were not available either commercially or any 

academic sources at the time of the experiments. 

Immunoprecipitated chromatin for each experiment was reverse-crosslinked along with 

the starting sonicated chromatin (input) at 65°C overnight. Proteins and RNA were removed with 

successive digestion with Proteinase-K and RNase A and sonicated DNA was end-repaired using 

T4 Polynucleotide kinase and T4 DNA polymerase. Short DNA adapters were ligated to these 

blunt ended DNA fragments and DNA samples were amplified by PCR.  

The PCR samples from individual IP and Input Chromatin were then labeled with Cy5 

and Cy3 labelled deoxy-nucleotides respectively and were then co-hybridized to an In-house 

PCR microarray. This PCR microarray has been described elsewhere carried around 25,000 400-

1100bp PCR fragments encompassing the non-repetitive region of 1% of human genome. The 

whole procedure has been earlier described elsewhere[1, 57, 58, 63] and has been successfully used 

in many previous ChIP-Chip studies. Microarrays were scanned and analyzed through 

established data analysis pipeline and relative fluorescent signal from each channel IP:Input 

(Cy5/Cy3) for each spot was analyzed. Upto 3 ChIP-Chip experiments for each protein were 

carried on chromatin from independently grown and treated batches of K562 cells. 

Representative data generated from our in-house PCR after analysis through the 

established data-analysis-pipeline can be represented as a scatter plot (Figure 1.10) or a ratio/p-

value plot (RP Plot, Figure 1.11).  
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Figure 1.10: A representative scatter plot shown for MLL4 as an example scatter plot of ChIP-Chip experiments 
conducted on our in-house PCR arrays. Additional labels are added to the original figure for additional clarity. The 
quality of the experiment is adjudged by less scattering of the spots and enriched sites (shown here in red) are defined 
as lying on the right side of the +3 SD (standard deviation) curve where as depleted sites are represented by spots 
lying on the left of +3SD line on the opposite side of the regression line.  
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Figure 1.11: A small region of human genome shown as an example of our in-house generated RP Plots for 
H3K4me3, H3K4me2 and H3K4me1 in K562 cells. The chromatin enrichment signal of these spots can be plotted 
along the human genome (on the x-axis) as each spot defines a particular genomic loci where a red bar on the 
negative y-axis represents the -log2 ratio of signals from IP:Input and a green bar on the positive y-axis represents the 
–log10 (p-value) associated with this ratio of signal intensities.  Each bar represents a PCR fragment on the microarray 
encompassing a particular genomic locus. Genomic coordinates are further decorated with other important regulatory 
regions like genes, promoters, direction of transcription and repetitive regions.  

 

Results for experiment 1 

MLL family members, members of MLL core complex and H3K4 specific 

demethylases in K562 cells bind to either promoters or enhancers or both 

Except for MLL2 and MLL3, we were able to successfully immuno-precipitate chromatin 

using at least one antibody for SET1A, MLL1, MLL4, WDR5, RBBP5, ASH2L, JARD1A, JARD1C 

and LSD1. RP-plots for data from one of the ChIP-Chip experiments are shown for the interleukin 

cluster (Figure 1.12), β-globin locus (Figure 1.13) and human ENCODE random 331 (ENr331) 

region (Figure 1.14). All of these figures indicate that the success of the ChIP-Chip experiments 

in identifying the binding patterns of these methyltransferases and members of MLL core 

complex. The data also indicates that binding of these proteins for most parts is limited to either 

promoters (marked by H3K4me3) or enhancers (marked by H3K4me1 and little or no H3K4me3) 

which supports the hypothesis that indeed methylation at both promoters and enhancers are 

regulated by these histone methylases/demethylases. 
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Binding patterns of individual methyltransferases and members of MLL core 

complex across promoters and enhancers 

After successful GWLA of MLL family members: MLL1, MLL4 and SET1, members of 

MLL core complex: WDR5, RBBP5, ASH2L and H3K4 demethylases: JARD1A, JARD1C and 

LSD1, we proceeded to look for patterns of binding of individual proteins at promoters and 

enhancers. Although visual inspection of the whole ENCODE region under study showed at least 

some binding by all of these proteins at most of the enhancers or promoters, the data needed to 

be analyzed in a more definitive way. 

Quadrant Analysis 

Since we define promoters as sites of high H3K4me3 and enhancers as sites with 

H3K4me1 and little or no H3K4me3 and the observation that H3K4me2 is present at both 

promoters and enhancers, regions with different levels of H3K4me3, H3K4me2 and H3K4me1 

can be plotted in a two-dimensional plot where ratios of log2 ratio of say H3K4me3 and H3K4me2 

are plotted on one axis and ratio of log2 ratios of H3K4me2/H3K4me1 from a particular cell line 

(K562 in this case). Although the data could be presented in a different way, this particular 

combination (Figure 15) presents the information in a unique way that helps us to observe the 

differential pattern and preference of binding of proteins at promoters and enhancers in a single 

figure. Using the H3K4 methylation data generated in this experiment and selecting genomic loci 

showing an enrichment with a p-value<.001 for the given mark,  a universal set of genomic loci 

was created from genomic sites that showed presence of at least one or more of H3K4me1, 

H3K4me2 and H3K4me3. The log2 (H3K4me3/H3K4me2) and log2 (H3K4me2/H3K4me1) ratios 

were calculated for each identified locus and then each locus was plotted in this 2D plot (as small 

black circles) with these ratio values as coordinates where y-axis represents the log2 

(H3K4me3/H3K4me2) and x-axis represents the log2 (H3K4me2/H3K4me1) ratio. A line with 

slope=-1 passing through the origin (representing equal H3K4me1 and H3K4me3 enrichment) 

could then be able to divide the whole plot into two regions, one with relatively higher H3K4me3 
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and one with relatively higher H3K4me1 (Figure 16) which could then be used to approximately 

categorize as “promoters” and “enhancers” respectively. 
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Figure 1.16: Usefulness of quadrant analysis to represent the differential binding pattern of a protein across 
promoters and enhancers. A line of slope -1 passing through the origin divides the plot into two regions each with 
relatively higher H3K4me3 (shown in green in B) or relatively higher H3K4me1 (shown in blue). Each genomic locus 
(individual black spots) in these two regions can thus be approximately defined as promoters and enhancers 
respectively. Indeed TAF1, a general transcription factor and a part of pre-initiation complex which is primarily recruited 
to promoters shows a pattern of binding to promoters (A) whereas p300 a HAT which has been shown to have a 
preferential recruitment to active enhancers shows a predominant binding at enhancers (C). It should be kept in mind 
that both TAF1 and p300 also show recruitment to some enhancers and promoters respectively. A quadrant plot for 
H3K27Ac (D) could further be used to visualize “active” or “poised” promoters and enhancers. Fraction of genomic loci 
with H3K4 methylation in a particular area occupied by a particular protein are shown in black. 
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Differential binding patterns of H3K4 methyltransferases and members of the 

MLL core complex across promoters and enhancers in K562 cells as represented by 

quadrant analysis 

Members of MLL core complex are recruited to both enhancers and promoters but 

ASH2L shows a higher preference to promoters 

Quadrant plots for WDR5, RBBP5 and ASH2L are shown in Figure 1.23. Before the 

discussion of the results, there is a need to mention a couple of important points. Firstly, H3K4 

methyltransferases show stronger binding to promoters compared to enhancers (as judged from 

the RP-plots) which could be attributed to higher H3K4 methylation at promoters. This 

observation is not surprising considering the fact most of the previous studies focusing on H3K4 

methylation had deduced that H3K4 methylation is localized at promoters. Secondly, ChIP-Chip 

experiments worked much better for RBBP5 compared to WDR5 (as indicated by the number of 

binding sites observed) which can be attributed to a higher affinity of the antibody used for 

RBBP5 compared to that used for WDR5. As it can be seen from the quadrant plot that RBBP5 

although has a clear preference for promoters, RBBP5 still shows binding to significant number of 

sites with H3K4me2 or H3K4me1 and low H3K4me3. As it has been mentioned earlier that 

WDR5 is the minimum component of the core complex required for any methylation of H3K4 as it 

is the “presenter” of H3 N-terminal tail to MLL methyltransferases, it could be assumed that the 

relatively lower number of binding sites of WDR5 at enhancers could be attributed to the weaker 

affinity of the ChIP-Chip antibody. ASH2L in contrast to RBBP5 shows a higher preference to 

H3K4me3 sites compared H3K4me1. This indeed is in concordance with the observations made 

by earlier studies done in vitro  [80, 82] that ASH2L is required for H3K4me3 but is dispensable for 

mono- or di-methylation of H3K4. It is also supported by the observation made after overlapping 

binding sites of WDR5 and ASH2L that only 9/122 (7.37%) WDR5 binding sites (shown in blue in 

Figure 1.17 D) and 12/183 (6.55%) of ASH2L binding sites (shown in green in Figure 1.17 D) are 
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not co-occupied by RBBP5 and none of these 9 WDR5 or 12 ASH2L sites overlapped with each 

other. 

 

Figure 1.17: Quadrant Analysis for WDR5, RBBP5 and ASH2L, the members of MLL core complex. RBBP5 (B) 
shows significant binding to both promoters and enhancers whereas ASH2L(C) has a higher preference to sites with 
H3K4me3. WDR5(A) also shows binding to both promoters and enhancers but the fewer number of binding sites when 
compared to RBBP5 could be attributed to a weaker antibody. Fraction of genomic loci with H3K4 methylation in a 
particular area occupied by a particular protein are shown in black whereas the number of binding sites for the 
respective region is shown in green. Total number of binding sites with either relatively higher H3K4me3 (promoters) 
and relatively higher H3K4me1 (enhancers) are shown in blue. D shows the overlap of WDR5, RBBP5 and ASH2L. 
Sites bound by WDR5 alone are shown in blue whereas such ASH2L sites are shown in green. All of the RBBP5 sites 
are shown in red. 
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MLL family methyltransferases are recruited to both enhancers and promoters but 

SET1A shows a higher preference to promoters 

Quadrant plots for MLL1, MLL4 and SET1A are shown in Figure 1.18. Although the 

number of loci bound by each (shown in green), are similar among the 3 MLL members, there are 

significant differences between SET1 and MLL1. Whereas, most of the SET1 binding sites only 

occur at places with very high H3K4me3, MLL1 and MLL4 also have significant number of sites 

with high H3K4me2 and little H3K4me3 and when compared to 61 promoters with very high 

H3K4me3 bound by SET1, MLL1 has only 21 binding sites at promoters with very high H3K4me3. 

MLL1 and MLL4 share a similarity that they have similar binding to sites (20 & 18) with high 

H3K4me2 or at enhancers with high H3K4me1 and low H3K4me2 (both 8) but they also show a 

significant difference in binding at regions with very high H3K4me3 (21 vs. 66). This could be 

inferred that although MLL1 and MLL4 are found at regions with high H3K4me1 and H3K4me2 

(enhancers), MLL4 may have higher preference than MLL1 to promoters and that SET1 has a 

strong and specific preference for promoters. When comparing binding sites for MLL1 and SET1. 

Members of the MLL family have different domain structures (SET1A vs. MLL1/MLL4, Figure 1.5), 

and SET1A have been shown by other studies be the main enzyme for global tri-methylation of 

H3K4. It is observable that MLL1 and SET1A have both common and unique binding sites 

indicating that they may function synergistically at some genomic loci but may still have gene-

specific roles in methylation of H3K4. It is noteworthy that the common sites of MLL1 and SET1 

are always heavily tri-methylated. This could possibly be an artifact caused by selection of 

binding sites where heavily tri-methylated sites (promoters) which generally show higher binding 

of SET1 and MLL1 (or other proteins) overlap better than sites with low H3K4 methylation and 

much lower binding of regulatory proteins.  
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Figure 1.18: Quadrant Analysis for MLL1, MLL4 and SET1A, the MLL family methyltransferases. Fraction of 
genomic loci with H3K4 methylation in a particular area occupied by a particular protein are shown in black whereas 
the number of binding sites for the respective region is shown in green. Total number of binding sites with either 
relatively higher H3K4me3 (promoters) and relatively higher H3K4me1 (enhancers) are shown in blue. D shows the 
overlap of binding sites. MLL1 and SET1 have both common (shown in red) and unique (shown in green and blue 
respectively) targets indicating these two methyltransferases could function both synergistically or independently. 
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JARDI1A is found only at promoters, LSD1 is preferentially recruited to enhancers 

and JARD1C is found at both promoters and enhancers 

Quadrant plots for JARD1A, JARD1C and LSD1 are shown in Figure 1.19. As it can be 

clearly seen JARD1A has a very strong preference for promoters and no binding to any 

enhancers. LSD1 and JARD1C on the other hand bind significantly to both promoters and 

enhancers. LSD1 shows clear preference for enhancers over promoters and is only found at 

promoters with relatively lower H3K4me3 over H3K4me2. The interesting observation for 

JARD1C, a known repressor which interacts with other known repressors like REST and HDACs 

[95] is that it also occupies promoters with very high H3K4me3 and presumably higher 

transcription activity. It is also the protein with the highest number of binding sites at regions with 

relatively high H3K4me1 than H3K4me3. Figure 1.19D shows the overlap of LSD1 (red) and 

JARD1C (green) binding sites, whereas common binding sites are shown in blue. It is clear that 

JARD1C and LSD1 occupy both common and unique genomic loci which like the observation 

made for MLL1 and SET1 indicates that the effect of demethylation of H3K4 by LSD1 and 

JARD1C could be synergistic at some genomic loci but independent at other.  
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Figure 1.19: Quadrant Analysis for JARD1A, JARD1C and LSD1, the H3K4 demethylases. Fraction of genomic 
loci with H3K4 methylation in a particular area occupied by a particular protein are shown in black whereas the number 
of binding sites for the respective region is shown in green. Total number of binding sites with either relatively higher 
H3K4me3 (promoters) and relatively higher H3K4me1 (enhancers) are shown in blue. JARD1A has a clear preference 
for promoters whereas JARD1C and LSD1 show binding at both promoters and enhancers. JARD1C has significant 
binding at regions with very H3K4me3 but LSD1 shows almost none binding to such promoters. D shows the overlap of 
binding sites of JARD1C (green) and LSD1 (red) and common sites are shown in blue. The pattern of the overlap 
indicates that these two demethylases could possibly function either synergistically or independently. 
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Experiment 2: GWLA of MLL1, LSD1, JARD1C, RBBP5 and STAT1 in Hela S3 

cells to study their recruitment to a newly mono-methylated enhancer upon 

stimulation with Interferon-γ, a cytokine.  

Continuing from the results of the quadrant analysis of MLL family members, members of 

the core complex and the three H3K4 demethylases, where we found that MLL1, MLL4, WDR5, 

RBBP5, LSD1 and JARD1C show enrichment at enhancers, to study the role of these proteins in 

mono-methylation and thus regulation of H3K4 methylation at enhancers, we got interested to 

study if H3K4 methyltransferases and related proteins are recruited to a newly mono-methylated 

site in the genome. To answer this particular question, we conducted GWLA for MLL1 (one of the 

members of the MLL 1-4 subfamily), LSD1 and JARD1C. RBBP5 was included to also represent 

WDR5 as the enrichment of bound chromatin seemed better for RBBP5. HelaS3 cells were 

chosen as they had been shown earlier to be responsive to IFN-γ and we did not have similar 

information for K562 cells. 

IRF-1 (interferon responsive factor 1) is one of the genes that are highly upregulated in 

Hela cells upon IFN-γ induction and was the only IFN-γ responsive gene tiled on our microarray. 

This upregulation in response to IFN-γ is mediated by STAT1, a transcription factor from the 

STAT family members which are phosphorylated by the receptor associated kinases. These 

STAT members then form homo- or hetero-dimers and translocate to the cell nucleus where they 

act as transcription activators. STAT1 can be activated by various ligands including IFN-α, IFN-γ, 

EGF, PDGF and IL6. Since upregulation of IRF-1 is mediated by STAT1, the latter was also 

included in this experiment to identify the site of H3K4me1 and thus a putative enhancer of IRF-1. 

 HelaS3 cells were grown to 80% confluence and were either mock treated with growth 

media or growth media containing 10ng/ml IFN-γ (Sigma). Chromatin immunoprecipitation 

experiments were carried out with antibodies against H3K4me3, H3K4me1, STAT1, MLL1, 

RBBP5, LSD1 and JARD1C and LM-PCR libraries were prepared as described for experiment 1. 
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Amplified samples were then labeled and hybridized to arrays identical to the ones used for 

experiment 1 and data was analyzed using the same analysis pipeline. 

Results for Experiment 2: MLL1, JARD1C and LSD1 can be recruited to a newly 

H3K4me1 site in the IRF1 locus upon IFN-γ stimulation mediated by STAT1 

Upon IFN-γ, STAT1 show binding to 535 sites (log2 (IP/Input) >1 and p-value <10-5) in 1% 

of the human genome (ENCODE region), the region tiled on our in-house microarrays but there 

was no significant change of H3K4me1 across the genome except for one locus. Interestingly, 

this single locus that showed increased mono-methylation was found in the IFR1 locus, the only 

gene that shows increased expression upon IFN-γ treatment. We assumed it to be a putative 

enhancer for IRF-1. The results for this locus are shown in Figure 1.20. As it could be seen that 

the locus (shown by a blue arrow) gets significant increase in STAT1 and H3K4me1 and also 

shows some increased binding by MLL1, JARD1C and LSD1 (as shown by increased p-value of 

enrichment). Although the enrichment was low, the observation that the only site of increased 

occupancy for MLL1, JARD1C and LSD1 was in the IRF1 locus and overlapped with that of 

increased STAT1 and H3K4me1 binding indicates that these could be recruited to a newly mono-

methylated site by a transcription factor.  

The support for this hypothesis also comes from an independent co-immunoprecipitation 

experiment where HelaS3 nuclear extract was immunoprecipitated with antibodies against LSD1 

and STAT1 to show that both these antibodies could pull down LSD1, JARD1C and STAT1 (data 

not shown) indicating that these proteins could interact, if not directly, and could possibly be 

present in a bigger protein complex. 
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Figure 1.20: MLL1, JARD1C and LSD1 can be recruited to a newly mono-methylated site in HelaS3 cells upon 
IFN-γ induction. The blue arrow indicates a locus in the IRF1 locus which gets H3K4me1 after IFN-γ stimulation. The 
green arrows indicate the two known alternative promoters for IRF1. Upon, induction with IFN-γ the locus with 
increased H3K4me1 also shows increased binding by MLL1, LSD1 and JARD1C indicating that these proteins could 
be recruited by STAT1 (as shown by strong STAT1 binding only after induction) to such a site which might be a 
putative enhancer and gets increase H3K4me1. Positive STAT1 induction is shown by strong STAT1 occupancy at 
nearby promoters. 
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Discussion 

During this GWLA for the aforementioned proteins under different biological conditions, 

we were not primarily interested in the gene-specific roles of these proteins but in drawing out of 

the genome-wide patterns of their binding across promoters and enhancers and identifying 

proteins which show any or significant recruitment to enhancers. Role of MLL family members at 

promoters has been studied extensively over the last two decades but due to lack of a precise 

definition of enhancers, a genome-wide role of MLL family methyltransferases had been missing. 

Indeed before the start of this study, only one other group [87]had conducted GWLA analysis of 

any of these proteins where they did ChIP-Chip for MLL1, MENIN, RBBP5 and H3K4me3. The 

study [87] also could not address the role of MLL1 at enhancers as the authors were interested in 

looking at promoters and did not study H3K4me1.  

Here, as a first, we were able to generate GWLA data for most of MLL family 

methyltransferases. The observation that SET1A and MLLs (1 & 4) have a major difference in 

their binding patterns could be extrapolated to include other members of the MLL family. Indeed, 

domain structures and phylogenetic tree of these 6 proteins (MLL 1-4, SET1A and SET1B)  

indicate that SET1 (A & B) sub-family is different than the MLL family in that it has a much simpler 

domain structure and that MLL1 and MLL2 are similar to each other compared to MLL3 and MLL4 

which together form an even smaller sub-family (Figure 1.5 [25]). The little difference between 

preference of MLL1 and MLL4 for promoters could also be attributed to this little difference in their 

domain structures.  

Indeed, these three subfamilies have complex-specific subunits where SET1A and 

SET1B share CXXC1 and WDR82, MLL1 and MLL2 have MENIN and LEDGF as exclusive 

partners whereas PTIP, PA1, NCOA6 and UTX are only found in MLL3 and MLL4 complexes [106]. 

Strong enrichment of RBBP5 at enhancers suggests that H3K4 methylation is indeed 

carried out by one or more of the MLL family members but SET1A’s strong preference to 

promoters and negligible binding at enhancers excludes SET1A (and therefore SET1B) from the 
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MLL family to be important for H3K4 methylation at enhancers. This indicates that one or more 

MLLs (1-4) should be the enzymes responsible for H3K4 methylation at one or more enhancers 

and their recruitment could be regulated in a gene/locus specific manner. 

Positive recruitment of JARD1C and LSD1 at enhancers also indicates that H3K4 

methylation at enhancers could also be regulated by H3K4 demethylases but JARD1A (or 

JARD1B) should be excluded as proteins responsible for genome wide H3K4 demethylase 

activity at enhancers. The differential patterns of JARD1C and JARD1A in light of the difference in 

their substrate and product specificities, where JARD1A could demethylate H3K4me1 but 

JARD1C could not, throws light on an important possibility that JARD1C’s demethylase activity 

could have a significant role for maintaining H3K4 mono-methylation where it can demethylate 

H3K4me2 and H3K4me3 but not H3K4me1. LSD1’s presence at some enhancers could be 

explained in that it could be the enzyme responsible for demethylation of H3K4me1 at enhancers 

and thus regulates the activity of the enhancers. By co-immunoprecipitation experiments followed 

by western blotting, we could show that LSD1 could pull down JARD1C which indicates that 

JARD1C and LSD1 could be present in the same complex or individual complexes with JARD1C 

and LSD1 could interact with each other to regulate H3K4 methylation.  

Is H2B K120 Ubiquitination the facilitator?  

As discussed earlier, several observations point to the mechanism where presence of 

H2BK120 ubiquitination can dictate H3K4me3 at promoters and its absence at enhancers can 

explain only H3K4me2 and H3K4me1 at enhancers. It has been shown that RAD6 mediated 

H2BK120 ubiquitination is required for H3K4me3 [102] and WDR82 that recognizes this 

modification [101] is only found in complexes with either SET1A or SET1B [100]. If H2B ubiquitination 

was present only at promoters, it might be helpful to explain why SET1A is recruited only to 

promoters (High H3K4me3) whereas MLLs can also bind at enhancers Indeed, our preliminary 

GWLA experiments with an H2BK120-ubiquitin antibody have shown that only promoters are 

enriched for this mark but these experiments need to be repeated and analyzed further. The 
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observation of MLL binding at promoters can then be explained as “not required for H3K4me3”. 

Indeed, it has been shown that MLL1 knock-down does not result in a significant loss in global 

H3K4me3 methylation or H3K4me3 at promoters. It should also be kept it mind that although 

MLLs shows enrichment at H3K4me3 sites, these sites also show significant H3K4me2 and little 

H3K4me1 methylation. The sole role of MLLs at promoters (or enhancers) thus could be mono- or 

di- methylation of H3K4, the purpose of which needs to be elucidated in future studies. 
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Abstract 

Earlier, we had identified LSD1 and JARID1C to be H3K4 demethylases to be present at 

enhancers. We follow with characterization of LSD1 WT and knock-down (KD) mES cells, their 

comparative expression analysis and GWLA of several histone modifications in the two cell types. 

Results of GWLA indicate that loss of LSD1 results in increased H3K4me3 and H3K27Ac at both 

promoters and enhancers and this increase is independent to changes in gene expression. We 

also create profiles of changes of these histone modifications at promoters and enhancers on a 

global scale to elucidate the function of LSD1 at these important regulatory regions. Additionally, 

we also show a relationship between JARID1C occupancy and changes in gene expression upon 

knock-down of JARID1C in K562 cells to elucidate different possible roles of JARID1C at 

enhancers and promoters. 

Introduction 

In chapter 1, I had discussed the recruitment of LSD1 and JARID1c to some, if not all, 

enhancers in K562 and HelaS3 cells. Since MLL1, MLL4 and RBBP5 were also shown to be 

present at enhancers, methylation of H3K4 to H3K4me1 and H3K4me2 at enhancers [1] can be 

attributed to the methyltransferases activity of MLLs (1-4). MLL2 is very similar in domain 

structure to MLL1 whereas MLL3 is very similar to MLL4. These methyltransferases due to similar 

domain structure (Figure 1.5) could show redundancy in case one of the MLLs was knocked out 

or knocked down which discouraged us from following the role of individual MLLs at enhancers.  

More interestingly, observations from the GWLA study in K562 pointed to important roles of 

JARID1C and LSD1 at enhancers. Though these proteins have been studied extensively 

biochemically, their genome wide location analysis or their functional role in regulation of 

epigenome is lacking. Studies have shown that LSD1 demethylates H3K4me2 and H3K4me1 [2-4] 

in vitro and that LSD1 binds to several nuclear receptors like androgen receptor [5-7]. Although 

these studies have shown a requirement of LSD1 in induction of genes, LSD1 is generally 

believed to be a protein with gene repression [8-11] as its main function and that it is required for 

maintainence or proper differentiation of a given cell type. This functional duality makes LSD1 an 
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important candidate for a GWLA study. In most cell types, LSD1 has been shown to be 

predominantly present in the Co-REST [2, 3] complex but recently it has also been shown to be 

present in the Nurd complex [10]. 

Here, it should be mentioned that LSD1 has also been shown to have an in vivo 

demethylase activity towards H3K9me [5] but not in vitro. The demethylation of H3K9me2 or 

H3K9me1 by LSD1 could be explained by its associated with H3K9 specific demethylases like 

JMJD2C [6] or other H3K9me specific JMJD proteins [12, 13] where interaction with an authentic 

H3K9me demethylase and subsequent recruitment to a genomic loci can result in demethylation 

of both H3K4me1-2 and H3K9me1-2. It is also hard to believe this dual substrate specificity of 

LSD1 in light of the observation that up to 10 HMTs have been shown to have evolved for the 

methylation of a single histone residue H3K4 and up to 4 members of JARID1 family for 

demethylation of the same residue. 

The substrate specificity of JARID1C (or JARID1D) to be able to demethylate only 

H3K4me3 and H3K4me2 to H3K4me1 [14, 15] and observation of JARID1C at enhancers in 

contrast to a JARID1A, a member of the same class of H3K4 demethylases, makes JARID1C 

another important candidate for studying its role in epigenetic regulation at enhancers and thus 

transcription. 

Experimental Methods and Results 

Experiment 1: Characterization of a LSD1 Knock-Down mES cell line 

The mES cell line RRK075 has been developed and described earlier [8, 11]. Briefly, in this 

particular line, a β-geo stop cassette containing the engrailed splice acceptor site is inserted 

within intron 8 of KDM1A (Figure 2.1 A). This insertion creates a fusion protein of β-geo to the 

first 8 exons of KDM1A, which truncates the majority of the catalytic amine-oxidase domain and 

reduces the level of KDM1A protein to undetectable levels in the homozygous cell line (Figure 2.1 

C).  
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Figure 2.1: The gene-trap allele from ES line RRK075.  A. The insertion of a β-geo stop cassette containing the 
engrailed splice acceptor site within intron 8 of KDM1A allows the exploration of gene expression in heterozygous 
embryos and gene function in homozygotes and has the additional advantage of being “rescuable” by Cre-lox 
mediated excision. B. Loss of LSD1 does not cause mES stability and the cells express normal levels of ES cell 
markers as shown by immuno fluorescence (Only OCT4 is shown). C. Loss of LSD1 as verified by western blot on 
different ES cell clones. Cells heterozygous for the GT allele (WT/GT) show around half the expression of LSD1 and β-
gal than that of WT/WT and GT/GT cells respectively. D.  Insertion of β-geo does not result in absolute loss of LSD1 as 
shown by an IP with Co-REST. Upon immunoprecipitation by an antibody against Co-REST, LSD1 of the right size 
could be detected by a western blot with an antibody against the N-terminal of LSD1 whereas in input it shows a higher 
band of LSD1 fusion with β-geo. (Supplementary Figure 1 from Macfarlan et al. (2011)[11])  
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This cell line homozygous for the β-geo gene-trapped (GT) allele shows normal growth and 

shows the normal expression of all the ES cell markers tested (Figure 2.1B). These 

characteristics made this cell line an invaluable tool to study the role of LSD1 on regulation of 

gene expression and epigenetic marks. It is necessary to mention here that β-geo insertion in the 

LSD1 locus does not result in absolute loss of LSD1 as shown by a pull down experiment with 

Co-REST. An α-Co-REST antibody could immunoprecipitate detectable levels of LSD1 which 

indicates that the homozygous GT/GT allele could be expressing 1-2% of functional WT LSD1 

(Figure 2.1D). 

Experiment 2: Studying the changes in DNA methylation upon LSD1 Knock-Down. 

Recently, a study [16] focusing on the effect of knock down of LSD1 published that LSD1 

is required for global DNA methylation. It showed that LSD1 deficiency results in DNMT1 

reduction and DNA hypomethylation and that DNMT1 is a substrate of LSD1. The study made us 

curious to investigate the role of LSD1 in regulation of DNA methylation and thus gene 

expression. To study if there were any significant changes in DNA methylation, genomic DNA 

from the two mES cell types (LSD1 WT/WT and GT/GT) was isolated and sonicated. MEDIP 

(Methyl DNA IP) [17] was carried out with an antibody that recognizes 5-methyl-cytosine [17] and 

immunoprecipitated DNA was amplified using multiple displacement amplification using Klenow 

(3’ to 5’ exonuclease deficient). The amplified samples were then hybridized to oligonucleotide 

arrays (Nimblegen Mouse ChIP-chip 2.1M Whole-Genome Tiling - Array 10 of 10) which cover 

10% of mouse genome at a 100bp resolution. This microarray encompasses mouse 

chromosomes X, Y and 19 completely and chr18 partially. Regions that showed DNA methylation 

from this experiment were then further verified by bisulfite sequencing and COBRA analysis. 

Immunoprecipitation experiments to show interaction between LSD1 and DNMT1 were also 

carried out and DNMT1 stability after the loss of LSD1 was checked by western blotting. 

Immunoprecipitation using an antibody against LSD1, followed by mass-spectrometry and 

MudPIT (Multidimensional Protein Identification Technology) analysis is shown in Figure 2.2. 
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Results: Loss of LSD1 does not change DNA methylation or DNMT1 stability 

The results from MeDIP and bisulfite sequencing are discussed in more detail in chapter 

3. Briefly, we did not observe any significant changes in DNA methylation either locally or 

genome wide or DNMT1 instability (Figure 3.1). Immunoprecipitation using an antibody against 

LSD1 could not pull down DNMT1 as adjudged by western-blotting where as LSD1 could 

efficiently pull down other proteins in the Co-REST complex. Indeed, these results were 

corroborated when we could detect MTA2 (a member of the NURD complex [10]) but not DNMT1 

by MudPIT analysis of protein samples immunoprecipitated with LSD1 and analyzed by MS-MS 

sequencing. 

Figure 2.2: LSD1 may not interact with DNMT1. Whole cell extract from wild-type mES cells was immunoprecipitated 
using an antibody against LSD1(A). The immunoprecipitated protein pool was tested for different proteins by western 
blotting (B). C shows the results of MudPIT analysis of the LSD1 IP. DNMT1 could not be detected by either 
immunoprecipitation and western blotting (B) or MS-MS sequencing(C).  

Since we could not observe any changes in DNA methylation or changes in stability of 

DNMT1 upon LSD1 loss, we ignored the role of DNA methylation in subsequent experiments or 

data analysis. 
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Experiment 3: Changes in gene expression upon Knock-Down of LSD1 in mES 
cells 

Total RNA was extracted from cells heterozygous (WT/GT) or homozygous (GT/GT) for 

the β-geo insertion in the LSD1 locus and labeled using Affymetrix GeneChip 3' IVT Express kit 

(Affymetrix), fragmented, and hybridized to Affymetrix Mouse Genome 430 2.0 expression arrays. 

Differentially expressed genes were determined using Vampire and the default settings 

(http://genome.ucsd.edu/microarray).  

Results of experiment 3: LSD1 functions primarily as a repressor 

By comparative analysis, only 16 genes showed a reduction in expression by more than 

50% whereas 224 genes displayed an increase in expression by more 100% (> 2 folds). Table 

2.1 lists some of the genes that showed highest upregulation and downregulation (15 genes 

each) upon LSD1 knock down. 

Table 2.1: Gene expression changes upon LSD1 knock down in mES cells. Only 16 genes are downregulated 
whereas 224 genes are upregulated. 15 genes from each category are shown here. RNA expression was carried out 
on Affymetrix Mouse Genome 430 2.0 expression arrays and data was analyzed by VAMPIRE. 

Top 15 Downregulated Genes Top 15 Upregulated Genes 

Gene LSD1 GT/ WT 
ratio Gene LSD1 GT/ WT 

ratio 
Lce3f 0.111 Xlr5c | Xlr5d-ps | Xlr5a | Xlr5b | 

Xlr5e-ps 53.871 

Casp9 0.114 Pramel7 30 
Olig2 0.277 Tspan8 27.496 
Steap4 0.317 Tcstv1 23.84 
Enpp3 0.324 Tcstv3 23.18 
Prdx2 0.353 Xlr4b | Xlr4c | Xlr4a | Xlr4e | Xlr4d 21.992 
Opa3 0.368 Ushbp1 18.55 
Cd99 0.377 Magea4 17.786 
Khdrbs1 0.389 Krt23 14.637 
Spry4 0.399 Spesp1 12.845 
Ntn1 0.409 Xlr3a | Xlr3c | Xlr3b 12.347 
Naprt1 0.417 Dst 11.988 
Utf1 0.445 Scml2 11.689 
Spry4 0.448 Eif1a 11.314 
Cxcl12 0.452 Pramel3 11.146 

 

http://genome.ucsd.edu/microarray
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Experiment 4: Studying the changes in epigenetic landscapes upon loss of LSD1 

in mES cells.  

As discussed earlier, LSD1 has been showed by numerous studies to be a repressor in 

general which is important for proper differentiation and maintainence of a cell type. Also our 

earlier efforts have indicated that it might have an important role in regulation of H3K4 

methylation at enhancers. This encouraged us to conduct a GWLA study focusing on H3K4 

methylation, H3K9 methylation and H3K27 acetylation. These epigenetic marks were chosen for 

several reasons. Firstly, H3K4me3 and H3K27 acetylation are marks for active chromatin and 

H3K27Ac has been shown to be a histone modification found at both active promoters and 

enhancers against “poised” promoters and enhancers. H3K27Ac and H3K4me3 are also 

associated with active transcription. H3K4me1, H3K4me2, H3K9me1 and H3K9me2 were chosen 

not only because these histone modifications have been implicated as substrates for LSD1 but 

also because these histone modifications are found at or near both promoters and enhancers. 

Sonicated chromatins from two independently grown LSD1-WT and LSD1-KD (LSD1 

GT/GT) mES cells were immunoprecipitated with antibodies against these 6 marks and libraries 

were prepared as described in chapter 1. PCR amplified libraries were then labeled (Input with 

Cy3 and IP with Cy5) using standard protocols from Nimblegen and hybridized to their “mouse 

ChIP-chip 2.1M Whole-Genome Tiling - Array 10 of 10” (Catalog # 05542600001) which covers 

10% of mouse genome and most importantly chrX as chrX carried the maximum number of 

genes that showed mis-regulation upon LSD1 loss. The microarray data was normalized and 

analyzed by Nimblescan. The antibody against human LSD1 used for the GWLA experiments in 

K562 cells was also included in these experiments but it was excluded from analysis as the 

antibody could not detect mLSD1 due to a difference from the epitope in hLSD1, it was raised 

against. This limited our ability to study the binding sites of LSD1 in these two cell types. 

Nevertheless, the observations made for other histone modifications were very significant. 
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Results for experiment 4:  

Upregulated genes show increased H3K4me3, H3K4me2 and H3K27Ac at 

promoters but also show increased H3K9me2 and H3K9me1 

 Focussing on the genes that were upregulated upon loss of LSD1 in mES cells, it was 

observed that promoters of these genes that showed an increase in transcription also showed an 

increase in H3K27Ac and H3K4me3, the hallmarks of active transcription. Figure 2.3 and Figure 

2.4 show the landscape of the six histone modifications in Xlr5c and Magea4 respectively, two of 

the 54 genes with increased expression that were tiled on these microarrays encompassing 10% 

of the mouse genome. 
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LSD1 loss also results in epigenetic changes at loci with no significant changes in 

expression 

The observation that upregulated genes showed an increase in occupancy of histone 

modifications associated with histone modifications at promoters was expected, but surprisingly, 

we also observed changes in epigenetic landscapes at regions that did not show a significant 

change in gene expression. Data for the Plce1 locus is shown in Figure 2.5A. The same data 

could also be represented in a Figure displaying only relative changes in histone modifications at 

known promoters and enhancers to give a much simpler overall picture as in Figure 2.5B. The 

Figure clearly shows that loss of LSD1 results in a significant increase in H3K4me3, H3K27Ac, 

H3K9me2 and H3K9me1 at both promoters and enhancers (Figure 2.5B) at the Plce1 locus. 

Similar changes were observed throughout the region tiled on the microarray and another 

representative enhancer is shown in Figure 2.6. We also observed H3K27Ac and H3K4me3 at 

random regions that did not show presence of any of the histone modifications studied in the WT 

mES cells (data not shown here). It was evident from visual analysis of this data that LSD1 loss 

results in increased H3K27Ac and H3K4me3 at numerous locations in the genome which 

suggests LSD1’s main role as a repressor which is required for proper maintainence of the 

epigenome.   
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Global epigenetic changes occurring at promoters and enhancers as a result of 

loss of LSD1 in mES cells 

Although LSD1 loss resulted in significant increase in H3K27Ac and H3K4me3 and other 

histone marks at promoters, enhancers and other random regions in the genome as observed by 

the visual analysis, a more systematic approach was needed to study these changes. The 

microarrays used in this study encompassed 10% of the mouse genome. This region covering all 

of chrX, chrY and chr19 and portions of chr18 encompassed 5475 refseq transcription start sites 

and 2435 enhancers. Enhancers were defined as regions with high H3K4me1 and very little or no 

H3K4me3 that were at least 2500 bp away from the promoters. Although this cutoff might have 

excluded several promoter-proximal enhancers, we realized that 2435 enhancers were enough to 

provide us statistically significant differences in the profile.  

GWLA signals for all the modifications were calculated in 500bp shifting bins at 50 bp 

intervals for regions within 5000bp on each side ( ± 5kb) of these TSS and enhancers and the 

averages around these TSSs(or enhancers) were plotted. The average signal for the H3K27Ac 

and H3K4 methylation along with the average difference around the promoters are shown in 

Figure 2.7 and that for H3K9me2 and H3K9me1 in Figure 2.8. Results from similar analysis for 

the epigenetic marks at enhancers are shown in Figure 2.9 and 2.10. It should be kept in mind 

that defining enhancers on the basis of H3K4me1 signal is always approximate in contrast to the 

single base pair definition of most of the transcription start sites which results both in smaller 

signal (when averaged globally) and broader peaks at enhancers compared to those of 

promoters. These Figures confirmed our earlier findings that LSD1 knock down results in an 

increase in H3K27Ac, H3K4me3, H3K9me2 and H3K9me1 at both promoters and enhancers, the 

patterns of which are surprising similar across both the categories. LSD1 loss also resulted in a 

relatively small decrease in H3K4me2 at both promoters and enhancers. There was no effect of 

LSD1 loss on H3K4me1 at promoters but H3K4me1 was decreased around the enhancers. 
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Figure 2.7: Epigenetic changes at promoters upon loss of LSD1 in mES cells. LSD1 loss results in a profound 
increase in H3K27Ac (A) and H3K4me3 (B) at promoters but H3K4me1 (D) at promoters is not affected,when 
averaged globally. C shows that H3K4me2 at promoters is slightly reduced after LSD1 loss. GWLA signal were 
averaged from -5 kb to +5kb around the TSS as shown by origin on the x-axis. Data from 5475 Refseq promoters is 
shown here. 
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Figure 2.8: Global changes in H3K9 methylation at promoters upon loss of LSD1 in mES cells. H3K9me1 and 
H3K9me2 show a general pattern of depletion at the TSS. Upon loss of LSD1, the depletion near the TSS is 
decreased. GWLA signal were averaged from -5 kb to +5kb around the TSS as shown by origin on the x-axis. Data 
from 5475 Refseq promoters is shown here. 

 

Figure 2.9: Global changes in H3K9 methylation at enhancers upon loss of LSD1 in mES cells. Globally, 
H3K9me2 shows a general pattern of depletion at the enhancers. Upon loss of LSD1, H3K9me2 depletion around the 
enhancers is reduced whereas H3K9me1 enrichment is increased slightly. GWLA signal were averaged from -5 kb to 
+5kb around the predicted enhancers as shown by origin on the x-axis. Data from all of 2435 enhancers is shown here. 
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Figure 2.10: Epigenetic changes at enhancers upon loss of LSD1 in mES cells. LSD1 loss results in a profound 
increase in H3K27Ac (A) and H3K4me3 (B) at enhancers but H3K4me2 (C) and H3K4me1 is decreased slightly. This 
decrease in H3K4me1 and H3K4me2 could be explained by increased H3K4me3. GWLA signal were averaged from -5 
kb to +5kb around the predicted enhancers as shown by origin on the x-axis. Data from all of 2435 enhancers is shown 
here. 
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Experiment 5: Knock-Down of JARID1C in K562 cells and gene expression analysis 

As explained in chapter 1, JARID1C was the second H3K4 specific demethylase that 

showed binding at enhancers in K562 cells. To study the role of JARID1C on gene regulation, 

Retro-virus expressing shRNAs against either JARID1C (2 shRNAs) or a control sequence were 

stably integrated in K562 cells and JARID1C knock-down was verified by western blotting (Figure 

2.2). 

 

Figure 2.11: Retrovirus mediated stable knockdown of JARID1C in K562 cells.  Several retroviruses expressing 
shRNA against JARID1C/SMCX were stably integrated in K562 cells. As a control K562 were also similarly treated with 
a control shRNA.  

Total RNA was isolated from these K562 cells and expression analysis was carried out 

by Phalanx Biotech Group (Belmont, CA) on their human HOA 4.3 arrays carrying 30970 genes. 

The data was analyzed as a part of the service offered.  

Result: JARID1C loss in K562 cells results in both upregulation and 

downregulation of a significant and similar number of genes indicating that JARID1C 

could function both as a repressor and an activator through independent mechanisms 

580 genes displaying a differential expression with a p-value <0.001 with both the 

shRNAs for JARID1C were selected as genes that were affected by JARID1C knock down. Out of 

these 166 genes were upregulated and 160 genes were downregulated using a threshold of a 
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50% change in gene expression. Some of the genes showing maximal changes are tabulated in 

table 2.2. We observed similar numbers in HelaS3 cells using transient knock down of JARID1C 

using siRNA where 199 genes were upregulated and 480 genes were down-regulated 

globally(data not shown).  

Table 2.2: Gene expression changes upon JARID1C knock down in K562 cells. Only 20 genes showing the 
maximal changes are shown here. Genes that showed consistent change with both the 2 shRNA constructs were 
included and selected for p-value < 0.001. 580 genes were differentially expressed upon JARID1C loss where 166 
genes were upregulated and 160 genes were downregulated. 

Top 20 Downregulated Genes Top 20 Upregulated Genes 

STAT5A STAT3 
PARP10 RPS15A 

ALDH1A1 VPS37C 
KLHL25 SLC4A1 

FN1 G0S2 
JARID1C THOC2 
GSTA3 TBX1 

SP6 SC4MOL 
WNT5B BFSP1 
EIF4G3 TNS1 
ISG15 ALAS2 

PITPNA ALDH1L2 
FAM123B KCNE3 
PPM1H CA1 
SELM MS4A3 

KCNH2 IDH1 
PLAU LAPTM5 

SLC19A1 ATF3 
VPS37B S1PR1 

DLG5 HIST2H2BE 
 

This observation of both upregulation and downregulation of significant number of genes 

upon loss of SMCX in contrast with the effect on gene expression after loss of LSD1 loss points 

to a possibility that in contrast to LSD1, which mainly functions as a repressor, JARID1C may 

function both as a repressor or a co-activator depending on the context of the gene.  

 Since JARID1C, an H3K4me3/2 demethylase interacts with co-repressors like REST and 

has been shown to be in complex with HDACs like HDAC1 and HDAC2, we postulated that 
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JARID1C may act as a repressor at promoters but since it cannot demethylate H3K4me1, it could 

have an important role at enhancers where it contributes positively to the activity of an enhancer.  

 Since we had conducted JARID1C GWLA on only 1% of human genome, only few genes 

existed for which we had JARID1C GWLA data and that showed a change in gene expression. 

We then visually compared the presence of JARID1C at promoters or enhancers of genes that 

showed changes in expression with RNAi using both the shRNAs for JARID1c. Indeed, genes like 

SLC22A4, P4HA2, RAD50 and numerous others that showed strong presence of JARID1C at 

promoters in K562 cells showed an increased expression upon JARID1C RNAi confirming the 

role of JARID1C as a co-repressor, but interestingly, a small subset of genes that did not show 

the presence of JARID1C at their promoters but showed binding by JARID1C at a nearby 

enhancer showed a pattern of decrease in gene expression. A Figure showing JARID1C binding 

at enhancers of some of these genes that were down-regulated upon SMCX loss are shown in 

Figure 2.12. This observation points to an important role for JARI1C where it positively regulates 

the expression of some genes by an unknown enhancer mediated mechanism. 
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Discussion 

 LSD1 has a role as a repressor at both enhancers and promoters 

It has been known for a few years now that LSD1 primarily acts as a repressor of gene 

transcription where it could demethylate H3K4me2 and H3K4me1 [2, 3]. H3K9me2 and H3K9me1 

have also been shown to be substrates of LSD1 [5] and the scientific consensus is that LSD1 has 

dual substrate specificity. Indeed GWLA experiments in LSD1 mES cells showed a significant 

increase in H3K9me2 and H3K9me1 at both promoters and enhancers upon LSD1’s loss (Figure 

2.8 and 2.9). However, it is hard to believe that LSD1 demethylates H3K9me1 and H3K9me2. 

The first evidence comes from the observation that LSD1 cannot demethylate 

H3K9me2/H3K9me1 in vitro but can demethylate H3K4me2/H3K4me1 under the same conditions 

[2, 3]. Secondly the study that showed that LSD1 could demethylate H3K9me2 was followed by 

another study [18] from the same group where the authors showed that LSD1 interacts with other 

JHDM/JMJD proteins (via androgen receptor)[6] which are enzymes known for demethylation of 

methylated H3K9. 

 I believe it is this co-operation with JMJD proteins specific for H3K9me2/H3K9me1 that 

might be wrongly interpreted as demethylation of H3K9me by LSD1. We believe that LSD1’s 

primary function is carried out by being present in the Co-REST complex which has other co-

repressors like HDACs. Indeed, reduction of LSD1 protein resulted in instability of Co-REST 

protein which helps to explain the reason behind genome-wide increase in H3K27 acetylation at 

promoters, enhancers and other regions. LSD1 seems to be repressor in general where its main 

role is to recruit or stabilize other deacetylating complexes like KAP1 [11, 19], Co-REST [3, 11] or 

Nurd [10] to maintain repressive marks at important regulatory elements in the genome. To this 

end, we are currently conducting GWLA of HDAC1 and Co-REST in the same two mES cell lines. 

Increase in H3K4me3 and decrease in H3K4me2 at enhancers in LSD1 GT mES cells 

can be explained through several possible mechanisms. One possibility is that increased 

H3K4me2 after LSD1 loss can signal some other pathway where H3K4me2 is then further 
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methylated to H3K4me3. This could be either through a H2B ubiquitination dependent pathway or 

the mere presence of increased transient H3K4me2 which can be recognized by MLLs and then 

methylated to H3K4me3. To this end, we are currently conducting GWLA of H2BK120 

ubiquitination in the same two cell types to show if LSD1 loss results in increased H2BK120 

ubiquitination at promoters or enhancers. Another possibility could be a result of increased 

acetylation which results in a more open chromatin and thus higher recruitment of H3K4 

methyltransferases. 

 Here it should be mentioned that although H3K4me2/H3K4me1 are known substrates for 

LSD1, it is also possible that LSD1 mediated demethylation might not be needed for maintenance 

of proper histone modification landscapes across the genome from our observation that 

H3K4me1/H3K4me2 show a global decrease at promoters upon loss of LSD1 but this could also 

be a result of increased H3K4me3 where H3K4me1/H3K4me2 residues are further methylated. 

 Differential roles of JARID1C at enhancers and promoters. 

JARID1c has been shown to demethylate H3K4me3/H3K4me2 [14, 15] and shown to be 

presented in complexes associated with HDACs [15]. These observations point to its primary 

function as a repressor and is supported by our gene expression data in K562 cells where genes 

that showed presence of JARID1C at promoters in K562 cells showed an increased expression 

after loss of JARID1C by shRNA mediated knock down. The observation of reduction of 

expression of almost equal number of the genes by JARID1C loss points to a surprisingly novel 

function of JARID1C, where it may possess two different roles, repression at promoters and 

activation possibly through its action at enhancers. Indeed, results from our JARID1C GWLA and 

JARID1C knock-down experiments point to a possibility where recruitment of JARID1C at 

enhancers could activate nearby gene/genes. This activity could also be explained through 

several different possible pathways. One possibility is that JARID1C could be present in two 

different kinds of complexes, an activating complex at enhancers but in a repressor-deacetylase 

complex at promoters. Another interesting possibility is that JARID1C’s own enzymatic activity to 
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demethylate H3K4me3/H3K4me2 to generate H3K4me1 at enhancers which could then be 

presented to other enhancer-specific activating enzymatic complexes. This makes JARID1C an 

interesting candidate to be studied in the same manner as we did for LSD1 by doing GWLA for 

JARID1C and other histone modification in JARID1C KD/KO cell line. To this end, we are 

planning to do this study in a JARID1C mES cell line as a part of collaboration with Dr. Shigeki 

Iwase from Dr. Yang Shi’s lab at Harvard medical school, Boston. 

Regulation and mis-regulation of enhancer activity by LSD1 and JARID1C  

Recently, it has been shown that RNA-pol II dependent transcription could be observed 

at active enhancers [20, 21] employing either deep sequencing of nascent RNA (nuclear RNA seq) 

[21] or sequencing of RNA produced in a run-on reaction on isolated nuclei (GRO-seq) [20]. Since 

the loss of LSD1 results in an increase of H3K4me3 and H3K27Ac, histone modifications 

generally associated with active transcription, we postulate that LSD1’s has an additional role in a 

mammalian cell, to suppress spurious transcription from sites away from the promoters and thus 

promote both genomic stability[9] and proper transcriptome. Thus it is very encouraging to follow 

the above two novel techniques to study transcriptional activity of enhancers and possible role of 

JARID1C and LSD1 in maintaining proper enhancer activity. To this end, we are currently 

conducting both Nuclear-RNA-seq and GRO-seq in WT mES cell lines and mES cell line deficient 

in LSD1 or JARID1C. These experiment should also enable us to study the effect of transcription 

at enhancers on the expression of nearby genes as we expect that LSD1 loss may increase the 

activity of enhancers (as shown by increased H3K4me3 and H3K27Ac) and that JARID1C loss 

may decrease the enhancer activity (as shown by a decrease in mRNA expression of nearby 

genes). 
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Abstract 

Endogenous retroviruses (ERVs) constitute a substantial portion of mammalian 

genomes, and their retrotransposition activity helped to drive genetic variation, yet their 

expression is tightly regulated to prevent unchecked amplification. We generated a series of 

mouse mutants and embryonic stem (ES) cell lines carrying “deletable” and “rescuable” alleles of 

the lysine-specific demethylase LSD1/KDM1A. In the absence of KDM1A, the murine 

endogenous retrovirus MuERV-L/MERVL becomes overexpressed and embryonic development 

arrests at gastrulation. A number of cellular genes normally restricted to the zygotic genome 

activation (ZGA) period also become up-regulated in KDM1A mutants. Strikingly, many of these 

cellular genes are flanked by MERVL sequences or have cryptic LTRs as promoters that are 

targets of KDM1A repression. Using genome-wide epigenetic profiling of KDM1A mutant ES cells, 

we demonstrate that this subset of ZGA genes and MERVL elements displays increased 

methylation of histone H3K4, increased acetylation of H3K27, and decreased methylation of 

H3K9. As a consequence, KDM1A mutant ES cells exhibit an unusual propensity to generate 

extraembryonic tissues. Our findings suggest that ancient retroviral insertions were used to co-opt 

regulatory sequences targeted by KDM1A for epigenetic silencing of cell fate genes during early 

mammalian embryonic development. 

Keywords 

lysine-specific demethylase 1 (LSD1/KDM1A), murine endogenous retrovirus (MuERV-

L/MERVL), chromatin, embryonic stem (ES) cell fate, zygotic genome activation (ZGA), gene 

regulation 

Introduction 

Retrotransposable elements (REs) and their remnants account for ∼40% of mammalian 

genomes (Waterston et al. 2002). REs include members of the long terminal repeat (LTR)-

containing endogenous retroviruses (ERVs), and the non-LTR-containing retrotransposons 



85 
 

(LINE-1 and SINE-1). The expression of these elements is tightly regulated during embryonic 

development to balance the potentially damaging effects of widespread retrotransposition against 

the benefits of promoting genetic diversity and thus gene and regulatory innovation. The long-

term silencing of REs has been attributed to DNA CpG methylation (Reik 2007). However, 

additional repressive machinery likely acts to silence retrotransposition during reprogramming in 

the germline and early embryonic development, since DNA is largely demethylated during these 

key time windows (Morgan et al. 2005; Golding et al. 2010; Popp et al. 2010). 

Silencing of REs can also be controlled by the state of histone methylation. Recruitment 

of histone H3K9 methyltransferase ESET by the corepressor KAP1 is responsible for silencing 

intracisternal A particles (IAPs) (Matsui et al. 2010; Rowe et al. 2010). Histone methylation, 

however, can also contribute to gene activation. For example, trimethylation of histone H3K4 is 

associated with active or poised promoters (Bernstein et al. 2006), while monomethylation is 

associated with enhancers (Heintzman et al. 2007, 2009). The methylation of histone tails is 

regulated by not only the histone methyltransferases (HMTs) that catalyze the addition of methyl 

groups to lysine residues, but also the lysine demethylases (KDMs) that remove methyl groups. 

The first KDM identified was the lysine-specific demethylase 1 LSD1/KDM1A, which 

demethylates histone H3 mono- and dimethyl K4 (Shi et al. 2004). The demethylating activity of 

KDM1A can either enhance or repress gene expression, depending on the affected histone 

residue. KDM1A had been characterized previously as a component of the HDAC1/2-containing 

CoREST complex that mediates the repression of REST target genes outside of the nervous 

system (Andres et al. 1999; You et al. 2001). Delivery of siRNA against KDM1A in cell lines leads 

to up-regulation of target genes with a concomitant increase in H3K4 methylation at their 

promoters (Shi et al. 2004). In contrast, KDM1A mediates activation of the androgen and 

estrogen receptors via demethylation of H3K9 (Metzger et al. 2005; Garcia-Bassets et al. 2007; 

Wang et al. 2007; Hu et al. 2008). Because of the divergent activities attributed to KDM1A, a 

genome-wide analysis of chromatin modifications in KDM1A mutants would help to clarify its 

function. 
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KDM1A is a highly conserved protein from fission yeast to humans. Genetic deletion of 

KDM1A orthologs in model organisms leads to a range of phenotypes, including slow growth and 

sterility in fission yeast, progressive sterility in worms, and sterility and other developmental 

defects in flies (Nottke et al. 2009). Embryonic stem (ES) cells lacking KDM1A derived by gene 

targeting were reported to display hypomethylation of DNA, which was attributed to low levels of 

the maintenance DNA methyltransferase DNMT1 (Wang et al. 2009). Yet the embryonic lethality 

observed in KDM1A mutants is unlikely to be caused solely by DNMT1 loss and hypomethylation 

of DNA, as Dnmt1 mutant embryos survive to midgestation, whereas KDM1A mutants die earlier 

at gastrulation (Li et al. 1992; Wang et al. 2007, 2009). Thus, the basis for KDM1A's critical 

requirement in early mammalian development is unclear. 

In this study, we isolated three different types of homozygous ES lines from blastocysts 

for functional studies of KDM1A: (1) a conditional “rescuable” gene trap allele, (2) a “deletable” 

floxed allele with an inducible Cre, and (3) a null allele. Unlike previously reported KDM1A mutant 

ES lines generated by two rounds of gene targeting (Wang et al. 2009), our ES lines isolated from 

embryos displayed normal levels of DNA methylation. Using high-throughput mRNA sequencing 

and microarray analyses, we discovered that MERVL retroviruses become expressed in KDM1A 

mutant ES cells and blastocysts. A small group of cellular genes were also highly derepressed in 

KDM1A mutant ES lines. Strikingly, the majority of these up-regulated genes had remnants of 

LTRs within 2 kb of their transcription initiation sites, and the LTRs were sufficient to confer 

KDM1A-dependent repression on reporter genes. Genome-wide epigenetic studies revealed 

multiple chromatin modifications associated with the derepression, including hypermethylation of 

histone H3K4, hyperacetylation of H3K27, and hypomethylation of H3K9. These data suggest 

that KDM1A plays an essential role in repressing gene expression in early development by 

opposing activating histone marks at LTR sequences flanking MERVL REs and cellular genes. 

Moreover, our findings indicate that endogenous retroviral LTR sequences have been adapted to 

establish repressive chromatin modifications at the promoters of genes normally silenced in early 

embryos. 
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Results 

KDM1A mutant ES cells express DNMT1 and display normal global DNA 

methylation 

To examine KDM1A's function, we characterized several mouse lines with different types 

of KDM1A mutations, including a “Cre-rescuable” gene trap mutation (GT) (Supplemental figure 

S1A), a floxed allele (FL) (Wang et al. 2007), and a null allele (KO) (Wang et al. 2007). 

Intercrosses between heterozygous mice with the wild-type/GT mutation and the wild-type/KO 

mutation revealed that the GT/GT, GT/KO, and KO/KO embryos failed to develop properly due to 

gastrulation defects (Supplemental figure 1B; Supplemental Table 1; Wang et al. 2007, 2009). 

Thus, the GT and KO mutations are genetic alleles. The GT insertion construct was designed 

with LOX sites flanking a splice acceptor that disrupts KDM1A RNA splicing so that Cre can be 

used to rescue KDM1A expression, generating the GTrescue allele. We intercrossed GT mice 

with Sox2::Cre animals to produce KO/GTrescue embryos and found that normal development 

was restored (Supplemental Table 1). Furthermore, mating KDM1A +/KO Sox2::Cre males with 

KDM1A FL/FL females resulted in no viable KDM1A KO/KO mice, indicating that KDM1A is 

required in the inner cell mass derivatives where Sox2 is expressed (Supplemental Table 1). 

Despite the post-implantation lethality of embryos lacking KDM1A, homozygous ES clones were 

derived for all of the KDM1A mutations. 

KDM1A GT/GT ES cells lacked detectable KDM1A protein, as expected, but had normal 

colony morphology and proliferation rates and expressed normal levels of the pluripotency marker 

Oct3/4 (Figure 3.1A; Supplemental figure 1C). It has been reported that ES cells derived by 

successive rounds of KDM1A gene targeting progressively lose global DNA methylation, which 

was attributed to destabilization of the DNMT1 protein (Wang et al. 2009). However, acute 

deletion of KDM1A in ES cells is reported to cause DNA hypomethylation only after 25 d (Foster 

et al. 2010). We found that DNMT1 levels were not significantly reduced in our KDM1A GT/GT 

and KO/KO ES cell lines through at least seven passages (Figure 3.1C,D). Bisulfite sequencing 
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and methylated DNA immunoprecipitation (MeDIP) analyses coupled with whole-genome 

promoter arrays confirmed that KDM1A GT/GT and KO/KO ES cells retain normal patterns of 

DNA methylation at gene promoters and repetitive sequences (including major satellite, minor 

satellite, and IAPs) (Supplemental figure 1D,E,G). Methylation levels of IAP elements and major 

satellite sequences were also normal in KDM1A GT/GT blastocysts (Supplemental figure 1F). To 

ensure that DNMT1 levels had not been restored by secondary compensatory changes during 

our ES cell isolation, we used KDM1A FL/FL ES cells containing a 4-hydroxytamoxifen (4OHT)-

inducible Cre-ERT to acutely delete KDM1A and generate FLrec/FLrec cells. Treatment with 

4OHT lead to a rapid and stable loss of KDM1A protein (Figure 3.1B), but DNMT1 levels 

remained constant (Figure 3.1C,D). As an internal control for monitoring DNMT1 levels with 

immunofluorescence, we transfected KDM1A FL/FL ES cells with Cre recombinase to generate a 

mixed cell population. KDM1A protein disappeared from the transfected cells within 72 h, but both 

KDM1A-positive and KDM1A-negative colonies expressed DNMT1 (Figure 3.1E). Consistent with 

the maintained expression of DNMT1 in these KDM1A mutant cells, global DNA methylation 

remained unchanged following the acute deletion of KDM1A from FLrec/FLrec ES cells (Figure 

3.1F). Taken together, our findings indicate that KDM1A function can be dissociated from the 

maintenance of DNMT1 levels and global DNA methylation with our cell derivation procedure. 
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Figure 3.1: KDM1A mutant ES cells have normal levels of DNMT1 and DNA methylation. (A) Immunoblot analysis 
using the indicated antibodies was performed on KDM1A GT/GT (lanes 1–4), +/GT (lanes 6,8), or +/+ (lanes 5,7) ES 
cells. (B) Immunoblot analysis of KDM1A FL/FL Cre-ERT ES cells treated with vehicle or 4OHT and passaged once 
(p1), twice (p2), or six times (p6) after treatment. (C) Immunoblot analysis of ES lines containing the GT and KO alleles 
at the indicated passage, or a KDM1A FL/FL Cre-ERT ES line treated with vehicle (Veh) or 4OHT after two passages. 
(D) Relative DNMT1 levels from C were quantified using ImageJ software. (E) KDM1A Fl/Fl ES cells were transfected 
with Cre recombinase. Seventy hours after transfection, cells were immunostained with the indicated antibodies and 
overlaid with DAPI. (F) Bisulfite sequencing analysis of the indicated repetitive elements was performed on KDM1A 
FL/FL Cre-ERT ES cells treated with vehicle or 4OHT and passaged two (p2) or six (p6) times. 
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LTR promoters become activated in KDM1A mutant ES cells 

To examine how KDM1A influences gene expression in ES cells, we performed 

microarray analysis on KDM1A mutant ES lines. Four independently derived KDM1A GT/GT ES 

lines were compared with wild-type and +/GT littermate-derived ES lines. To distinguish chronic 

from acute changes in gene expression, we also analyzed mRNA from three KDM1A FL/FL ES 

lines transfected with either GFP or Cre-GFP after FACS enrichment. We found a total of 208 and 

745 probe sets that were differentially expressed in KDM1A GT/GT and FLrec/FLrec ES cells, 

respectively (Supplemental Table 2). The GT/GT data set has increased statistical power, but is 

also susceptible to detecting secondary (and, perhaps, compensatory) gene expression changes 

that arise from the prolonged lack of KDM1A. We therefore focused on the 46 genes that were 

also misregulated upon acute deletion of KDM1A (Supplemental Table 3). Forty-three of the 

genes were up-regulated and only three were down-regulated in KDM1A mutants, one of which 

was KDM1A. Quantitative RT–PCR (qRT–PCR) was used to confirm that Tcstv1, Tcstv3, Similar 

to Tho4, Eif1a (Gm2022), and Zscan4 were up-regulated in all four KDM1A GT/GT lines as well 

as the three FLrec/FLrec lines (Supplemental figure 2A,B; data not shown). To establish that the 

up-regulation of these genes was caused by a lack of KDM1A rather than secondary phenomena, 

we tested whether restoring KDM1A expression to mutant ES cells reduced the levels of the 

overexpressed genes. Cre-mediated rescue of the GT allele partially restored KDM1A expression 

(Supplemental figure 2D), and likewise partially repressed gene expression of the putative target 

genes (Supplemental figure 2C). The inability to completely restore high KDM1A protein levels in 

the GTrescue allele is likely due to the β-geo insertion remaining after cre-mediated excision of 

the splice acceptor (Supplemental figure 1A). 

To confirm these findings and better quantify the transcriptome of KDM1A mutant ES 

cells, we performed mRNA-seq analysis on polyA-enriched mRNAs from (1) KDM1A GT/GT ES 

cells, (2) wild-type ES cells, and (3) KDM1A FL/FL; Cre-ERT ES cells treated with vehicle or 

4OHT for one and six passages. We achieved >16 million 43-base-pair (bp) reads per sample, 

with at least 86.6% of the reads aligning to the mouse genome. We plotted the expression of all 
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UCSC (University of California at Santa Cruz) known genes in reads per kilobase of exon model 

per million mapped reads (RPKM) (Figure 3.2A–C). The majority of genes maintained expression 

within twofold in cells either chronically (GT/GT) or acutely (FLrec/FLrec) lacking KDM1A, but a 

subset of genes were markedly up-regulated in the mutants (Figure 3.2A–C). Furthermore, the 

fold changes in expression were larger in cells that lacked KDM1A over longer periods, consistent 

with progressive changes in transcription regulation. There was a 78% overlap in transcript 

detection between microarray and mRNA-seq methods in wild-type and KDM1A mutant ES cells 

(Figure 3.2D,E). Furthermore, the misexpressed transcripts identified using microarrays were also 

detected with mRNA-seq (Figure 3.2F). 
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Figure 3.2: Gene expression profiling of KDM1A mutant ES cells. (A–C) mRNA-seq was performed on polyA-
enriched mRNAs from KDM1A +/+ and GT/GT ES cells (A) or KDM1A FL/FL Cre-ERT ES cells treated with vehicle or 
4OHT and passaged two (B) or six (C) additional times. Each plot displays the expression value of UCSC known 
genes passing the minimal expression filter in wild-type (X-axis) and corresponding mutant ES (Y-axis) cells. Data 
points in red indicate a greater than fourfold difference in the mutants (numbers indicate the total number of genes with 
a greater than fourfold change), while those in blue indicate a greater than twofold difference. Colored arrows label the 
following genes: Tcstv1 (green), Tcstv3 (red), Zscan4d (orange), Zfp352 (black), Eif1a (purple), and KDM1A (blue). 
(D,E) Comparison of the number of UCSC known transcripts detected by Affymetrix microarrays (using absent and 
present calls) or mRNA-seq (using a minimum threshold of RPKM > 1) in KDM1A +/+ (D) or GT/GT (E) ES cells. (F) 
Expression levels of genes (in RPKM) in KDM1A +/+ and GT/GT ES cells. Genes displayed were those identified as 
misexpressed by microarray analysis in KDM1A mutant ES cells. (G) UCSC genome browser screenshot of mRNA-
seq reads aligning to chromosome 7 in wild-type and KDM1A GT/GT ES cells. GenBank mRNAs are displayed below 
to highlight gene density. Positions of gene clusters displaying increased expression in KDM1A mutant cells are 
indicated. Reads aligning with the Vmn2r cluster do not align to any known or predicted genes and might correspond to 
regulatory RNAs. 
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Intriguingly, when we examined the genomic organization of the derepressed genes, we 

found that the majority (28 of 43, 65%) overlapped segmental duplications (defined as sequences 

at least 1 kb in length with >90% similarity) (Supplemental Table 3). In addition, these 

derepressed genes were found in gene-poor regions of chromosomes and were significantly 

enriched with LTR-containing ERVs and LINE-1 retrotransposons (Figure 3.2G; Supplemental 

figure 3A–E). To determine whether KDM1A might also regulate the expression of REs, we 

aligned mRNA-seq reads to the Repbase database of repetitive sequences. We found that 

MERVL retroviruses were up-regulated >10-fold in KDM1A GT/GT ES cells, prompting us to 

further study its repression by KDM1A (Figure 3.3A–C). Because there are ∼500 full-length and 

nearly 350 protein-coding MERVL elements (Ribet et al. 2008), we tested whether activation of 

these elements was restricted to a small subset or represented a broader population. We found 

many small nucleotide polymorphisms (SNPs) in the expressed MERVL elements that were 

increased in KDM1A mutant cells, indicating that a large number of MERVL elements become 

activated (Supplemental figure 3F). The increase in MERVL expression was partially reversed in 

GTrescue/GTrescue cells (Figure 3.3D) and completely reversed by rescuing with human wild-

type KDM1A, but not a catalytic point mutant (Figure 3.3E,F). Importantly we also detected high 

levels of MERVL Gag proteins in KDM1A mutant ES cells, but only trace levels in wild-type ES 

and GTrescue/GTrescue cells (Figure 3.3G). To exclude the possibility that this an 

epiphenomenon restricted to ES cells, we examined whether MERVL misregulation also occurred 

in mutant embryos. Using immunofluorescence microscopy, we found a marked increase in 

MERVL Gag expression in KDM1A mutant blastocysts (Figure 3.3H). Thus, KDM1A is critical for 

silencing of MERVL retroviruses in preimplantation development. The inappropriate activation of 

latent MERVL viruses precedes the earliest known phenotypic abnormalities in KDM1A mutants. 
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Figure 3.3: KDM1A represses MERVL retroviruses in ES cells and preimplantation development. (A–C) mRNA-
seq was performed on polyA-enriched mRNAs from KDM1A +/+ and GT/GT ES cells (A), or KDM1A FL/FL Cre-ERT 
ES cells treated with vehicle or 4OHT and passaged two (B) or six (C) additional times. Each plot displays the 
expression value (in RPKM) of repetitive sequences in wild-type (x-axis) and mutant (Y-axis) ES cells. Data points in 
red indicate a greater than fourfold difference in the mutants, while those in blue indicate a greater than twofold 
difference. Colored arrows label the following: MERVL (purple), L1- (orange), and SINE-B2 (green). (D) qRT–PCR 
analysis was performed on KDM1A +/+, GT/GT, and GT/GT rescued clones with MERVL Pol-specific primers and 
plotted relative to Gapdh. (E,F) KDM1A FL/FL ES cells stably expressing a neo resistance control plasmid (Con; lanes 
1,2), Flag-hKDM1A (WT; lanes 3,4), or catalytically inactive Flag-hKDM1A (MUT; lanes 5,6) were transfected with 
either GFP alone or Cre-GFP as indicated to remove the endogenous mouse KDM1A alleles. GFP+ cells were 
collected 24 h later and plated for an additional 48 h before being subjected to immunoblot analysis with the indicated 
antibody (E) or qRT–PCR with MERVL primers and plotted relative to Gapdh (F). Error bars represent SD. (G) Whole-
cell extracts from ES cells of the indicated genotype were subjected to immunoblots with the indicated antibodies. (H) 
Immunofluorescence microscopy using anti-MERVL Gag antibodies (red) was performed on KDM1A +/KO or KO/KO 
blastocysts and overlaid with DAPI (blue). 
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To test whether MERVL derepression in KDM1A mutant ES cells was due to improper 

activation of its retroviral LTR, we cloned ∼1 kb of sequence encompassing the 5′ LTR and a 

portion of the Gag sequence from four unique MERVL retroviruses (aligned in Supplemental 

figure 4A). These sequences were inserted upstream of a promoterless luciferase reporter and 

transfected into KDM1A wild-type and mutant ES lines. Although activity was very low in wild-type 

ES cells, all four MERVL reporters were highly up-regulated in KDM1A mutant ES cells (Figure 

3.4A). Importantly, we found that neither the Gag- nor the primer-binding site (PBS) of the 

MERVL virus was required for this activity (Figure 3.4B, Supplemental figure 4B). In contrast, the 

central portion of the 5′ LTR containing a direct repeat and a TATA box was essential for activity 

in KDM1A mutant ES cells (Figure 3.4B; Supplemental figure 4B). As expected, inversion of the 

LTR completely blocked activity of the reporter (Figure 3.4B;Supplemental figure 4B). In sum, 

these data suggest that the MERVL LTR is serving as a bona fide promoter that is repressed by 

KDM1A in wild-type ES cells. 

We next examined the promoters of the KDM1A-repressed genes more closely and 

found that more than half (23 of 43) contained remnants of retroviral LTRs within 2 kb of their 

transcription start sites (Supplemental Table 3). Strikingly, several of the most highly up-regulated 

genes in KDM1A mutant ES cells had transcripts initiating from within the cryptic LTRs—including 

Tcstv1, Tcstv3, BC099439, AU018829, AF067061, LOC639910, Ubtfl1, Chit1, Eif1a (Gm2022), 

and Zfp352—indicating that the LTRs were serving as promoters (Figure 3.4C–E; data not 

shown). To determine if the promoter-proximal sequences were sufficient to confer KDM1A-

dependent repression on reporters, we cloned ∼1 kb of the promoter sequences of Tcstv3, 

Zfp352, and Eif1a (Gm2022), containing retroviral LTRs of the MERVL-related MT2B/C and 

ORR1B1 elements, respectively. These promoters were linked to luciferase and transfected into 

KDM1A wild-type and mutant ES cells. We found that the reporter genes had low basal activity in 

wild-type ES cells, but were highly up-regulated in KDM1A mutant ES cells (Figure 3.4F–H). 

Importantly, deletion of regions encompassing the LTRs in these promoter fragments completely  
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Figure 3.4: Endogenous retroviral LTRs are activated in KDM1A mutant ES cells. (A) Four unique MERVL LTR-
Gag reporter luciferase plasmids (1, 8, 9, and 13) were cotransfected with CMV βgal into KDM1A wild-type or mutant 
ES cells as indicated, and relative luciferase levels were measured 24 h later. Error bars represent SEM. (B) 
Schematic of MERVL retrovirus and truncation mutants generated and tested for promoter activity in KDM1A wild-type 
and mutant cells. Luciferase activity (at least 20-fold over background) is indicated with a plus sign (+). (C–E) Raw 
mRNA-seq reads from wild-type (+/+) and KDM1A GT/GT ES cells were aligned to the mouse genome and displayed 
on the UCSC genome browser at the Tcstv3 (C), Zfp352 (D), and Eif1a (Gm2022) (E) genes with RepeatMasker 
function enabled to visualize the position of LTR elements. (C,E) Detected junctions are also displayed for Tcstv3 and 
Gm2022. (F–H) The promoter-proximal sequences of Tcstv3 (F), Zfp352 (G), and Eif1a (Gm2022) (H), as well as 
deletion constructs (−LTR), as schematized above, were cloned upstream of a promoterless luciferase reporter gene 
and cotransfected with a CMV βgal reporter into KDM1A +/GT or GT/GT ES cells. Relative luciferase activity was 
measured 24 h later and plotted, with error bars representing SEM. 



97 
 

blocked activation of the reporters in KDM1A mutant ES cells (Figure 3.4F–H). Thus, retroviral 

LTRs that have been co-opted by cellular genes as promoters are repressed in a KDM1A-

dependent manner in ES cells. 

KDM1A mutant ES cells display abnormal histone H3 modifications at LTR 

sequences 

Despite using antibodies that immunoprecipitate KDM1A protein with high affinity (Figure 

6B, below), we were unable to successfully perform chromatin immunoprecipitation (ChIP) to 

identify KDM1A target sequences genome-wide. Since KDM1A is a demethyalting enzyme, its 

residence at target genes may be short-lived. To indirectly test whether KDM1A functions as a 

histone demethylase at its putative target genes in ES cells, we performed genome-wide ChIP 

and MeDIP analysis. We used a high-density tiling array encompassing portions of chromosomes 

18, 19, X, and Y for ChIP, and a whole-genome promoter array for MeDIP. In KDM1A GT/GT ES 

cells, we found an increase in active histone marks, including methylation of histone H3K4 and 

acetylation of H3K27 near the promoter/LTR sites of the Tcstv3, AF067061, and AF067063 

genes (Figure 3.5A; Supplemental figure 5A,B), as well as a cluster of highly up-regulated genes 

on chromosome 18 (Supplemental figure 6). Increased acetylation and methylation of histone 

H3K27 and H3K4 were also observed on MERVL retroviruses and ORR1B1 elements (Figure 

3.5B–E; Supplemental figure 3.5C,D). These retroviral-derived sequences also displayed reduced 

dimethylation of histone H3K9 (Figure 3.5D,E), but had no detectable change in DNA methylation 

(Supplemental figure 7A–D). These data indicate that KDM1A is required to maintain chromatin 

modifications associated with gene repression, including hypomethylation of histone H3K4, 

hypoacetylation of histone H3K27, and dimethylation of histone H3K9 at specific genes and ERVs 

in ES cells. 
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Figure 3.5: KDM1A mutant ES cells display histone modifications associated with transcription activation at 
target genes. (A–C) ChIP-on-chip analysis was performed on KDM1A +/+ or KDM1A GT/GT ES cells with histone 
modification-specific antibodies or methylated CpG antibodies (shown on the right). The normalized log2 intensity 
ratios were displayed as individual tracks on the UCSC genome browser for KDM1A +/+ (red) and KDM1A GT/GT 
(green) ES cells, and the tracks were overlaid. Red and green overlapping tracks appear dark green. Tracks from the 
Tcstv3 gene (A), a MERVL retrovirus (B), and a cluster of ORR1B1 and MTB LTRs (C) are shown. The direction of the 
LTRs (5′–3′) is indicated with an arrow. (D,E) The normalized log2 ChIP/Input intensity values (for AcK27, TriMeK4, 
and DiMeK9) from KDM1A +/+ ES cells were subtracted from the corresponding log2 ChIP/Input values from KDM1A 
GT/GT ES cells. The subtracted values for 108 MERVL elements (D) and 307 ORR1B1 elements (E) tiled on 
chromosome 19 are displayed. 
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Endogenous retroviral activation is constrained by KDM1A, HDACs, and KAP1 

independently of DNA methylation 

To provide more mechanistic insight into the KDM1A-dependent repression of retroviral 

LTRs, we immunopurified KDM1A complexes and identified interacting proteins by mass 

spectrometry. We detected numerous proteins that coprecipitated specifically with KDM1A 

(Figure 3.6A), including members of the CoREST complex (RCOR1/2, HDAC1, HDAC2, ZMYM2, 

PHF21a, HMG20B, and ZNF217), as well as the COREST-associated proteins CTBP1/2 (Figure 

3.6B; data not shown). An additional protein found at substoichiometric levels in successive 

affinity purifications was the tripartite motif-containing protein Trim28/KAP1, recently identified as 

a critical corepressor of ERVs (Rowe et al. 2010). The interaction of KAP1 and KDM1A was 

confirmed by immunoblotting with KAP1 antibodies (Figure 3.6B). Immunofluorescence 

microscopy demonstrated that the proteins colocalized in nuclei, with a mixture of overlapping 

and nonoverlapping domains (Figure 3.6C). Thus, it appears that KDM1A and KAP1 complexes 

are heterogeneous. 

It has been proposed recently that silencing of ERVs in preimplantation development and 

ES cells involves a DNA methylation-independent pathway mediated by the KAP1 corepressor 

and the HMT ESET (Matsui et al. 2010; Rowe et al. 2010). Using bisulfite sequencing and 

combined bisulfite and restriction analysis (COBRA) of KDM1A mutant ES cells, we confirmed 

that activation of MERVL retroviruses and Zfp352 occurs despite high levels of methylated DNA 

(Figure 3.6D; Supplemental figure 8A). We next tested the effect of the HDAC inhibitor 

trichostatin A (TSA) and the DNA demethylating agent 5-Azacytidine (5Aza) on MERVL 

expression. TSA treatment caused a significant increase in MERVL mRNA and protein 

expression in wild-type ES cells and was synergistic with KDM1A loss of function, suggesting 

HDACs function cooperatively with KDM1A (Figure 3.6E,H,I). In contrast, 5Aza had little effect on 

MERVL expression, whereas the positive control, IAP, was activated (Figure 3.6E; Supplemental 

figure 8B). This suggests that DNA methylation is not a critical negative regulator of MERVL  
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Figure 3.6: KDM1A, HDACs, and KAP1 cooperate to repress endogenous retroviral sequences in ES cells. 
(A,B) KDM1A complexes were affinity-purified from ES cells and subjected to LDS-PAGE and silver staining (A) or 
immunoblotting (B) with the indicated antibodies. (C) Wild-type ES cells were immunostained with KDM1A and KAP1 
antibodies and subjected to confocal microscopy. (D) Bisulfite sequencing was performed on KDM1A +/+ or GT/GT ES 
cells with primers amplifying the MERVL retrovirus. (E–G) KDM1A +/+ or GT/GT ES cells were treated with TSA or 
5Aza for 24 h. qRT–PCR was performed using primers specific for MERVL Pol (E), Tcstv3 (F), or Eif1a (Gm2022) (G) 
and normalized to Gapdh. The fold change was then plotted relative to untreated KDM1A +/+ ES cells, with error bars 
representing SD. (H) KDM1A +/+, +/GT, or GT/GT ES cells were treated with TSA for 24 h, and cells were subjected to 
immunoblotting with the indicated antibodies. (I) KDM1A FL/FL Cre-ERT ES cells were treated with vehicle or 4OHT 
for 48 h, followed by treatment with TSA for 24 h. Immunoblotting was then performed with the indicated antibodies. 
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expression in ES cells. The KDM1A-regulated genes Tcstv3, Eif1a-like, and Similar to tho4 were 

also sensitive to TSA but not 5-Aza treatment, and TSA was synergistic with KDM1A loss of 

function (Figure 6F,G; Supplemental figure 8C). Thus, KDM1A and HDACs cooperate to repress 

LTR-regulated cellular genes and MERVL retroviruses in ES cells, whereas DNA methylation is 

dispensable. 

KDM1A mutant ES cells generate high levels of extra-embryonic tissues 

Intriguingly, a number of the KDM1A-repressed genes that we identified are transiently 

expressed during zygotic genome activation (ZGA) shortly after egg fertilization. These include 

Zscan4, Tcstv1/3, Eif1a (Gm2022), Similar to Tho4, and Zfp352 (Kigami et al. 2003; Liu et al. 

2003; Svoboda et al. 2004; Zhang et al. 2006; Ribet et al. 2008). Each of these genes either uses 

an LTR as a promoter or contains a MERVL element within 5 kb of its transcriptional start site. 

We thus refer to this subset of cellular developmental genes as LTR-linked ZGA genes. At the 

two/four-cell stage of development, each blastomere is capable of generating both embryonic and 

extraembryonic derivatives, unlike the Oct4+ cells of the inner cell mass, which are restricted to 

generating only fetal tissues. ES cells are derived from the ICM; consequently, their fate is 

likewise restricted to the embryonic lineages. Since KDM1A mutant ES cells expressed ZGA 

genes indicative of an earlier blastomere fate, we tested if KDM1A mutant ES cells had expanded 

fate potential. We found that both wild-type and KDM1A mutant ES cells formed embryoid bodies 

when cultured without leukemia inhibitory factor (LIF) (Figure 3.7A). Both wild-type and KDM1A 

mutant ES cells lost expression of the pluripotency marker Oct3/4 after several days of 

differentiation (Supplemental figure 9A) and showed a similar increase in the embryonic 

mesendoderm marker Brach-T, which differs from a report from Foster et al. (2010) 

(Supplemental figure 9B). Strikingly, KDM1A mutant embryoid bodies expressed significantly 

increased levels of genes characteristic of extraembryonic endoderm (Gata4, Gata6, and Dab2), 

visceral endoderm (Hnf4, Afp, Ttr, Ihh, Rbp, ApoE, Foxa2, and Msg), and parietal endoderm 

(Sparc, Sna, and Pthr1), and reduced expression of the neural ectoderm markers Sox1, Nestin, 

Pax6, and Tubb3 (Supplemental figure 9A–K; data not shown). In addition, KDM1A-deficient ES 
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cells expressed higher levels of the trophoblast stem cell markers Cdx2 and Hand1 

(Supplemental figure 9L). After 8 d in culture, KDM1A mutants had significantly increased 

numbers of HNF4+ visceral endoderm-like cells that were unusually located throughout the 

embryoid body (Figure 3.7B). Despite the increased potential to generate extraembryonic tissues, 

KDM1A mutant ES cells retained the ability to generate beating cardiomyocytes and HB9/TUJ1-

positive motor neurons (Supplemental figure 9M,N). Thus KDM1A mutant ES cells acquire an 

expanded fate potential, rather than become restricted to producing a particular cell lineage. 

  To test the differentiation potential of KDM1A mutant ES cells in vivo, we generated 

teratomas in nude mice. KDM1A mutant teratomas expressed significantly higher levels of 

extraembryonic/parietal/visceral endoderm markers, including Gata6, Sox17, Dab2, Pthr1, Afp, 

Rbp, Ttr, and Ihh (Figure 3.7C). Furthermore, in mutant teratomas, we detected an epithelial layer 

that was positive for the visceral endoderm marker HNF4 that was not detected in wild-type 

teratomas (Figure 3.7D). To demonstrate that this expanded fate potential was not only a 

phenomenon unique to ES cells, we also examined KDM1A mutant embryos at gastrulation 

stages. We found that KDM1A mutant embryos produced significantly greater levels of basement 

membrane that stained positive for collagen IV (Figure 3.7E). This marker is produced by the 

parietal endoderm (an extraembryonic endodermal tissue), suggesting an expansion of this 

lineage in KDM1A mutants. Taken together, these data indicate that the misregulation of LTR-

linked ZGA genes in KDM1A mutants has important functional consequences for the allocation of 

cells to particular lineages. 
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Figure 3.7:  KDM1A mutant ES cells have increased potency to generate extraembryonic lineages. (A,B) 
KDM1A FL/FL Cre-ERT ES cells were treated with 4OHT and maintained for 48 h before growing in bacterial-grade 
dishes in the absence of LIF to induce differentiation. (A) After 48 h, embryoid bodies were imaged by phase-contrast 
microscopy. After 8 d of differentiation, embryoid bodies were immunostained with HNF4 and SOX2 antibodies and 
overlaid with DAPI. Optical confocal sections were then taken through the entire embryoid body. (C) qRT–PCR 
analysis with the indicated primers was performed on tumors derived from Kmd1a Fl/FL CreERT ES cells treated with 
vehicle (WT) or 4OHT (Mut). Error bars represent SD. (Ecto) Ectoderm; (Meso) mesoderm; (ExEn) extraembryonic 
endoderm; (PE) parietal endoderm; (VE) visceral endoderm. (D) Tumors derived from KDM1A wild-type (WT) and 
mutant (Mut) ES cells were immunostained with the VE marker HNF4 and the neural marker TUJ1 and counterstained 
with DAPI. (E) Cryosections from KDM1A wild-type (WT) and KO/KO (Mut) embryos at embryonic day 6.5 were 
immunostained with anti-collagen IV antibodies and counterstained with DAPI. (F) Model of KDM1A function in the 
coordinated repression of MERVL and extraembryonic cell fate potential. In ES cells derived from the ICM, MERVL 
retroviruses and a subset of ZGA genes that are LTR-linked are repressed by KDM1A, and cell fate is restricted to 
embryonic lineages. In KDM1A mutants, MERVL and LTR-linked ZGA genes are improperly activated, resulting in an 
expanded fate potential to generate extraembryonic tissues. 
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Discussion 

In this study, we explored the function of KDM1A in early development by isolating ES 

cell lines containing conditionally deletable and rescuable alleles of KDM1A. We discovered that 

KDM1A is required to silence ERVs and regulate histone methylation and acetylation at LTR 

sequences. Interestingly, we found that a number of cellular genes expressed during ZGA, but 

then silenced by the blastocyst stage, have promoters derived from cryptic LTRs. These LTR-

linked ZGA genes become derepressed in KDM1A mutant cells, which coincides with an 

expanded cell fate potential. We propose a model whereby KDM1A recruitment to LTRs alters the 

chromatin around these sites, helps to guard the genome against excessive retroviral activity, and 

prevents embryonic cell lineages from inappropriately developing into extraembryonic tissues 

(Figure 3.7F). 

KDM1A regulation of transcription correlates with histone modifications 

We performed a series of microarray and mRNA-seq analyses on wild-type and KDM1A 

mutant ES lines isolated from blastocyst embryos and identified a set of genes that consistently 

became derepressed. Others have reported that KDM1A stabilizes DNMT1 and maintains global 

DNA methylation using mutant ES cells that had undergone double targeting, prompting us to test 

if this was the underlying basis for the changes in gene expression that we detected (Wang et al. 

2009). However, we were unable to find a correlation between gene derepression and DNA 

hypomethylation. First, we detected DNMT1 in multiple KDM1A mutant ES lines. Second, DNMT1 

expression was maintained in cells chronically lacking KDM1A as well as cells following acute 

deletion of KDM1A. Third, MeDIP, bisulfite sequencing, and COBRA failed to identify changes in 

DNA methylation in KDM1A mutants. Fourth, we detected reproducible chromatin modifications at 

LTR sequences. Fifth, Dnmt1 mutant mice develop beyond gastrulation, when KDM1A mutants 

die (Li et al. 1992; Wang et al. 2007), suggesting that the loss of DNMT1 is not the critical defect 

in KDM1A mutant embryos. Although KDM1A mutant ES culture conditions appear to favor 

DNMT1 down-regulation over extended passages (Wang et al. 2009; Foster et al. 2010), our 
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studies find a strong correlation between KDM1A-dependent gene regulation and histone 

modifications rather than DNA methylation. 

The intrinsic catalytic activity of KDM1A is specific for demethylating mono- and dimethyl 

lysine (Shi et al. 2004), yet we detected a wide variety of histone modification changes in KDM1A 

mutant ES cells. For example, we found elevated levels of trimethyl H3K4 in KDM1A mutants. 

Perhaps this occurs indirectly due to increased recruitment of RNA polymerase and its associated 

HMTs. Likewise, hyperacetylation of H3K27 is also detected in KDM1A mutants. Since HDAC 

proteins copurify in KDM1A complexes, it is likely that an additional way KDM1A contributes to 

gene repression is recruitment of HDACs to LTR sites. This is consistent with our finding that 

HDAC inhibitors activate KDM1A target genes in ES cells, and with the findings that CoREST 

complexes lacking KDM1A or carrying catalytic mutants of KDM1A have reduced HDAC activity 

(Lee et al. 2006; Foster et al. 2010). Finally, it is unclear how H3K9 becomes demethylated in 

KDM1A mutants, although it is likely due to the altered activity of repressive HMTs. Intriguingly, 

conditional deletion of the histone H3K9 methyltransferase G9A leads to up-regulation of genes 

that overlap with KDM1A mutants (Yokochi et al. 2009). Thus, KDM1A and G9A activity may be 

linked. 

Epigenetic regulation of ERVs 

ERVs are expressed and epigenetically silenced in complex patterns during embryonic 

development. For example, MERVL expression peaks at the two/four-cell stage, whereas IAP 

expression is high in blastocyst embryos before being silenced during gastrulation (Svoboda et al. 

2004). It is widely accepted that the long-term silencing of ERVs and retrotransposons is 

controlled by DNA methylation (Reik 2007). However it is also becoming clear that DNA 

methylation is not sufficient for silencing of ERVs in preimplantation development and mouse ES 

cells. Indeed IAPs are highly activated in ES cells lacking the HMT ESET and the corepressor 

KAP1. Intriguingly, this activation occurs despite the continued presence of DNA methylation, 

suggesting the ESET-mediated histone modifications are dominant (Matsui et al. 2010; Rowe et 
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al. 2010). Furthermore, a recent genome-wide methylation analysis in human ES cells failed to 

detect a correlation between CpG methylation and gene expression (Lister et al. 2009). Likewise, 

we now demonstrate that MERVL is activated in KDM1A mutants despite high levels of DNA 

methylation. These data suggest that DNA methylation is not sufficient for ERV silencing in ES 

cells, and that additional repressive machinery is required to establish silent chromatin domains. 

However, this machinery appears to be combinatorial in nature, as different classes of ERVs (like 

MERVL, IAP, and MusD) harbor distinct histone modifications and are differentially affected by 

KAP1, ESET, and KDM1A loss of function (Mikkelsen et al. 2007; Matsui et al. 2010; Rowe et al. 

2010). Therefore mammalian embryos appear to have evolved a mixture of epigenetic pathways 

to protect their genomes from damage caused by overexpression or prolonged expression of 

these mutagenic agents. 

Although we cannot rule out the possibility that KDM1A indirectly represses MERVL 

elements and LTR-linked ZGA genes via regulation of the expression or activity of another factor, 

we favor a model in which KDM1A is recruited along with KAP1 to their targets in ES cells to 

maintain chromatin in a repressed state via active histone H3K4 demethylation. This model best 

explains the altered histone modifications, the increased activity of LTR promoters, and the 

progressive changes in gene expression that occur upon KDM1A deletion. Since KAP1 is a 

general corepressor for KRAB (Kruppel-associated box) zinc finger proteins and is recruited by 

the KRAB-containing Zfp809 to repress the murine leukemia virus in ES cells (Wolf and Goff 

2007, 2009; Wolf et al. 2008), it is likely to be recruited to its target sites by yet-to-be identified 

KRAB-ZFPs that have undergone strong positive selection during evolution (Emerson and 

Thomas 2009). Interestingly, we observed ZNF217 and several novel ZFPs in KDM1A 

immunoprecipitates (TS Macfarlan and SL Pfaff, unpubl.). Thus, KAP1 and KDM1A's activity may 

be regulated in a developmental and gene-specific manner by the coordinated expression of zinc 

finger DNA-binding partners. 
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ERVs and mammalian extra-embryonic tissue development 

Early studies of genome structure quickly recognized that repetitive DNA is abundant, but 

it was unclear whether this represented parasitic nucleic acid or provided selective advantages 

for animals. It is now thought that ERVs helped to drive genome evolution in a variety of ways, 

such as facilitating recombination that causes gene deletions, duplications, and rearrangements, 

and providing regulatory sequences for cellular gene transcription (Goodier and Kazazian 2008; 

Cohen et al. 2009). In addition, the gag and envelope proteins encoded by ERVs appear to 

benefit the host by interfering with new viral infections as well as mediating cell fusions that 

establish the multinucleated syncytiotrophoblasts of the placenta (Benit et al. 1997; Jern and 

Coffin 2008). 

ERVs are expressed at high levels in placental tissues, and for decades it has been 

considered likely that they contributed to the evolution of viviparity (live birth) (Black et al. 2010). 

In addition to co-opting envelope proteins for extraembryonic cell fusion, the placental gene 

CYP19A1 derived its promoter from the MER21A LTR, presumably because it is highly active in 

this tissue (Cohen et al. 2009). The cellular interactions that distinguish extraembryonic from 

embryonic cell fate occur very early in development. Shortly after the totipotent two/four-cell 

stage, the trophectoderm and embryonic lineages become specified. By the late blastocyst stage, 

the cells allocated to the inner cell mass are committed to produce the embryonic tissues but not 

extraembryonic endoderm and placenta. This distinction is preserved in vitro, as ES cells derived 

from the inner cell mass have a low capacity for generating extraembryonic tissue and normally 

suppress the expression of endogenous (and exogenous) retroviruses. 

Our studies identified a novel function for MERVL LTRs in the specification of the 

totipotent two/four-cell fate that serves as the precursor for both embryonic and extraembryonic 

tissue types. In the absence of KDM1A, MERVL expression is up-regulated in both ES cells and 

blastocyst stage embryos. It is unclear why MERVL retroviruses are normally repressed in the 

embryonic lineages, although this might help to protect the germline from acquiring excessive 
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mutations, and therefore could provide a selective advantage. Interestingly, we also discovered 

that a subset of early zygotic genes expressed exclusively in two/four-cell embryos (during ZGA) 

became up-regulated in ES cells lacking KDM1A. This derepression was associated with a 

remarkable change in ES cell developmental potential. Rather than becoming more restricted in 

cell fate, ES cells lacking KDM1A function have an expanded fate potential. Namely, KDM1A 

mutant ES cells acquire the ability to generate both extraembryonic and embryonic cell types. 

This finding suggests that inhibitors of KDM1A activity or ectopic expression of one or more of the 

downstream target genes of KDM1A may prove to be beneficial for cell reprogramming. We found 

that the concomitant up-regulation of MERVL elements and derepression of early zygotic gene 

expression occur prior to gastrulation. Therefore, one or both of these genetic changes could 

account for the early lethality of KDM1A mutant embryos, and suggest that reprogramming 

strategies should incorporate on–off control over this developmental pathway. 

The coregulation of MERVL elements and cellular genes by KDM1A prompted us to 

examine the regulatory sequences to identify shared features. Genome-wide chromatin studies 

revealed that the same pattern of histone modifications associated with MERVL up-regulation in 

KDM1A mutant cells also occurred at the promoters of the cellular genes. Remarkably, we found 

that a large number of the cellular genes had promoters derived from ancient retroviral insertions. 

These observations suggest that the regulatory elements within the MERVL LTRs that confer 

KDM1A-mediated repression in embryonic cell lineages may have been useful regulatory 

modules for ensuring that inappropriate cellular genes are suppressed in embryonic cells. 

Although our studies focused on the subset of cellular genes containing well-preserved LTRs 

directly within their promoters, our model proposes that retroviral insertions influenced 

neighboring gene expression by helping to recruit the chromatin-modifying enzyme KDM1A. 

Consequently, some of the KDM1A-regulated genes lacking obvious LTR promoters have had 

viral insertions at more distant sites (like Zscan4) or within introns (like Scml2), such that their 

transcription may be influenced by chromatin spreading, although this needs further examination. 

Interestingly, the integration of viruses can often cause genomic rearrangements because of the 
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recombinogenic nature of their repetitive sequences. Depending on the orientation of the 

repetitive sequences, the recombination events can lead to gene duplications and reciprocal 

deletions, and can also lead to the appearance of solo LTRs that predominate the repetitive 

landscape. We noted that many of the genes that became up-regulated in KDM1A mutants were 

regulated by solo LTRs or were part of segmental duplications that were highly variable in copy 

number across species (and, in some cases, were absent in closely related species). Some have 

even been documented to be copy number variant within the mouse lineage, indicating that they 

are rapidly evolving (Church et al. 2009). In summary, our findings indicate that chromatin 

regulation mediated by KDM1A is part of the host's defense against excessive endogenous 

retroviral activity. This repressive strategy appears to have been co-opted to suppress a subset of 

cellular genes in early embryonic development. 

Materials and methods 

Mouse lines 

KDM1A GT mice were generated by injection of RRK075 ES cells (Bay Genomics, 

MMRRC) into C57Bl/6J blastocysts. The resulting chimeric mice were then mated with B6 mice to 

obtain KDM1A +/GT mice. Sox2::Cre and Cre-ERT mice were from Jackson Laboratories (strain 

#004783 and #004847). KDM1A FL and KO mice were described previously (Wang et al. 2007). 

ES cell derivation and culture 

Mouse ES cell lines were derived as described (Bryja et al. 2006). Where indicated, ES 

cells were transfected with pEGFP C1 (Clontech) or pCAGS Cre-GFP (Addgene) using 

Lipofectamine 2000 using a 1:4 ratio of DNA to Lipofectamine. GFP+ cells were then collected 

using a FACSDiVA. KDM1A FL/FL ES cells containing the Cre-ERT transgene were treated with 

1 μM 4OHT or vehicle for 24 h to recombine the FL allele, which was routinely evaluated by 

genotyping PCR. For stable rescue clones, KDM1A FL/FL ES cells were transfected as above 

with pCMV Flag-KDM1A wild type or KDM1A MUT (K661A) and treated with G418 (400 μg/mL) 
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for 7 d before picking colonies and screening for KDM1A expression using anti-Flag antibodies 

(Sigma). For differentiation of ES cells, ∼106 cells were grown in 10 mL of mDiff medium (1:1 

Knockout DMEM:DMEM/F12 [Invitrogen], 5% KOSR [Invitrogen], 1× NEAA [Mediatech], 2 mM L-

glutamine, 14.3 mM 2-mercaptoethanol) in bacterial-grade 10-cm2 dishes, and medium was 

changed every 2 d. Retinoic acid (1 μM) and smoothened agonist (1 μM; Calbiochem) were 

added to induce motor neuron differentiation after 2 d of embryoid body formation. 

Immunofluorescence microscopy 

Cells were fixed with 4% PFA for 10 min, followed by washing with PBS-T (0.05% 

Tween). Cells were then blocked in PBS-T containing 3% BSA for 10 min and stained with 

primary antibody for 1 h at room temperature. After washing three times for 10 min with PBS-T, 

cells were stained with secondary antibody (1:1000 anti-mouse, anti-rat, or anti-rabbit IgG Alexa 

Fluor 488, 555, or 647) for 1 h at room temperature and washed again three times with PBS-T. 

Coverslips were stained with DAPI in PBS for 5 min before being inverted onto slides in mounting 

medium. Cells were then imaged using an Olympus IX81 confocal, an Olympus FV1000 confocal, 

or a Zeiss Axioskop 2 epifluorescence microscope. 

Immunoblotting 

Cell pellets were extracted in 1% NP40 containing 10 mM Tris, 150 mM NaCl, and 1× 

protease inhibitors. Total protein (10–50 μg) in LDS sample buffer was then loaded onto a 4%–

12% NuPage gel (Invitrogen), electrophoresed, and transferred to nitrocellulose membranes. 

Membranes were blocked in PBS-T containing 5% nonfat dry milk. Primary antibodies were 

incubated overnight at 4°C. After washing extensively with PBS-T, secondary antibodies (anti-

rabbit or anti-mouse IgG HRP conjugate, 1:10,000 dilution) were incubated for 1 h at room 

temperature. After washing extensively with PBS-T and water, blots were developed using the 

ECL plus detection system (Amersham). 
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Bisulfite sequencing/COBRA analysis 

Bisulfite treatment of genomic DNA was carried out using the Epitect Bisulfite kit 

(Qiagen). Bisulfite-converted DNA was then PCR-amplified using Accuprime Taq polymerase 

(Invitrogen), followed by TOPO TA cloning (Invitrogen) and sequencing (Eton Bio). For COBRA, 

bisulfite-converted DNA was PCR-amplified using Accuprime Taq, phenol chloroform-extracted, 

and ethanol-precipitated before digestion with either HpyCH4IV or Taqa1. Digested and 

undigested DNA was then run on a 2% agarose gel and stained with ethidium bromide. 

Affymetrix arrays, qRT–PCR, and mRNA-seq 

RNA was prepared from mouse ES cells using the RNEasy kit (Qiagen) with on-column 

DNase digestion. dscDNA was generated from 100 ng–1 μg of total RNA using the GeneChip3′ 

IVT Express kit (Affymetrix), fragmented, and hybridized to Affymetrix Mouse Genome 430 2.0 

expression arrays. Differentially expressed genes were determined using Vampire and the default 

settings (http://genome.ucsd.edu/microarray). 

For qRT–PCR analysis, cDNA was generated using SuperScript III (Invitrogen) and 

polydT priming. qPCR was performed using SYBRGreen master mix (Applied Biosystems). All 

reactions were performed in triplicate. Standard curves were generated for each primer pair 

(sequences are available on request), and expression levels were performed relative to Gapdh (in 

arbitrary units). Error bars represent SD. 

For mRNA-seq, sample libraries were prepared using the mRNA-seq sample prep kit 

(Illumina). Library samples were amplified on flow cells using the mRNA-seq cluster generation kit 

(Illumina), and then sequenced using the 36-cycle sequencing kit on the Genome Analyzer 

(Illumina). Raw sequence data were then aligned to the mouse genome using the short read 

aligner Bowtie and the default setting (two mismatches per 25 bp and up to 40 genomic 

alignments) (http://bowtie-bio.sourceforge.net/index.shtml). RPKM values were also determined 

by Bowtie. For repetitive sequences, we aligned sequencing reads to the Repbase database 
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using Bowite (http://www.girinst.org/repbase/index.html). Heat maps of RPKM values were 

generated using CiMminer (http://discover.nci.nih.gov/cimminer). 

KDM1A affinity purification/mass spectrometry 

A KDM1A affinity matrix was generated by mixing 25 μg of polyclonal KDM1A antibody 

(Abcam, ab17721) with 250 μL of protein A/G Dynabeads for 10 min at room temperature, 

followed by covalent cross-linking using 20 mM DMP (Pierce, no. 21666) in 0.2 M triethanolamine 

(pH 8.2), for 30 min at 20°C. The cross-linked Dynabeads were washed with PBS, followed by 

one wash with 0.1 M citrate buffer (pH 2.5). The antibody/beads were washed with PBS before 

overnight incubation with 350 μL of 10 mg/mL ES cell extract as described above. The 

antibody/bead mixture was washed seven times with 1% NP40 buffer, followed by elution of 

bound proteins with 50 μL of 0.1 M glycine (pH 2.5). The eluate was neutralized with 5 μL of 1 M 

Tris (pH 8.0). Samples were then subject to LDS-PAGE and silver-staining (Invitrogen). Individual 

lanes of the gel were cut into 10–15 slices and digested with trypsin prior to mass spectrometry 

analysis using ESI-MS/MS as described (Herrera et al. 2009; Schubert et al. 2009). Data were 

analyzed using the Mascot algorithm (Matrix Science). 

Genome-wide MeDIP and ChIP analysis 

MeDIP and ChIP-on-chip analysis were performed on KDM1A +/GT and GT/GT as 

described previously (Li et al. 2003; Weber et al. 2005). For hybridization to arrays, 3 μg each of 

ChIP (or MeDIP) and input DNA were labeled with Cy5 and Cy3, hybridized, washed, and 

scanned according to Nimblegen's ChIP–chip protocol. For ChIP analysis, samples were 

hybridized to Array 10 (Roche Nimblegen, catalog no. 05542600001) of mouse whole-genome 10 

array set, carrying 2.1 million features tiling chromosome 18, 19, X, and Y at a median probe 

spacing of 100 bp. For MeDIP, samples were hybridized to Nimblegen 2.1M Deluxe promoter 

arrays. The two-color images were scanned and aligned using Nimblescan software. The relative 

intensities were normalized by Nimblescan to generate a *.PAIR file. The genomic coordinates 

were loaded, and then log2 ratio of relative intensities were calculated to give a *.GFF file. The 
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chromosome, coordinates, and log2 ratio from the *.GFF files were then converted to *.WIG using 

Perl scripts and uploaded onto UCSC genome (mm8) browser for visualization. Tracks from wild-

type and KDM1A GT/GT ES cells were colored red and green, respectively, and overlaid using 

Photoshop. Each displayed track is from a representative biological sample. For MeDIP, 

MonoMeK4, DiMeK4, TriMeK4, and AcK27, subtraction plots were generated by averaging the 

log2 intensities from two biological replicates. 

Luciferase reporter assays 

Genomic promoter fragments from the Tcstv1, Zfp352, and Eif1a genes or MERVL LTR-

Gag sequences were amplified by PCR using Accuprime Taq (Invitrogen) and cloned into pGL3 

basic vector using NheI and either XhoI or Nco1 sites. Luciferase clones were then cotransfected 

with CMV β-gal into ES lines in 96-well dishes in triplicate. Luciferase and β-gal activity were 

measured 24 h later. Error bars represent SEM. 

Teratoma formation assay 

Approximately 106 ES cells were injected into the rear flanks of athymic nude mice 

(Foxn1nu, Jackson Laboratories, 002019). After 4–5 wk, mice were euthanized and teratomas 

were isolated and flash-frozen on dry ice for qRT–PCR or fixed in 4% PFA for immunostaining. 
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Abstract 

In eukaryotic genomes, it is challenging to accurately determine target sites of 

transcription factors (TFs) by only using sequence information. Previous efforts were made to 

tackle this task by considering the fact that TF binding sites tend to be more conserved than other 

functional sites and the binding sites of several TFs are often clustered. Recently, ChIP-chip and 

ChIP-sequencing experiments have been accumulated to identify TF binding sites as well as 

survey the chromatin modification patterns at the regulatory elements such as promoters and 

enhancers. We propose here a hidden Markov model (HMM) to incorporate sequence motif 

information, TF-DNA interaction data and chromatin modification patterns to precisely identify cis-

regulatory modules (CRMs). We conducted ChIP-chip experiments on four TFs, CREB, E2F1, 

MAX, and YY1 in 1% of the human genome. We then trained a hidden Markov model (HMM) to 

identify the labels of the CRMs by incorporating the sequence motifs recognized by these TFs 

and the ChIP-chip ratio. Chromatin modification data was used to predict the functional sites and 

to further remove false positives. Cross-validation showed that our integrated HMM had a 

performance superior to other existing methods on predicting CRMs. Incorporating histone 

signature information successfully penalized false prediction and improved the whole 

performance. The dataset we used and the software are available at1 http://nash.ucsd.edu/CIS/. 

Introduction 

High throughput technologies such as ChIP-Chip [1], [2] and ChIP-sequencing [3], [4] 

have been successfully applied to map binding locations of individual transcription factors (TFs) 

at a genomic scale in organisms ranging from yeast to human [2], [5], [6], [7]. Due to the 

complexity of the human genome and the noise in high throughput measurements, there still 

exists ambiguity to decide whether the experimental signal reflects the true TF-DNA interaction. 

In addition, the above technologies only reveal TF binding, which does not necessarily suggest 

regulatory function of such binding. Given that human genes are often under combinatorial 

regulation of TFs and the functional binding sites of cooperative transcription factors (TFs) tend to 
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be located close to each other to form clusters in the eukaryotic genome [8], which are often 

referred as cis-regulatory modules (CRMs), locating CRMs have been proven to be effective on 

improving the accuracy of predicting TF binding and uncover functional binding sites. 

Numerous computational methods have been developed to determine CRMs. Cister [9], 

COMET [10] and Cluster-Buster [11] use position specific scoring matrices (PSSMs) either known 

or determined by other means for a pre-selected group of TFs to score genomic regions and find 

clusters as CRMs. The PSSMs are fixed and not modified during the search for CRMs. In 

contrast, methods such as CisModule [12] and EmcModule [13] conduct de novo identification of 

CRMs in the sense of simultaneously defining PSSMs for TFs and searching for binding site 

clusters of these TFs. Additionally, conservation information has also been used to further 

remove false positives and improve the prediction accuracy [14], [15], [16], [17], [18], [19]. 

Despite the success of these methods on various cases, there is still much room to 

improve their performance. Particularly, additional genomic data have been quickly accumulated 

along with the development of new technologies. Tiling ChIP-Chip array and ChIP-Sequencing 

technologies provide binding information of TF, which should be informative in predicting CRMs. 

Recent studies have shown that different regulatory elements such as promoters and enhancers 

have distinct histone modification patterns [20], [21]. Incorporation of such information into a CRM 

identification algorithm is also expected to boost its performance. 

In this study, we developed a systematic approach to incorporate information of TF 

binding motif, protein-DNA interaction (ChIP-Chip) and histone modification pattern to locate 

CRMs. We first conducted TF binding assays using tiling array for four TFs: CREB, E2F1, MAX, 

and YY1, which often cooperate with one another on regulating gene expression. Limited by the 

cost of these experiments, the tiling array only covered the ENCODE regions, which is 1% of the 

human genome. 

We present a method to integrate information about sequence, ChIP-Chip experiment 

and histone modification. Firstly, we refine the PSSMs from TRANSFAC [22] based on the ChIP-
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Chip ratio using a probabilistic model called GITTAR [23]. The refined PSSMs are used to 

construct a hidden Markov (HMM) model. To train the HMM we used modified Baum-Welch 

algorithm to incorporate both sequence and ChIP-Chip ratio. In this configuration sequences are 

weighted by the ChIP-Chip experiments that binding sequences are boosted and non-binding 

sites are penalized during the training. To incorporate chromatin modification signatures as 

additive information, an additional filter is applied to remove predictions that are not supported by 

the histone evidence. 

Results 

Data Set 

We conducted ChIP-Chip experiment using tiling array for 4 TFs: CREB, E2F1, MAX and 

YY1 in the ENCODE regions (see Methods and Supplementary data). We divided all the probes 

into positive and negative sets using the p-value calculated by an error model: if p-value<0.001, 

positive probe; if p-value>0.1, negative probes. The probes with p-values between 0.001 and 0.1 

were considered as ambiguous. Because the length of sequence segments generated by 

sonication is several hundreds of bps, we concatenated nearby positive probes (within 2000 bps) 

to avoid redundant representation of the same TF binding sites by multiple probes: only the probe 

with the smallest p-value was included in the positive set. In total, we found 373 CREB, 238 

E2F1, 962 MAX and 346 YY1 positive probes. 20573, 22501, 19375, and 20723 probes were 

selected as negatives for CREB, E2F1, MAX, and YY1, respectively (Table 1). The length of 

probes ranges from 100 bp to 1000 bp. The dataset can be found at http://nash.ucsd.edu/CIS/. 

Using this dataset we performed five-fold cross-validation tests. 
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Table 4.1: Dataset of 4 TFs. doi:10.1371/journal.pone.0005501.t001 

 

The matrices of the core motif regions for the four TFs are obtained from the TRANSFAC 

database [22]. We then applied a probabilistic model called GITTAR [23] to further refine the motif 

matrices and retrieve information beyond the core motif region. GITTAR is a probabilistic model 

that incorporates sequence motif and ChIP-chip ratio to identify the most reliable binding sites of 

a TF of interest. The rationale is that the sites of high ChIP-chip ratios, if also containing the 

binding motif of the TF, are likely to be a true target of the TF. In GITTAR the binding score is 

calculated 

 

where xi is the ith segment of sequence x with the core motif in the middle and two 

flanking regions on both sides. Each segment is selected by allowing 1 mismatches to the core 

motif. PSSM1 and PSSM0 are position specific scoring matrices (PSSMs) for target and 

background genes, respectively. 

As an output GITTAR extended 7 bps at both ends of the core motif and refined the 

matrix based on the ChIP-Chip ratio. The matrices output from GITTAR (Figure 4.1) were used in 

establishing the HMM model for CRM. 
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Figure 4.1: Binding motifs for the four TFs used in establishing the CRM. The sequence logos were generated 
using WebLogo [30]. doi:10.1371/journal.pone.0005501.g001 

An HMM model for CRM 

Previous studies have shown that hidden Markov models (HMMs) [12], [13], [15], [24] are 

effective in identification of cis-regulatory modules. We designed an HMM structure composed of 

multiple PSSM blocks to train on the DNA sequence as well as the ChIP-Chip ratio (Figure 3.2). 

The overall structure of the HMM is similar to those in previous studies such as [10]: there are 

inter- and intra-module background states to model the regions not bound by TFs and both 

forward and backward reading of a PSSM are considered in our model. 
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Figure 4.2: The structure of the HMM with n transcription factors (TFs). It is composed of n TF blocks and two 
background states. Between TF blocks and a background block is a branch. Each PSSM block is labeled with an 
alphabet. Background states are labeled with ‘x’. To model a forward and reverse PSSM, a PSSM block has 2s+2 
states inside, where s is the length of a PSSM. doi:10.1371/journal.pone.0005501.g002 

A unique feature of the current HMM is the labeling of TF blocks. A TF block in the HMM 

models the binding sites of TFs and both forward and backward strands are considered. Each 

end of the TF block has a branch used to link the background state to each TF block and does 
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not emit any symbol. The number of the states in a TF block is 2s+2, where s is the length of a 

TF matrix obtained by running GITTAR. Associated with each TF block is a label. Including the 

label for background (‘x’), an HMM with n TFs has n+1 labels. Each path through the model 

determines the label of the DNA sequence with the corresponding TFs and the background. This 

HMM is trained considering sequence information and binding information of a TF to the 

sequence (see Methods). 

Once the HMM is trained, sequences are decoded using posterior algorithm to find a path 

through the HMM [25]. If a sequence path passes through the labeled states corresponding to a 

TF, it is regarded as a target of the TF. A sequence can be decoded as a target of multiple TFs if 

the associated path goes through several labels. The trained model is found at 

http://nash.ucsd.edu/CIS/. 

Simulation Results 

To illustrate the advantages of predicting the CRMs using one model, we compared the 

prediction accuracy of HMMs that model individual TFs and those that model multiple TFs. The 

individual and multiple TF HMMs have the same structure and the only difference is the number 

of PSSM block: one PSSM block in the individual TF HMM and multiple PSSM blocks in the 

multiple TF HMMs. Individual HMMs for the four TFs were trained using the traditional Baum-

Welch algorithm. A prediction is considered as a true positive (TP) if a predicted TF a real target, 

false positive (FP) if a TF is predicted and the sequence is a non-target, true negative (TN) if a TF 

is not predicted and the sequence is not a target of the TF, and false negative (FN) if a TF is not 

predicted while the sequence is a target of the TF. We also defined sensitivity = TP/(TP+FN) and 

specificity = TN/(TN+FP). Our HMM method using multiple PSSMs was 5 fold cross-validated and 

the receiver operator characteristic (ROC) curve was generated by increasing the ratio of the 

background variable (vx) from 0 until the curve reached the plateau (Figure 3). The proposed 

method using multiple PSSM blocks showed better performance than the performance over the 

HMMs using individual HMMs. The success of the proposed model is achieved by combining the 



126 
 

4 TFs and training the combined model while considering experimental binding information of the 

TFs to a sequence. The individual HMMs showed very good specificity (>0.9) while their 

sensitivity remained below 0.1. The combined model also showed better performance at the 

same specificity. 

We compared the performance of our method with the existing ones, COMET [10], 

Cluster-Buster [11] and Stubb [15] (Figure 3). The ROC curves of COMET and Cluster-Buster 

were generated by increasing the cut-off parameters starting from 0. COMET predicted only 423 

targets even using the lowest cut-off (when E-value is 0) and its sensitivity remained below 0.02. 

Stubb and Cluster-Buster showed better performance than the individual HMMs. Stubb shows 

superior performance to Cluster-Buster in this test but still worse than the proposed method. To 

test the usefulness of the evolutionary conservation information we ran Stubb with the aligned 

human and mouse genomes. This test yielded a result with a very low sensitivity of 0.086. 

Chromatin modification filter 

Recent genome-wide surveys have revealed that regulatory elements including 

promoters and enhancers are associated with characteristic chromatin modification patterns. For 

example, active promoters are often marked by mono- and tri-methylation of Lys4 in H3 

(H3K4Me1 and H3K4Me3); in contrast, much reduced signal of H3K4Me3 are observed for 

enhancers [21]. Using 10 histone modification markers in the HeLa cell, Won et al. developed a 

computational method to predict promoters and enhancers [26]. We used the 438 promoters and 

464 enhancers that Won et al. reported in ENCODE region as additional filters to remove false 

positives of cis-module predictions and identify functional sites in the HeLa cell. 
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Figure 4.3: ROC curves for the cis-module predication. The prediction performance of COMET [10], Cluster-Buster 
[11], Stubb [15] and the proposed HMM approach are compared. doi:10.1371/journal.pone.0005501.g003 

The chromatin modification patterns are often spread over thousands of base pairs. We 

thus used distance from the prediction to promoters or enhancers as a cutoff. We tested the 



128 
 

distance ranging from 500 bps to 20 kbps when we applied the chromatin filter and searched for 

the optimal distance for identifying CRMs. In this configuration only the predictions located within 

the distance from the promoter or enhancer are only counted. Predictions outside this range were 

discarded. We defined positive predictive value (PPV) as TP/(TP+FP), negative predictive value 

(NPV) as TN/(FN+TN) and the Matthews correlation coefficient as  

 

and checked the effect of the histone modification filter. 

Figure 4.4 shows that the chromatin modification filter restricted false positives and 

further enhanced the performance of the HMM model. The number of prediction would decrease 

if we used a more stringent histone modification filter. However, the performance of the 

predictions was significantly improved: even a loose cutoff (d10000) produced a ROC curve close 

to an ideal predictor. We observed that the maximum CC was achieved using a distance around 

1~2 Kb. The tradeoff between sensitivity and specificity is further illustrated in Figure 5 and Table 

2. When keeping the same number of TPs, we observed dramatic decrease of FPs and increase 

of TNs by applying histone modification filters. This tradeoff is particularly important for guiding 

experimental design because often only a limited number of predictions can be tested and a high 

PPV is desired. 
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Figure 4.4: ROC curves after applying the histone modification filter to the predicted CRMs by the HMM. The 
distance of 20K, 10K, 5K, 3K, 2K, 1K, 0.5K bp (d20000 to d500) to the nearest TSS or p300 binding sites are used in 
the histone modification filters. A filter with 1~2 kb distance shows the best performance. 
doi:10.1371/journal.pone.0005501.g004 
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Figure 4.5: Evaluation of the histone modification filter. Results using various distances (20K, 10K, 5K, 3K, 2K, 1K 
and 0.5K bp) between the center of the module and that of the predicted promoters from chromatin signature are 
shown. doi:10.1371/journal.pone.0005501.g005 
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Table 4.2: The prediction performance using different histone modification filters. TP was kept same. 
doi:10.1371/journal.pone.0005501.t002 

 

Discussion 

Sequence analysis has been developed using statistical reasoning based on sequence 

information and conservation analysis. Though valuable, sequence information does not tell us 

the whole story about the gene expression. For better prediction performance we introduced ChIP 

experiment data and histone modification data in constructing our predictor. ChIP-chip data 

reflects how likely a genomic locus is bound by a TF. When it is included to train the HMM, the 

genomic regions with low ChIP ratios are penalized in the model. Although ChIP-chip 

experiments can be quite noisy, including such data is quite useful to weigh sequences in the 

model training. Because a TF's binding does not necessarily suggest function, additional 

functional data is obviously useful to further improve the model's performance. 

Histone modification data has been shown associated with transcriptional regulation [21] 

and supplied us with information about biological activity in certain regions. Therefore, it is not 

surprising to see that histone modification filters can further reduce false positives and increase 

PPVs. Due to the limit of resources, usually only a handful of predictions can be tested. A high 

PPV is thus important for guiding experimental validation. 
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Evolutionarily conserved information has been a useful tool for finding biologically active 

regions. However, evolutionary information can mislead us in that conservation sequences are 

also found in many areas besides TFBSs in the genome. Also, recent studies show a rewiring 

phenomenon that complicates the idea that functionally conserved regulatory regions also share 

TFBS conservation across species [27]. Histone modification data is quite useful compared to 

conservation studies because histone modifications strongly correlate with specific biological 

activities. However, current knowledge about histone modifications is not sufficient to explain the 

mechanistic role of histone modifications on gene regulation. Moreover, we do not know the long-

range effects of histone modifications. In our analysis we found an optimal distance between a 

modification to a target gene based on optimizing the model's performance. Further evidence is 

required to better understand the biological reasoning behind this optimal distance. 

Furthermore, we showed that our model performed better on predicting multiple TF 

binding sites than single TF binding sites, which fits well to the cis-module concept. This feature 

makes our model particularly appealing to predict cooperative TF binding sites. In the present 

study, the ChIP-chip data is only available to the 1% of human genome (ENCODE regions). With 

the availability of ChIP-seq data, we expect our model will become readily scaled up to the whole 

genome. 

Materials and Methods 

ChIP-Chip experiments using tiling array 

Hela S3 cells from American Type Culture Collection (ATCC) were grown in DMEM 

supplemented with 10% fetal bovine serum, 2 mM glutamax and penicillin/streptomycin. Cells 

were crosslinked with 1% formaldehyde for 20 min at room temperature, washed with cold PBS 

three times and stored at −80°C. Antibodies against E2F1 (sc-193), E2F4 (sc-1082x), MAX(sc-

197), YY1(Sc-7341) were obtained from Santa Cruz Biotechnology, CA. Antibody specific against 

phospho-Creb(5322) was a kind gift from Dr. Marc Montminy. Magnetic beads carrying sheep 

secondary antibodies were from Dynal (Invitrogen, CA). For chromatin Immunoprecipitation 
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crosslinked cells were lysed and isolated nuclei were lysed and DNA was sheared in a Branson-

450 sonifier for 15 cycles of 30 seconds each at 50% power with 120 seconds cooling on ice 

between each sonication. Primary antibodies immobilized on magnetic beads were used to 

immunoprecipitate the chromatin and were washed several times in RIPA buffer. DNA was then 

recovered from the beads following reverse-crosslinking and purification by proteinase K and 

RNAse A treatments. A small portion of the starting chromatin was also purified in a similar way. 

The immunoprecipitated DNA along with 20 ng of input sample were amplified using a 

ligation-mediated PCR. Amplified input and IP samples were labeled using Cy3 and Cy5 labeled 

dCTPs respectively and hybridized together to a PCR microarray carrying 24,537 non-repetitive 

sequences that are greater than 100 bps within the 44 ENCODE region. Each Chip-Chip 

experiment was performed at least three times each from three independently grown batches of 

Hela S3 cells. The dataset is found at http://nash.ucsd.edu/CIS/. 

Training an HMM 

The conventional HMM training algorithm treats the sequence equally and calculates the 

likelihood of the HMM parameters using the given sequences. It is often required to assign a path 

of the HMM states to a sequence. To guide a sequence path to the corresponding HMM states, a 

class HMM has been suggested [28]. A class HMM calculates the forward and the backward 

variables while restricting its training to a path where the label of a sequence matches to the label 

of a HMM state. It assigns only one label to a symbol of a sequence. However, we may need to 

assign a sequence with a set of labels. For example, a portion of a sequence can be a target of 

several TFs. If we assign a label to each TF, the sequence needs to be labeled with multiple 

symbols. To assign multiple labels to a given set of sequences, we employed the training method 

used for gene detection in Drosophila [29]. This method assigns a probability distribution over 

labels to each base in the sequence considering ChIP-chip ratio and sequence information. The 

training algorithm is modified so that each path of a sequence is weighted using the probability 

distribution assigned to the sequence. 
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Firstly, to assign labels to the sequences we searched for the binding site candidates 

using sequence and ChIP information. Using GITTAR [23] we calculated the probability of being a 

binding site of each TF given the background and ChIP-chip ratio. A set of labels are assigned in 

the next step on the putative binding sites. The probability of being a target is treated as a 

confidence weight [29] and used to normalize the label probabilities. If the confidence is close to 

1, the feature is considered certain, whereas if it is close to 0, it is considered totally uncertain. 

Next, we assigned a probability distribution of the n+1 labels (number of TFs (n) and background) 

to the binding sites candidates. We used ChIP-chip ratio to assign the label probabilities. If a 

binding is a target of 2 Tfs, 3 labels (including background) are assigned. Table 3 lists the value 

assigned to each label based on the ChIP-chip ratio (before normalization).  

Table 4.3: Assigned value on each label based on the ChIP-Chip ratio. doi:10.1371/journal.pone.0005501.t003 

 

We assigned a probability of 1 to a putative TF region of a positive probe, 0 to a negative 

probe, and 0.5 to an obscure probe. The background label has an adjustable probability of vx. 

Changing the value of vx can change the ratio between the probability of being background and 

that of being TFBSs. We used pseudo counts (0.01) for non-binding regions. The label 

probabilities are normalized to have a sum of 1. For example, if the ChIP-chip ratio of a probe is 

positive for CREB and E2F1, negative for YY1, and obscure for MAX, the probabilities of the 

probe to be the binding site of each TF are set to: p(CREB)= α, p(E2F1)= α ,p(MAX)=0.5α , 

p(YY1) = 0, p(background(x))=vxα, where α is a normalization factor. When vx is set to 0.5, α=1/3, 

p(CREB) = p(E2F1) = 1/3, p(MAX) = 1/6, p(YY1) = 0, and p(background) = 1/6. 
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The probability of being a target of a TF is used as a confidence of the label probabilities. 

If the probability is 1, we fully trust the label probabilities assigned using the ChIP ratio. If the 

probability is 0, the label probabilities are evenly assigned. The final label probabilities assigned 

to a sequence is calculated using 

 

p’
l [k]is a weight multiplied to guide the calculation of likelihood to the legal path with given 

probabilities. The probability of yielding a sequence x=(x1, x2, …..,xL) along a path π= (π1, π2, 

…..,πL) and a label y=(y1, y2, …..,yL) in an HMM is 

 

where aij is the transition probability from state i to state j, and ei(xi) the probability of emitting a 

symbol xl in state i. πl denotes the HMM state that the element of a sequence visits. c(πl) is the 

label in the state πl. δ is the Kronecker delta function. It is 1 if y1= c(πl), and 0, otherwise. These 

probabilities are multiplied along a path, so the probability of not using a path with high label 

probabilities is heavily penalized. Without the penalty term associated with labels (3) becomes 

 

which is the classical equation to calculate the likelihood of a sequence given an HMM 

[25]. The classical forward and backward algorithm is used to calculate the probability and the EM 

algorithm [25] is then utilized to update the emission and transition probabilities of the HMM. The 

modified training algorithm calculates forward and backward algorithm while considering label 

probabilities assigned to a sequence. An HMM's performance usually is affected by the initial 
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parameters and its structure. As we chose our HMM with relatively simple structure, the initial 

parameters do not significantly affect the performance. 

To find out bindings of a TF to a sequence we used the posterior label probability (PLP). 

The PLP calculates probability of a label of each TF to a sequence. The PLP of a label at a 

position is the sum of posterior probability of all states that emit the same label. 
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