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ABSTRACT OF THE DISSERTATION 

 

Mechanistic Insights Into Gene Regulation By Transcriptional Enhancers using 
CRISPR Genome Engineering 

 

by 

 

Chloe Monica Rivera 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2015 

 

Professor Bing Ren, Chair 

 

Transcriptional regulation is the key mechanism responsible for 

differential gene expression in the 300+ human cell types during both 

development and disease.  Here I use both genomic and epigenomic tools to 

characterize the role of cis-regulatory elements in transcriptional regulation. 



 

 xx

In Chapter 1, I discuss the current epigenome mapping toolkit and utilities 

of epigenome maps.  I focus particularly on mapping of DNA methylation, 

chromatin modification state and chromatin structures, and emphasize the use of 

epigenome maps to delineate human gene regulatory sequences and 

developmental programs.   I also provide a perspective on the progress of the 

epigenomics field and challenges ahead.  

In Chapter 2, I explore the role of a large cell-type restricted regulatory 

element, called a super enhancer (SE), in controlling the expression of a master 

regulatory transcription factor of mouse embryonic stem cells.  This SE is 

occupied by Oct4, Sox2, Nanog, and the mediator complex, and physically 

interacts with the Sox2 locus via DNA looping. Using a simple and highly efficient 

double-CRISPR genome editing strategy the entire 13-kb SE was deleted and the 

transcriptional defects in the resulting monoallelic and biallelic deletion clones 

were characterized with RNA-seq. These results showed that the SE is 

responsible for over 90% of Sox2 expression, and Sox2 is the only target gene 

along the chromosome. These results support the functional significance of a SE 

in maintaining the pluripotency transcription program in mouse ESCs. 

 In Chapter 3, my work continues to dissect the impact of SE deletion on 

transcription from the Sox2 locus. ChIP-seq and allelic 4C-seq assays are used to 

understand the impact on RNA polymerase II recruitment, open chromatin, and 

local interactions at the Sox2 promoter.  Second, the functional study of 

enhancers is expanded to a selection of 100 enhancers and SEs in mouse 



 

 xxi

embryonic stem cells again using a CRISPR deletion strategy. The purpose of this 

study is to determine which enhancers predicted by chromatin signatures are 

functional, to identify their target gene(s), and to determine the extent to which 

each enhancer contributes to the expression of their target gene(s). 
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CHAPTER 1 – INTRODUCTION: MAPPING HUMAN EPIGENOMES 

 

ABSTRACT 

As the second dimension to the genome, the epigenome contains key 

information specific to every type of cells.  Thousands of human epigenome maps 

have been produced in recent years thanks to rapid development of high 

throughput epigenome mapping technologies.  In this review, we discuss the 

current epigenome mapping toolkit and utilities of epigenome maps.  We focus 

particularly on mapping of DNA methylation, chromatin modification state and 

chromatin structures, and emphasize the use of epigenome maps to delineate 

human gene regulatory sequences and developmental programs.   We also 

provide a perspective on the progress of the epigenomics field and challenges 

ahead.  

 

INTRODUCTION 

More than a decade has passed since the human genome was completely 

sequenced, but how genomic information directs spatial and temporal specific 

gene expression programs remains to be elucidated (Lander 2011).  The answer 

to this question is not only essential for understanding the mechanisms of human 

development, but also key to studying the phenotypic variations among human 

populations and the etiology of many human diseases.  
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However, a major challenge remains: each of the more than 200 different cell 

types in the human body contains an identical copy of the genome but expresses 

a distinct set of genes.  How does a genome guide a limited set of genes to be 

expressed at different levels in distinct cell types? 

 Overwhelming evidence now indicates that the epigenome serves to 

instruct the unique gene expression program in each cell type together with its 

genome.   The word “epigenetics”, coined half a century ago by combining 

“epigenesis” and “genetics”, to describe the mechanisms of cell fate commitment 

and lineage specification during animal development (Holliday 1990; 

Waddington 1959). Today, the “epigenome” is generally used to describe the 

global, comprehensive view of sequence-independent processes that modulate 

gene expression patterns in a cell, and has been liberally applied in reference to 

the collection of DNA methylation state and covalent modification of histone 

proteins along the genome (Bernstein et al. 2007; Bonasio et al. 2010).  The 

epigenome can differ from cell type to cell type, and in each cell it regulates gene 

expression in a number of ways - by organizing the nuclear architecture of the 

chromosomes, restricting or facilitating transcription factor access to DNA, and 

preserving a memory of past transcriptional activities.  Thus, the epigenome 

represents a second dimension of the genomic sequence and is pivotal to for 

maintaining cell-type-specific gene expression patterns. 

 Not long ago, there were many points of trepidation about the value and 

utility of mapping epigenomes in human cells (Madhani et al. 2008).  At the time, 
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it was suggested that histone modifications simply reflect activities of 

transcription factors (TFs), so cataloging their patterns would offer little new 

information.  However, some investigators believed in the value of epigenome 

maps and advocated for concerted efforts to produce such resources (Feinberg 

2007; Henikoff et al. 2008; Jones and Martienssen 2005).  The last five years have 

shown that epigenome maps can greatly facilitate the identification of potential 

functional sequences thereby annotating of the human genome.  Now, we 

appreciate the utility of epigenomic maps in the delineation of thousands of 

lincRNA genes and hundreds of thousands of cis-regulatory elements (Ernst et al. 

2011; Guttman et al. 2009; Heintzman et al. 2007; Mouse ENCODE Consortium et 

al. 2012; Xie et al. 2013b; Zhu et al. 2013), all of which were obtained without 

prior knowledge of cell-type-specific master transcriptional regulators. 

Interestingly, bioinformatic analysis of tissue-specific cis-regulatory elements has 

actually uncovered novel TFs regulating specific cellular states. 

 Propelled by rapid technological advances, the field of epigenomics is 

enjoying unprecedented growth with no sign of deceleration.  An expanding 

cadre of researchers is working to explore exciting frontiers in epigenomics.  

Many international consortia have been formed to tackle the fundamental 

problems in epigenomics by sharing resources and protocols (Table 1) (Beck et al. 

2012b; Bernstein et al. 2010).  Consequently, the number of epigenomic datasets 

and publications has grown exponentially in recent years.  The resulting 

epigenomic maps have linked genomic sequences to many nuclear processes 
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including splicing, replication, DNA damage response, folding, chromatin 

packaging, and cell type specific gene expression patterns. 

 In this review, we focus on recent progress in several areas of epigenomics.  

First, we describe the remarkable advances in epigenomic technologies, 

especially the next-generation sequencing based applications, which have fueled 

the growth of the field.  Second, we discuss the utility of epigenomic maps, 

emphasizing the power of these maps in annotating transcription units, cis-

regulatory elements in the context of development and disease pathogenesis.  We 

also explore new biological insights gained through integrative analysis of 

epigenomic maps in mammalian cell systems, highlighting the study of 

pluripotency and lineage specification of embryonic stem cells.  Finally, we 

provide a perspective on the road ahead regarding meeting the technical 

challenges and addressing unanswered questions in the field.   As for 

advancements in our understanding of the mechanistic roles of sequence–specific 

TFs and non-coding RNAs, chromatin and DNA modifying enzymes, and 

chromatin binding proteins in establishing, maintaining, and removing epigenetic 

marks, we refer readers to recent excellent reviews (Badeaux and Shi 2013; Calo 

and Wysocka 2013; Lee and Young 2013; Pastor et al. 2013; Rinn and Chang 

2012; Smith and Meissner 2013). 

 

EPIGENOME MAPPING TECHNOLOGIES 
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The unprecedented genome-wide scope and nucleotide precision with 

which we can now map human epigenomes was enabled by disruptive 

technology advancement, namely the application of microarrays and next 

generation sequencing (NGS).  A slew of molecular biology assays previously 

used to measure a single locus are now integrated with these platforms. Powerful 

parallel short-read sequencing technologies have proven increasingly high 

throughput, fast, accurate, and cost-effective at rates faster than Moore’s Law.  By 

far, the greatest advantage of NGS is its ability to survey the entire genome in an 

unbiased and comprehensive manner.  Due to this monumental shift in assay 

capacity, researchers can ask if conclusions drawn from locus-centered studies 

extend to other parts (even unknown parts) of the genome.  In defiance of the 

traditional scientific method emphasizing hypothesis testing, global profiling 

promotes hypothesis-free exploration of new observations and correlations.  

Overall, the accomplishments and discoveries of the epigenomics field have 

hinged in large part on the iterative inventions and improvements of 

technologies (Figure 1).  Here we discuss cutting-edge epigenome mapping 

techniques that integrate next generation sequencing platforms and disclose 

their advantages and disadvantages. 

 

Mapping DNA Methylation 

 Of the four nucleotides composing DNA, cytosine is by far the most 

dynamic.  Cytosine can be methylated at its 5th carbon (5mC) and in the human 
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genome 60-80% of 28 million CpG dinucleotides are methylated (Lister et al. 

2009; Ziller et al. 2013).  Stressing the importance of DNA methylation during 

development, deletion of cytosine methyltransferases responsible for de novo 

(DNMT3A, DNMT3B) or maintenance (DNMT1) of methylation through cellular 

divisions results in embryonic and neonatal lethality in mice (Li et al. 1992; 

Okano et al. 1999).  Detection of DNA methylation at individual loci and with 

promoter-focused studies established the important repressive roles of DNA 

methylation in imprinting, retrotransposon silencing, and X chromosome 

inactivation (Bird 2002).  Global DNA methylation technologies now measure 

DNA methylation abundance at all cytosines at base resolution in the human 

genome.  The elucidation of complete human methylomes progressed the narrow 

view of 5mC as only a stable repressive mark to an epigenetic mark that is 

dynamically deposited and removed, can exist in non-CpG sequence contexts, and 

is enriched at the bodies of actively transcribed genes (Hellman and Chess 2007; 

Lister et al. 2009). 

 The DNA methylation toolkit includes three main molecular biology based 

techniques: digestion of genomic DNA with methyl-sensitive restriction enzymes 

enrichment of methylated fragments, affinity-based enrichment of methylated 

DNA fragments, and chemical conversion methods (Bock 2012; Laird 2010). The 

choice of how to assay DNA methylation depends on the resolution and genome 

coverage needs, and both parameters ultimately dictate the experimental cost 

(Figure 2).  Endonuclease digestion based DNA methylation assays (MRE-seq, 
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etc.) determines CpG methylation at base resolution by digesting genomic DNA 

with several methylation-sensitive enzymes.  The genome-wide CpG coverage of 

MRE-seq is limited by the cutting frequency of the chosen restriction enzyme(s) 

and biased towards the enzyme recognition sequences, while the accuracy is 

dependent on complete digestion.  Affinity-based enrichment assays capture 

methylated sonicated DNA with an antibody (MeDIP-seq) or a methyl binding 

domain (MBD-seq) (Down et al. 2008; Serre et al. 2010).  When sequencing 

enriched DNA fragments, at least one cytosine is certainly methylated but the 

exact site or combination of sites could not be directly determined.  Therefore, 

the resolution of affinity-based assays is highly dependent on the DNA fragment 

size, CpG density, and immunoprecipitation quality of the reagent.  The results of 

both restriction enzyme and affinity based sequencing methods are qualitative 

levels of enrichment rather than absolute.  On the other hand, because affinity 

and restriction enzyme based methylation assays enrich or capture methylated 

DNA regions the sequencing costs are restricted. 

 Bisulfite sequencing is a chemical conversion method that directly 

determines the methylation state of each cytosine in a binary fashion and is 

widely accepted as a gold standard for mapping DNA methylation.  Treatment of 

genomic DNA with sodium bisulfite chemically converts unmethylated cytosines 

to uracil.  After PCR and assuming nearly complete bisulfite conversion, all 

unmethylated cytosines become thymidines and remaining cytosines correspond 

to 5mC.  Initially, individual loci were assayed from BS treated genomic DNA with 
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locus specific PCR primers followed by Sanger sequencing (Clark et al. 1994).  In 

a step towards increasing genomic coverage, reduced representation bisulfite 

sequencing (RRBS) combines restriction digestion with bisulfite sequencing for 

specific interrogation of high CpG density regions such as clusters of CpGs at 

promoters called CpG islands (Meissner 2005).  At the pinnacle of the genomic 

coverage spectrum, bisulfite treatment coupled with whole genome sequencing 

(variably referred to as MethylC-seq, BS-seq, or WGBS) features nucleotide 

resolution and quantitative rates of methylation for all cytosines (Cokus et al. 

2008; Lister et al. 2008).   Careful analysis of MethylC-seq data should consider 

PCR biases due to unbalanced GC content of methylated and unmethylated 

fragments, mapping inefficiencies of bisulfite treated DNA, and estimate the 

bisulfite conversion rate using a spike-in control (Krueger et al. 2012; Laird 

2010). 

 The DNA methylation field collectively experienced an epiphany upon the 

discovery of 5-hydroxymethylcytosine (5hmC) as an intermediate of 

demethylation of 5mC to cytosine (Kriaucionis and Heintz 2009; Tahiliani et al. 

2009).  The ten-eleven translocation (TET) family of proteins, TET1, TET2, and 

TET3, oxidize 5mC through 5-hydroxymethylcytosine (5hmC), 5-formylcytosine 

(5fC), and 5-carboxylcytosine (5caC) intermediates before being replaced by 

cytosine via base excision repair pathways or a yet unidentified decarboxylase 

(Pastor et al. 2013).  As it became clear that four variants of cytosine exist, a 

clarification to MethylC-seq results also came to light.  5mC and 5hmC, but not 
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5fC and 5caC, are both resistant to bisulfite conversion and therefore cannot be 

distinguished from each other in MethylC-seq data (Huang et al. 2010; Jin et al. 

2010).  In order to understand the role of DNA demethylation, new techniques 

would need to be developed to accurately differentiate cytosine methylation 

states.  

 In an exciting advancement in the field, an assortment of methods was 

published for the detection of all cytosine methylation states across the genome.  

The first versions use antibodies to either directly IP 5hmC (hMeDIP-seq) or 

chemically modify 5hmC making it more immunogenic (anti-CMS, hMe-Seal, GLIB, 

JBP-1) (Ficz et al. 2011; Pastor et al. 2011; Robertson et al. 2011; Song et al. 2011; 

Williams et al. 2011). While these methods are an important advancement 

affinity-based techniques are hindered by low resolution and qualitative signal, 

as mentioned above.  Last year, both oxidative bisulfite sequencing (oxBS-seq) 

and TET assisted bisulfite sequencing (TAB-seq) were introduced as single-base 

resolution methods for measuring 5hmC (Booth et al. 2012; Yu et al. 2012).  In 

oxBS-seq, 5hmC nucleotides are sensitized to bisulfite treatment after a chemical 

reaction to specifically oxidize all 5hmC and to 5fC.   Then, DNA is successively 

treated with sodium bisulfite such that remaining cytosines must originally be 

5mC.  The sequencing results of oxBS-seq therefore accurately capture 5mC 

levels and subtraction of MethylC-seq data reveals true 5hmC sites.  Of concern 

with oxBS-seq are the successive chemical treatments that can induce DNA 

damage and skew the results.  The second approach, TAB-seq, directly assays 
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5hmC location and abundances.  First, 5hmC is tagged with a glucose molecule 

using the T4 bacteriophage enzyme beta glucosyltransferase.  Next, genomic DNA 

is treated with purified TET enzyme to oxidize 5mC to 5caC while glucosylated-

5hmC is protected.  Finally, after bisulfite treatment and sequencing only 5hmC is 

read as cytosine, while all cytosines and cytosine variants are detected as 

thymidine.  TAB-seq’s accuracy is especially dependent on efficient oxidation and 

conversion by TET, such that a bottleneck is the tedious process of purifying 

catalytically active TET enzyme (Adey and Shendure 2012; Adli and Bernstein 

2011; Ng et al. 2013; Song et al. 2012).  In a final round of progress for DNA 

methylation detection, methods to detect 5fC (fC-seq, fCAB-seq, 5fC-DP-Seq) and 

5caC (5caC-seq) were recently described, and the only unturned stone is 

measuring 5caC at base resolution (Raiber et al. 2012; Shen et al. 2013; Song et al. 

2013). 

Methods without enrichment steps, like MethylC-seq, oxBS-seq, and TAB-

seq, require an immense amount of sequencing and are costly (Figure 2).  In 

order to quantitatively measure the methylation rate at each cytosine, high-

quality single-nucleotide resolution 5mC methylome data sets are expected to 

have 30X sequencing depth.  A recent study by Meissner and colleagues finds that 

only ~20% of CpGs are differentially methylated between 30 diverse human cell 

and tissue types tested.  Therefore, up to 80% of MethylC-seq data are the result 

of superfluous sequencing of DNA fragments without CpGs or containing 

uninformative, constitutively methylated CpGs across 30 cell and tissue types 
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examined (Ziller et al. 2013).  Sequencing costs can be limited by targeted DNA 

methylation mapping as accomplished by bisulfite padlock probes (BSPPs) and 

Illumina’s Infinium 450K BeadChIP technology (Bibikova et al. 2011; Diep et al. 

2012).  Theoretically, base resolution methylomes of rare cytosine variants such 

as 5caC should have 1000X sequence coverage (Pastor et al. 2013).  The extreme 

sequencing depth is necessitated by the rarity of cytosine variants; for example, 

in mouse embryonic stem cells (mESCs) 5hmC accounts for about 0.1% and 5caC 

accounts for 0.0003% of cytosines (Ito et al. 2011; Yu et al. 2012).  Unfortunately, 

the prohibitive cost of genome-wide base resolution human methylomes has 

limited the number of available datasets and presumably slowed progress 

towards novel insights.  Resolution, genomic coverage, and monetary cost serve 

as interdependent considerations for generating methylome datam where one 

parameter cannot be changed without affecting the others (Figure 2).  

Maximizing resolution and coverage while keeping costs low, currently an 

unrealistic situation, may eventually be possible with innovative sequencing 

platforms or a yet undiscovered alternative to bisulfite treatment.  We look 

forward to the democratization of nucleotide resolution DNA methylation 

technologies and the resulting novel findings from a diverse collection of 

methylomes. 

 

Mapping Chromatin Modification States 
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Chromosomal DNA is packaged into nucleosomes with DNA wrapped 

around histone octamers consisting of H2A, H2B, H3, H4 subunits and their 

variants. The histone tails and globular domains of histone proteins are subject to 

over 130 post-translational modifications (PTMs) and over 700 distinct histone 

isoforms have been detected in human cells (Tan et al. 2011; Tian et al. 2012).  

Well-studied covalent modifications on histones include methylation, acetylation, 

phosphorylation, and ubiquitination.  State-of-the-art mass spectrometry based 

proteomic technologies unveiled many novel histone PTMs such as crotonylation, 

succinylation, malonylation and others (Tian et al. 2012).  Histone modifications 

serve both activating and silencing roles in transcription, generally by controlling 

the accessibility of DNA and by serving as binding substrates that recruit or 

exclude protein complexes (Kouzarides 2007).  For example, H3K27ac is found at 

both active promoters and enhancers, H3K36me3 identifies actively transcribed 

gene bodies, and H3K27me3 marks heterochromatic or repressed regions (Li et 

al. 2007) (Table 3).  Determining the genome-wide distribution of a histone mark 

can lead to clues about its role in transcriptional regulation and provoke follow-

up mechanistic studies to further understand the PTMs deposition, removal, and 

role in development and disease. 

 Chromatin immunoprecipitation followed by sequencing (ChIP-seq) maps 

the genome wide binding pattern of chromatin associated proteins, which 

includes modified histones.  To perform this method, DNA-protein complexes 

containing a specific protein of interest are immunoprecipitated from crosslinked, 
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sonicated chromatin.  DNA is purified from the enriched pool and adaptors are 

ligated for subsequent PCR and sequencing.  The digital sequences of enriched 

DNA, called reads, are computationally aligned to the reference genome to define 

punctate peaks or broad blocks of modified histones or protein occupancy.  Since 

its development in 2007, researchers have used ChIP-seq extensively to survey 

the genomic profiles of histones and their modifications, TFs, DNA and histone 

modifying enzymes, transcriptional machinery, and other chromatin-associated 

proteins (Barski et al. 2007; Johnson et al. 2007; Robertson et al. 2007).   

Furthermore, multi-dimensional datasets are now available for cell lines, primary 

cells, tissues, and embryos from an increasing number of species.  The ENCODE 

and Roadmap Epigenomics Projects have contributed enormous data 

repositories by performing thousands of ChIP-seq experiments in hundreds of 

human cell types. 

As the number of ChIP-seq data sets began to grow exponentially, lab-to-

lab protocol variability threatened the quality of results and downstream cross-

study analysis.  To stave off data inconsistencies, both the ENCODE and Roadmap 

consortia published optimized standard operating procedures for ChIP-seq.  Of 

major concern was the quality of antibodies for which ChIP is undeniably 

dependent.  Both consortia assessed histone modification antibody quality using 

dot blot immunoassays against histone tail peptides to ensure specific binding 

and minimal cross reactivity (Egelhofer et al. 2011).  The ENCODE Project’s best 

practices include a rigorous two stage antibody validation process with a 
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combination of immunoassays, immunofluorescence patterns, and functional 

assays (Landt et al. 2012).  These screening methods dramatically improved the 

data quality and reduced costs and lost time from failed ChIP-seq experiments.  

However, the membrane binding conditions in immunoassays screens are not 

identical to immunoprecipitation in solution using magnetic beads. Lamentably, 

the gold standard for ChIP-grade antibody classification remains actually 

performing the assay itself.  To this point, Bernstein and colleagues designed a 

method called ChIP-string to screen for effective antibodies against chromatin 

regulator proteins (Ram et al. 2011).  In this approach, multiplexed meso-scale 

ChIP-seq experiments survey protein enrichment at ~500 representative loci 

using the nCounter probe system.  High quality antibodies are distinct from IgG 

patterns and the occupancy distribution correlates with a logical set of chromatin 

states.  Validating antibody reagents for enrichment specificity and robustness 

ensures good quality ChIP-seq data sets with high signal to noise ratios. 

Given that ChIP-seq is a mature technology, the technical restrictions of 

the technique are well defined by its users.  These restrictions include the need 

for large amounts of starting material, limited resolution, and the dependence on 

antibodies.  Improvements to ChIP-seq have been developed to address these 

limitations and expand the possibilities of its use.  Collecting enough starting 

material for ChIP-seq can be challenging because experiments typically require 1 

million (histone modifications) to 5 million (TFs and chromatin modifiers) cells.  

While this is feasible when studying fast dividing cell lines, the challenge arises 
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when studying primary cells and rare populations such as cancer stem cells or 

progenitor cells.  ChIP-seq samples of 50,000 cells or less are possible with the 

ChIP-nano protocol (Adli and Bernstein 2011). 

Key method modifications achieve effective chromatin fragmentation in 

small volumes, ensure minimal sample handling and loss by washing samples in 

columns, and reduce background signal.  Another procedure, called ChIP-exo, 

improves the limited resolution from fragmentation heterogeneity after 

chromatin is prepared by sonication along (Rhee and Pugh 2011).  As its name 

suggests, sonicated and immunoprecipitated DNA is treated with a 5’-to-3’ 

exonuclease to digest DNA to the footprint of the crosslinked protein such that 

sequencing results are nucleotide resolution.  This type of high resolution protein 

binding data is most beneficial for uncovering motifs of specific binding proteins 

and the effect of sequence variants on protein binding affinity.  Profiling genome-

wide DNA-protein interactions with ChIP-seq is technically challenging when 

studying novel proteins or protein isoforms, such as a histone variant, that lacks a 

robust or specific antibody.  In this case, an obvious approach is to transiently or 

stably express a protein of interest (POI) with a tag or epitope that can be readily 

ChIP’ed.  Controls are necessary to ensure the fusion protein’s localization is not 

altered by non-endogenous expression levels, protein instability, steric inherence, 

or other effects of the tag itself. 

 A ChIP step can be added to other genomic profiling approaches for 

integrated epigenomic profiling.  First, two ChIP steps in a row, or Sequential-
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ChIP-seq, can uncover histone PTMs on the same molecule or chromatin 

associated proteins in the same complex.  Several groups combined bisulfite 

sequencing with ChIP giving rise to BisChIP-seq and ChIP-BS-seq (Brinkman et al. 

2012; Statham et al. 2012).  Long distance DNA interactions mediated by a 

specific protein can be profiled using chromatin interaction analysis by paired-

end-tag sequencing, or ChIA-PET (Fullwood et al. 2009).  We anticipate other 

inventive uses of ChIP technology to continue to uncover undiscovered roles of 

histone modifications and histone variants in transcriptional regulation.  

 

Mapping of Chromatin structures 

Nucleosome Positioning 

Moving up the organizational hierarchy of genomic organization, we now 

look beyond the DNA and histone modifications to the positioning of 

nucleosomes along the genome.  Our epigenome at its most basic level is 

repeating units of 147 base pairs wrapped 1.7 times around each nucleosome 

with varying distances of linker DNA between each unit.  Even this extremely 

simplistic model is complex because nucleosome positioning can both inhibit and 

promote factor binding (Bell et al. 2011).  First, nucleosomes can be positioned to 

obstruct or reveal specific DNA sequences.  Secondly, because modifications on 

histone tails serve as binding platforms for transcriptional regulators, 

nucleosome positioning regulates factor recruitment.  And finally, nucleosomes 

are suggested to inhibit transcription by slowing progression of RNA polymerase 
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II as it transcribes through a gene body.  From a medical perspective, it will be 

important to determine the possible role of aberrant nucleosome positioning as 

caused by disease associated SNPs, insertions, deletions, and translocations. 

Our understanding of the regulation of nucleosome positioning came from 

studies of smaller genomes, such as those in yeast and fly (Jiang and Pugh 2009).  

Nucleosome positioning along DNA is influenced by favorable DNA sequence 

composition, the actions of ATP-dependent nucleosome remodelers, and strongly 

positioned nucleosomes and DNA bound proteins such as TFs and RNA Pol II are 

barriers to nucleosome position shifting (Mavrich et al. 2008; Narlikar et al. 

2013; Yuan et al. 2005).  While we understand the main determinants of 

nucleosome positioning, the exact contribution of each is unclear and currently 

under debate. 

The most common method for profiling genome-wide nucleosome 

positioning is microcococal nuclease digestion of chromatin followed by high-

throughput sequencing (MNase-seq).  When native, uncrosslinked chromatin is 

digested with MNase, the linker DNA is cleaved while DNA wrapped around 

histone octamers or bound by TFs is protected.  After purifying the DNA, 

approximately 150bp fragments corresponding to mononucleosomes are size 

selected on a gel and sequenced. 

Given the relative size of the human genome as compared to model 

organisms and that most of it is nucleosomal, mapping nucleosome positioning in 

the human genome is no small feat.  Even with only 10-fold genome coverage in 
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CD4+ T Cells, it was clear that nucleosomes are depleted at active transcriptional 

start sites (TSSs) and enhancers with ordered positioning radiating outward 

(Schones et al. 2008).  In an extraordinary sequencing effort, Gaffney et al. 

generated paired and single-end MNase-seq data in seven lymphoblastoid cell 

lines yielding 240X coverage of a single cell type and found that ~80% of the 

genome has non-random, albeit weakly positioned nucleosomes (Gaffney et al. 

2012).  MNase-seq based studies have provided great insights into the global 

distribution and dynamics of nucleosomes in the human genome.  However, there 

are limitations of these datasets to consider.  First, MNase digestion at the ends of 

nucleosomes is inconsistent such that exact position of nucleosomes can only be 

estimated as the center of fragments of different lengths.  The results are 

unfortunately not single-base resolution.  Moreover, MNase has AT sequence 

preferences and MNase protected 150bp fragments are inferred to be 

mononucleosomes but could in fact be created by other proteins as well 

(Brogaard et al. 2012). 

To circumvent the weaknesses of digestion based detection of nucleosome 

positioning, Widom and colleagues used chemical modification of engineered 

histones to cleave DNA wrapped around nucleosomes (Brogaard et al. 2012).  In 

short, DNA is precisely cleaved in a reaction with hydroxyl radicals if it interacts 

with a mutated residue on H4 while wound around a nucleosome.  Using this 

method, nucleosome maps in yeast show remarkable accuracy and consistency.  

Interestingly, single-base pair resolution of yeast nucleosomes reveals a 10bp 
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periodic sequence preference of flexible dinucleotides throughout the 147 bases 

in contact with the histone octamer.  This data suggests that the role of sequence 

composition in the rotation positioning of the nucleosomes is stronger than 

previously appreciated.  This method could be extended to the human genome 

for precise, high-resolution nucleosome positioning studies. 

 Another MNase-independent method for mapping nucleosome positioning 

uses DNA methyltransferase accessibility to footprint nucleosome positions, 

called nucleosome occupancy and methylome sequencing (NOMe-seq) (Kelly et al. 

2012).  The unique activity of the DNA methyltransferse M.CviPI, which 

methylates cytosine only in the GpC context, is exploited to record the DNA’s 

nucleosomal status because nucleosomal GpCs are protected from methylation.  

Next, the DNA is bisulfite treated to convert unmethylated cytosines to thymide.  

Following sequencing, cytosines in the CpG context were originally methylated 

(5mC or 5hmC) and cytosines in the GpC context were nucleosome depleted.  An 

important advantage of NOMe-seq is the dual epigenomic information, both 

nucleosome position and DNA methylation abundance, comes from a single 

molecule rather than possibly co-occuring in a population of cells. 

 

Chromatin Accessibility 

 Nucleosomes are the basic repeated structural unit of the genome and, as 

previously mentioned, proteins that compete for DNA binding can affect their 

positioning.  Biochemically active regulatory elements, including promoters, 
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enhancers, silencers, and insulators, are bound by sequence specific regulatory 

TFs. Open chromatin is therefore an overarching characteristic of biochemically 

active genomic regions.  Open chromatin can be assayed genome-wide by DNase 

hypersensitivity followed by sequencing (DNase-seq) or formaldehyde-assisted 

identification of regulatory elements followed by sequencing (FAIRE-seq) (Boyle 

et al. 2008; Giresi et al. 2007).  DNase-seq takes advantage of the protection 

conferred by tightly wound nucleosomes from DNaseI endonuclease digestion.  

Accordingly, limited digestion of native chromatin releases nucleosome-depleted 

fragments.  Sequencing and mapping of these fragments identifies DNaseI-

hypersensitive sites (DHSs) corresponding to regulatory regions.  Protein and 

complex binding within a DHS create 6-40bp sequences of DNaseI protection, 

called digital DNase footprints, which can be called after deep sequencing of 

DNase-seq libraries (Neph et al. 2012b).  Beyond being DNaseI hypersensitive, 

open chromatin regions are also sensitive to shearing by sonication and this 

concept is exploited by the FAIRE-seq assay.  Initially, chromatin isolated from 

formaldehyde crosslinked cells is subject to sonication.  Subsequently, the DNA 

from open chromatin regions is isolated from the aqueous phase following 

phenol-chloroform extraction.  Similar to DNase-seq, mapping the FAIRE-seq 

enriched fragments genome-wide demarcate regulatory elements. 

Myriad open chromatin maps are now available due to the adoption of 

DNase-seq by the ENCODE Project Consortium and Roadmap Epigenomics 

Program.  In total, these consortia produced hundreds of maps encompassing 
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349 cell types including pluripotent stem cells, stem cell progenitors, cultured 

primary cells, and human fetal tissue from various types and gestational stages (; 

(Maurano et al. 2012).  Meta-analysis of these datasets determined DHSs span 

2.1% of the genome per cell type on average and, impressively, all ~4,000,000 

sites collectively cover ~40% of the genome (Maurano et al. 2012).  Mapping 

nucleosome-depleted chromatin is a comprehensive way to identify the global 

catalog of regulatory elements and factor binding sites without specific 

antibodies or prior knowledge of cell type specific transcriptional regulators. 

 

Mapping of Higher Order Chromatin Architecture 

Lower-order chromatin structures such as the 11nm fiber, also called 

“beads on a string”, are followed by higher-order structures like the 30nm fiber 

and 700nm mitotic chromosomes (Felsenfeld and Groudine 2003).  Incidentally, 

genome compaction brings regions that are linearly distant via short and long-

range DNA-DNA interactions.  Mapping the 3D structure of the nucleus is 

important because, like histone marks and chromatin accessibility, chromosome 

conformations influence mammalian gene regulation. For example, chromatin in 

close proximity to the lamina of the inner nuclear membrane, or lamin-associated 

domains (LADs), tends to be heterochromatic and transcriptionally repressed 

(Akhtar et al. 2013; Guelen et al. 2008).  In contrast, high local concentrations of 

RNA polymerase II bound promoters, called transcription factories, correlate 

with robust gene expression (Brown et al. 2008).  Historically, fluorescent 
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microscopy  imaging, though limited by resolution and throughput, has served as 

the gold standard for observing nuclear structure.  In fact, both LADs and 

transcription factories were discovered in this fashion. 

A paradigm shift from FISH based methods towards measuring physical 

DNA interactions has revolutionized our ability to broadly map nuclear 

architecture.  The introduction of chromosome conformation capture (3C) by 

Dekker and colleagues provided an alternative to mapping of distances between 

two loci (Dekker 2002).  Succinctly, chromatin from formaldehyde crosslinked 

cells is digested with a restriction enzyme followed by DNA ligation under 

extremely dilute conditions to favor joining of ends in close proximity to each 

other.  After reversal of crosslinks and DNA purification, the ligation frequency 

between two restriction fragments, measured by qPCR, indicates their interaction 

frequency.  Such interaction frequency is generally related to the spatial distance, 

though this relationship could be complex, non-linear, and influenced by 

chromatin accessibility (Dekker et al. 2013; Williamson et al. 2012). 

Differing in the number of loci tested and selection of loci, the suite of 3C-

based assays include 3C, circular chromosome conformation capture (4C), 

chromosome conformation capture carbon copy (5C), tethered conformation 

capture (TCC), ChIA-PET and Hi-C (de Wit and de Laat 2012; Sajan and Hawkins 

2012; van Steensel and Dekker 2010).  Of these, 3C and 5C are locus-centric 

methods, meaning the assayed regions are selected a priori.  Sequence specific 

primers are designed for each locus of interest, for instance promoters or cis-
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regulatory elements.  As stated previously, 3C measures the interaction 

frequency of one locus with another (one-to-one), between an anchor and a bait 

sequence, by qPCR.  5C attains higher throughput capacity by utilizing thousands 

of anchor and bait primers that can span an entire chromosome (many-to-many) 

(Dostie et al. 2006).  The 4C method measures the genome-wide interaction 

frequency of a single anchor site.  Inverse PCR of ligated and circularized 

interacting DNA fragments detects all interacting loci (one-to-all) (Zhao et al. 

2006).   

Hi-C measures the entire genome’s interaction frequency with itself as a 

large matrix without enrichment for specific loci (all-to-all) (Lieberman-Aiden et 

al. 2009).  The key innovation of Hi-C is the ability to enrich for ligation junctions 

of interacting fragments.  After digestion of crosslinked chromatin with a 6-base 

cutter, the overhang ends are filled in with a biotinylated base.  As with all 3C-

based assays, the DNA fragments are extremely dilute in the presence of ligase to 

promote intramolecular ligation events.  The ligated sample is sonicated and a 

streptavidin pulldown captures all junctions of interacting DNA fragments, which 

are then sequenced.  Hi-C interaction signal-to-noise ratio is dependent on the 

rate of intramolecular ligation events.  TCC, a Hi-C variation, performs the ligation 

step on the streptavidin bead to promote these favorable ligation events (Kalhor 

et al. 2012).  ChIA-PET is another variation of Hi-C which features an 

immunoprecipitation step to map DNA interactions involving a POI (Fullwood et 

al. 2009).  This approach has been useful for understanding proteins involved in 
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nuclear organization such as TFs, RNA polymerase, CTCF, and cohesin (Demare et 

al. 2013; Fullwood et al. 2009; Gerstein et al. 2012; Handoko et al. 2011; Li et al. 

2012).   

Due to its unbiased genome-wide scale, Hi-C promotes the discovery of 

novel interactions and structures.  The size or level of nuclear architecture 

assayed with Hi-C is dependent on experimental resolution, which in turn is 

limited by both restriction enzyme cutting frequency and sequencing depth.  At 

1Mb resolution, Dekker and colleagues defined higher-order chromosome 

compartments that average about 5Mb in size across the genome (Lieberman-

Aiden et al. 2009).  Termed A and B compartments, these sequentially 

interchanging structures correlate with euchromatic and heterochromatic 

genomic regions, respectively, in a cell-type specific manner.  With increase 

sequencing depth, we attained 40kb resolution Hi-C interaction data.  In this way, 

our lab identified cell-type and species invariant 1 Mb regions of high local 

interaction frequency, called topological domains or topologically associated 

domains (TADs), separated by non-interacting boundary elements (Dixon et al. 

2012).  Boundary regions correlate with the limits of heterochromatin blocks and 

are enriched for CTCF binding sites, housekeeping genes, and certain transposon 

elements.  It is may be possible to reach fragment-length resolution, or about 4kb 

with 6-base cutters, using Hi-C to recognize interacting regulatory elements with 

deeper sequencing and improved data analysis algorithms. 
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What has become clear using microscopy and now 3C based assays is a 

gradient or spectrum of DNA folding architecture (Figure 3).  These interactions 

start as one-to-one looping of regulatory elements including enhancers, 

promoters, and insulators.  A collection of these interactions flanked by boundary 

regions form local interacting neighborhoods or TADs (Dixon et al. 2012; Nora et 

al. 2012).  Using 5C, sub-TADs were recently recognized as finer resolution 

segments of TADs which can be cell-type specific (Phillips-Cremins et al. 2013).  

Together many TADs contribute to a larger chromosome compartment and, 

finally, to an entire chromosome territory (Lieberman-Aiden et al. 2009) .  In 

summary, the advent of 3C technologies has revealed a novel and complex layer 

of genome annotation.  Many questions remain regarding how nuclear 

architecture is regulated and how it mechanistically influences transcription, 

cellular identity, and possibly disease. 

 

Utility of Epigenome Maps 

In addition to rapid development of new epigenome mapping technologies, 

another important factor fueling the remarkable progress of epigenomics is the 

formation of many research consortia worldwide. Most notable among these 

consortia are the US Roadmap Epigenome Project, the ENCODE project, and the 

International Human Epigenome Consortium (IHEC) (Table 1).  Modeling after 

the hugely successful Human Genome Project (Lander 2011), these consortia 

standardized experimental protocols, recommended data analysis procedures, 
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and most importantly, publicly released large amounts of data sets prior to 

publication.  Consequently the number of epigenome maps generated has grown 

exponentially, from a handful in early 2007 to several thousands as of today.  As 

detailed below, these maps have proved to be most valuable in annotation of the 

transcription units, cis-regulatory sequences, and other genomic features in the 

human genome.  Integrative analysis of epigenomic maps has facilitated study of 

the gene regulatory programs involved in pluripotency, adipogenesis, and 

cardiomyocyte differentiation (Gifford et al. 2013; Hawkins et al. 2010; Mikkelsen 

et al. 2010; Pastor et al. 2011; Rada-Iglesias et al. 2012; Wamstad et al. 2012; 

Williams et al. 2011; Xie et al. 2013b; Zhu et al. 2013).  Further, comparison with 

genome-wide association studies (GWAS) revealed enrichment of disease 

associated sequence variants in putative cis-regulatory elements, providing 

insights into the pathogenesis of many common human diseases. 

 

Annotation of cis-Regulatory Elements from Chromatin Profiles 

 A major challenge confronting biomedical researchers is the absence of 

functional annotation of the human genome, where the vast majority (98.5%) do 

not code for proteins yet harbor most of the disease-associated genetic 

variations.  Several types of functional sequences are known to exist in the non-

coding parts of the human genome including cis-regulatory elements.  These 

sequences, including promoters, enhancers, and insulators, govern gene 

expression by recruiting sequence specific TFs that modulate local chromatin 
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structure and assembly of transcriptional machinery.  Since these functional 

DNAs lack consistent and recognizable sequence features, their identification and 

characterization had until recently been quite difficult. 

Epigenome maps have proven to be a powerful tool for annotating the 

functional features in the human genome. This is possible because several classes 

of DNA elements are associated with characteristic histone modifications (Table 

3).  Early studies revealed that H3K4me3 predominantly associate with 

promoters and H3K36me3 with gene bodies.  Thus, new gene units could be 

identified with the use of chromatin profiles.  Indeed, this strategy led to the 

identification of several thousands of long non-coding intergenic RNA genes 

(lincRNA) (Guttman et al. 2009).  Similarly, our lab showed that transcriptional 

enhancers are characterized by the presence of H3K4me1 but not H3K4me3, a 

combination that accurately predicted tens of thousands of new enhancers in the 

human genome (Heintzman et al. 2007; Heintzman and Ren 2009).  Despite 

initial hesitation that this signature may not universally demarcate enhancers in 

different cell types or in more than one species, H3K4me1 marks enhancers in all 

tested cell types from human to zebrafish to fly (Aday et al. 2011; Heintzman and 

Ren 2009; modENCODE Consortium et al. 2010).  Importantly, as enhancers have 

been annotated in many human cell types a persistent feature of enhancers is 

their cell type specificity consistent with their role in determining cellular 

identity.  Other general properties of enhancers that are validated genome-wide, 

including DNaseI hypersensitivity, combinatorial TF binding, H3.3 and H2A.Z 
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histone variant enrichment, bound RNA Pol II, and RNA production (eRNAs) 

(Buecker and Wysocka 2012).  Combinations of these features along with 

H3K4me1 allow refined and highly accurate genome-wide enhancer prediction 

(Rajagopal et al. 2013). 

Initially, chromatin states in two human cell lines, HeLa cells and K562 

cells, were mapped and used to predict 55,000 candidate enhancers in the human 

genome (Heintzman et al. 2009).  This study demonstrated that chromatin 

modifications at enhancers, in particular H3K4me1 and H3K27ac, are cell type 

specific and correlate with cell type specific gene expression throughout the 

genome, suggesting a potentially critical role for enhancers in lineage-specific 

gene regulation.  Subsequent studies confirmed this result in additional cell 

types.  Rada-Iglesia and colleagues characterized the chromatin modification 

profiles in the human embryonic stem cells (hESC) and identified approximately 

7,000 candidate enhancers featuring binding of TFs, presence of H3K4me1 mark 

and depletion of nucleosomes (Rada-Iglesias et al. 2011).  Interestingly, they also 

classified these enhancers into “active enhancers” and “poised enhancers”, which 

differ mainly in the presence or absence of H3K27ac mark.   Active enhancers are 

near genes expressed in hESCs, while poised enhancers are next to genes inactive 

in hESC but turned on during differentiation (Rada-Iglesias et al. 

2011).  Independently, Creyghton and colleagues, by examining the chromatin 

modification patterns in the mESCs and several differentiated mouse cell types, 

also found that H3K27ac can distinguish the active enhancers from poised ones 
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(Creyghton et al. 2010).  While tens of thousands of enhancers are typically 

marked in a cell type, a small subset of enhancers (<1%) form large domains up 

to 50kb marked by H3K4me1, H3K27ac, mediator, and master transcription 

factor binding (Whyte et al. 2013).  These “super-enhancers” are posited to 

regulate key genes important for cell identity.  For example, in mESCs super-

enhancers are associated with genes necessary for pluripotency and in myotubes 

they are associated with skeletal muscle development.  Lastly, enhancers are 

turned off or “decommissioned” by the removal of H3K4me1 and H3K27ac marks 

when they no longer pertain to the cellular state.  For example, enhancers that 

control genes important for pluripotency must be decommissioned for proper 

differentiation (Whyte et al. 2012).  By profiling key chromatin marks in different 

cell types, researchers can now annotate the location and activity state of 

regulatory elements across the genome to define a cell-type’s regulome. 

Extending the idea that chromatin modification patterns are associated 

with different functional sequences, a comprehensive epigenomic study of nine 

human cell lines showed that the human genome could be segmented into 

regions carrying one of 15 different combinations of chromatin modification 

marks in each cell type (Ernst et al. 2011).  The authors implemented a 

multivariate hidden markov model called ChromHMM to unbiasedly infer these 

chromatin states from the chromatin modification profiles.  This approach found 

that each chromatin state corresponds to a specific category of genomic features, 

including active or poised promoters, enhancers, insulators and silenced domains 
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(Table 3).  Similar results have been obtained with other machine-learning 

algorithms ( Hoffman et al. 2013; Won et al. 2013).  More recently, the ENCODE 

consortium profiled the chromatin modification state in 46 human cell types, and 

found that as much as 56% of the genome is associated with specific histone 

modification patterns indicative of biochemical activities (Consortium et al. 

2012). Ongoing studies from large epigenome mapping consortia such as the NIH 

Epigenome Roadmap consortium are certain to enhance human genome 

annotation even further (Bernstein et al. 2010). 

 

Annotation of Long-Range Chromatin Interactions 

Rather than the regulome simply being a collection of elements, it must 

ultimately link together enhancers, insulators, promoters, and other features in 

3-dimensional space.  Epigenomic maps can annotate cell-type specific long-

distance interactions between regulatory elements using two approaches.  First, 

long-range looping can be mapped by physical interaction of distant DNA loci 

with 3C-based assays.  Considering their capabilities, 5C and ChIA-PET currently 

provide the best balance of resolution and reasonable coverage in the human 

genome for this purpose (Dekker et al. 2013; Smallwood and Ren 2013).  Several 

5C and ChIA-PET datasets exist which are valuable for identifying interactions in 

selected human cell types, but diverse interaction maps are not yet available.  The 

second method correlates regulatory elements and target promoters across many 

cells types to computationally infer pairs that regulate and likely interact with 
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each other.  These in silico predictions require the annotation of cell-type specific 

enhancers and active promoters with chromatin signatures, DHSs, and 

expression profiles (Ernst et al. 2011; Sheffield et al. 2013; Shen et al. 2012; 

Thurman et al. 2012).  A clear advantage of the correlative approach is the 

necessary data in hundreds of cell types had already been produced by 

epigenomic consortia.  For example, Thurman et al. defined almost 600,000 

regulatory pairs from 79 cell types by correlating ENCODE DNase-seq and RNA-

seq data (Thurman et al. 2012). Some of the predicted interaction correlations 

defined by this approach were validated by both 3C and ChIA-PET but more 

extensive cross-validation is necessary.  Furthermore, such results are limited to 

enhancer-promoter communication and cannot address the role of insulators or 

novel interacting regions. 

While these two approaches use different concepts to define chromatin 

interactions, they independently come to similar conclusions about nuclear 

architecture.  The main theme is consistent with the role of enhancers in the 

determination of cellular identity: enhancer-promoter interactions are cell-type 

specific (Sanyal et al. 2012; Shen et al. 2012).  As previously suggested from 

single locus studies, enhancers target promoters at long distances and do not 

always target the nearest gene (Ong and Corces 2011).  This is confirmed by a 

broader study using 5C analysis of 1% of the human genome in three cell types 

which determined that ~50% of distal regulatory elements interact with the 

closest active gene (Sanyal et al. 2012).  Surprisingly, enhancers and promoters 
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can interact promiscuously with more than one element indicating a complicated 

web of transcriptional regulation (Sanyal et al. 2012; Shen et al. 2012; Thurman 

et al. 2012).  In fact, Thurman et al. use a correlative approach to find half of TSSs 

regulate 10 or more distal sites and half of putative enhancers regulate more than 

one TSS (Thurman et al. 2012).  5C physical interaction data also confirms 49% of 

TSSs interact with more than one distal site but finds only 10% of enhancers 

interacting with more than one promoter (Sanyal et al. 2012).  Another concept 

challenged by interactome annotations, is the classic definition of CTCF-bound 

insulators as having an enhancer-blocking function to limit the range of targeted 

enhancer activation to fine tune transcription (Phillips and Corces 

2009).   Notably, enhancer-promoter interactions often span hundreds of 

kilobases surpassing one or more CTCF sites (Demare et al. 2013; Sanyal et al. 

2012).  5C analysis predicts that almost 60% of all interactions skip a co-bound 

CTCF/cohesin locus ( Sanyal et al. 2012).  Another unexpected result is frequent 

insulator interactions with promoters and enhancers suggesting a possible role 

for CTCF in transcriptional activation (Demare et al. 2013; Handoko et al. 2011; 

Mali et al. 2013; Sanyal et al. 2012).  Finally, there is an emerging role of CTCF 

and cohesin co-bound regulatory elements in long-range, constitutive DNA 

interactions in contrast to cohesin and mediator co-bound regions which 

facilitate short range, cell-type specific enhancer-promoter interactions (Demare 

et al. 2013; Phillips-Cremins et al. 2013; Sanyal et al. 2012). 
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On the whole, great progress has been made towards understanding how 

chromatin and nuclear organization jointly regulate global gene expression 

patterns.  Still, it remains to be determined how up to 20 enhancers choose to 

target a particular promoter, what the functional consequence is for a promoter 

to be activated by more than once enhancer, and if these results are merely an 

artifact of averaging interactions and epigenetic maps over a population of 

cells.  Evidence that enhancer interactions frequently bypass insulators and that 

CTCF can loop to transcriptional start sites suggests we must refine our 

understanding of CTCF-bound insulators.  Certainly the conclusions from these 

epigenomic studies will encourage mechanistic studies to uncover the details of 

transcriptional regulation by long-range interactions.  Continuation of this work 

at high resolution and in many cell types will progress the dimensions of 

chromatin maps from a linear chart to a 3-dimensional model of genomic 

annotation. 

 

Dynamic Chromatin Landscapes During Human Development 

 Advances in the robustness, throughput, and accuracy of epigenomic 

technologies over the past decade have co-occurred with a revolution in stem cell 

biology and regenerative medicine.  The first completed epigenomes documented 

the features of cultured, immortalized or cancerous cell lines.  While this enabled 

correlation of epigenomic features with genomic elements, the resulting 

epigenomic landscapes were a static view.  Now that lineage-specific 
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differentiation protocols produce populations of cells with increasing purity, it is 

possible to study epigenomic dynamics during development.  Such studies give 

insight into how cell state transitions are influenced by chromatin states at 

promoters and enhancers, DNA methylation dynamics at enhancers, and the 

expansion of repressive domains.  Finally, using chromatin signatures to define 

lineage specific enhancers can lead to models of TF networks that regulate cell 

type specification. 

Unique chromatin signatures mark promoters and enhancers in 

pluripotent cells.  Some promoters in ESCs are bivalent or co-marked with active 

and repressive histone marks.  Sequential ChIP confirmed the presence of both 

H3K4me3 and H3K27me3 on the same DNA molecule or promoter allele 

(Bernstein et al. 2006).  Due to polycomb-mediated silencing, bivalent genes are 

not expressed and specifically mark developmental genes that are activated in 

downstream cell states and are “poised” in ESCs.  Consistent with this idea, 

differentiation of hESCs into endoderm, mesoderm, and ectoderm lineages 

resolves 85% of bivalent promoters into monovalent states in a lineage-specific 

manner (Gifford et al. 2013).  H3K4me1/H3K27me3 marked poised enhancers 

are a special class found mostly in ESCs and tend to regulate bivalent promoters 

of developmental genes (Rada-Iglesias et al. 2011).  Chromatin state maps can 

have more informative power than expression data alone, because they can 

identify both active genes and poised genomic elements that foreshadow a cell 

type’s differentiation potential. 
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 DNA methylation can also be informative for identifying enhancers and 

classifying their activity.  Quantitative comparisons of the first human methylomes in 

hESCs and fibroblasts indicated regions with dynamic DNA methylation levels.  A 

region that is relatively hypermethylated in one cell type and hypomethylated in 

another is called a differentially methylated region (DMR) (Lister et al. 2009).  DMRs 

are enriched at regulatory elements as evidenced by their overlap with DNaseI sites, 

TF binding sites, and enhancer chromatin marks (Hon et al. 2013; Ziller et al. 2013). 

Active enhancers correlate with the hypomethylated DMR state, also called low-

methylated regions (LMRs), and the formation and maintenance of LMRs is 

dependent on TF binding (Stadler et al. 2011).  However, whether the depletion of 

methylation upon TF binding occurs passively during cell cycles or through active 

demethylation is still unclear.  Recently generated methylomes of cytosine variants 

find 5hmC, 5fC, and 5caC enriched at enhancers in ESCs suggest the latter is possible 

(Pastor et al. 2011; Shen et al. 2013; Szulwach et al. 2011; Yu et al. 2012).  Even 

inactive enhancers can be identified by hypomethylation.  We recently discovered 

“vestigal enhancers”, defined as regions depleted of DNA methylation and enhancer 

chromatin marks in adult tissues but which exhibit enhancer activity earlier in 

development (Hon et al. 2013).  These results suggest that the methylome retains a 

memory of its previous cellular identities, although how and why is still 

unclear.  Overall, dynamic DNA methylation patterns at enhancers provide yet another 

epigenetic feature for their annotation. In fact, unexpected regions of hypomethylation 
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in transposable elements function helped to annotate these regions as tissues-specific 

enhancers (Xie et al. 2013a). 

Cellular differentiation during development is characterized by gradual 

expansion of repressed domains.  In ESCs, H3K27me3 is distributed across 8% of 

the genome and is most commonly observed at bivalent promoters of 

developmental genes (Zhu et al. 2013).  First observed in IMR90 fibroblasts but 

since confirmed in many differentiated cell types, H3K27me3 peaks spread from 

bivalent promoters in ESCs to form large blocks covering up to 40% of the 

genome in differentiated cells (Hawkins et al. 2010; Zhu et al. 2013).  These large 

repressed regions specifically span developmental genes, and presumably 

function to silence genes that do not pertain to the specified lineage.  

Correspondingly, chromatin accessibility at regulatory DNA is progressively lost 

during differentiation (Stergachis et al. 2013).  The epigenome of ESCs is uniquely 

open and accessible, which is consistent with the role of these cells as pluripotent 

progenitors of all three germ layers.  It is now clear that during differentiation 

and development, the epigenome is progressively restricted like its plasticity 

potential. 

Another major utility of epigenomic studies is the ability to identify cell 

state or stage specific master regulators and construct transcriptional networks.  

DNase-seq based methods are useful for mapping all TF binding sites genome-

wide in one assay.  DNase footprint analysis in 41 human cell types from ESCs to 

primary adult cells identified 45 million footprints and subsequent de novo motif 
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analysis discerned over 600 unique motifs (Neph et al. 2012b) .  This set of motifs 

recovered 90% of the TRANSFAC, JASPAR, and UniPROBE motif database entries.  

However, nearly half of the motifs found in this study are novel and bound by an 

unknown protein indicating there is a substantial amount of work to be done to 

have a complete understanding of sequence-dependent transcriptional 

regulators.  Similar to this approach, master transcriptional regulators can be 

identified by annotating putative enhancers using histone marks signatures 

followed by motif analysis of these regions.  In this way, novel master regulators 

of human neural crest (NR2F1), cardiac development (Meis2), and adipogenesis 

(PLZF) have been successfully identified (Mikkelsen et al. 2010; Paige et al. 2012; 

Rada-Iglesias et al. 2012).  Enhancer-driven regulatory networks can be 

constructed by correlating TF expression data with motif analysis at putative 

enhancers as predicted by histone marks or open chromatin (Ernst et al. 2011; 

Neph et al. 2012a).  Alternatively, TF networks can be directly assayed using 

ChIP-seq.  The ENCODE consortium characterized the binding patterns of 119 

TFs in five cell lines by ChIP-seq which yielded ordered predictions of TF 

hierarchies, rules of combinatorial TF binding, and TF binding preferences for 

distal or proximal sites (Gerstein et al. 2012).  However with over 1000 TFs and 

many cell types still not assayed, the complexity of experimentally and 

computationally generated transcription factor regulatory networks will increase 

and requires further investigation. 
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Understanding Disease Variants with Epigenomics 

The combination of data from the Human Genome Project and 

International HapMap Project enabled geneticists to study polygenic traits and 

diseases using GWAS (Frazer et al., 2009). Investigating the genetic basis of 

common diseases is possible by testing for variants that significantly associate 

with cases over controls in a population. GWAS are now a common tool in genetic 

epidemiology with over 1,600 studies published associating 11,000+ SNPs with 

hundreds of distinct diseases and traits (Welter, 2013). It is often difficult when 

interpreting GWAS results to identify the functional variant(s) underlying an 

association. The difficulty arises from the fact that a SNP associated with a 

particular phenotype may itself be the functional variant directly causing or 

contributing to the phenotype, or it may simply be in linkage disequilibrium (LD) 

with the functional variant. Traditional GWAS alone cannot differentiate between 

these two scenarios. Moreover, even after identifying a true functional variant, it 

can be very difficult to determine the molecular mechanism by which that variant 

alters genome function and contributes to disease. For example, 93% of SNPs 

associated with human phenotypes by GWAS are located outside of protein 

coding regions (Maurano et al, 2012). This finding highlights the need for 

annotation of the vast noncoding sequence of the human genome. Epigenomic 

maps are likely to play a major role in identifying specific functional variants that 

cause or contribute to human disease. 
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Assimilation of GWAS and epigenomic data can give clues about the 

involvement of regulatory elements and their target genes in the pathogenesis of 

common disease. Annotating enhancers by their chromatin state in nine cell 

types, Ernst et al. found that disease-associated SNPs are enriched within cell-

type-specific enhancers from the appropriate disease cell type (Ernst et al., 

2011). By correlating the locations of over 5,000 noncoding common disease-

associated SNPs with almost 4 million DHSs from hundreds of cell types, 

Maurano et al. found 40% of GWAS SNPS fall within these regions (Maurano et al., 

2012). Due to the cell-type specific property of regulatory elements, correlation 

of all GWAS SNPs in DHSs from a specific disease can facilitate de novo prediction 

of pathogenic tissues. Using this approach, GWAS SNPs associated with Crohn’s 

disease are enriched in the cell-type specific DHSs of TH17 and TH1 cells, and 

both of these cell types have been independently associated with this disease 

(Maurano et al., 2012). 

Variants can affect both local open chromatin and gene expression and 

these loci are called DNaseI sensitivity quantitative trait loci (dsQTLs) (Degner et 

al., 2012). Identification of dsQTLs in haplotyped lymphoblastoid cells from 70 

individuals found dsQTLs frequently fall within TF-binding sites, affect 

nucleosome positioning as determined by MNase-seq, and overlap with GWAS 

disease-associated SNPs (Degner et al., 2012 and Gaffney et al., 2012). 

Interestingly 80% of dsQTLs lie in chromatin regions previously predicted to be 
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functional in lymphoblastoid cell lines by epigenetic marks, including 41% in 

predicted enhancers, suggesting they may be the functional variant. 

Reference epigenomes in diverse tissues and the annotation of millions of 

putative enhancers can help researchers make hypotheses about which SNPs in 

LD with GWAS SNPs may contribute to disease. Following up GWAS studies by 

genotyping regulatory elements around GWAS SNPs may more definitively 

identify functional SNPs. Importantly, disease-associated SNPs that reside in 

putative regulatory elements must be functionally validated. SNPs in enhancers 

may affect their activity by disrupting TF binding, coactivator recruitment, 

looping interactions with target promoters, or transcription of the target 

promoter. To this end, each of these possible outcomes can be tested with 

traditional approaches such as reporter assays, gel shift assays, and allele-specific 

ChIP. In addition, emerging technologies such as TALENs, CRISPR/Cas9, 3C-based 

technologies, and new massively parallel reporter assays promise to vastly 

improve the rigor and throughput with which we can test these hypotheses 

(Melnikov et al., 2012 and Patwardhan et al., 2012). 

 

The Road Ahead 

Six decades ago, Watson and Crick put forward a model of DNA double helix 

structure to elucidate how genetic information is faithfully copied and 

propagated during cell division (Watson and Crick, 1953). Several years later, 

Crick famously proposed the “central dogma” to describe how information in the 
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DNA sequence is relayed to other biomolecules such as RNA and proteins to 

sustain a cell’s biological activities (Crick, 1970). Now, with the human genome 

completely mapped, we face the daunting task to decipher the information 

contained in this genetic blueprint. Twelve years ago, when the human genome 

was first sequenced, only 1.5% of the genome could be annotated as protein 

coding, whereas the rest of the genome was thought to be mostly “junk” (Lander 

et al., 2001 and Venter et al., 2001). Now, with the help of many epigenome maps, 

nearly half of the genome is predicted to carry specific biochemical activities and 

potential regulatory functions (ENCODE Project Consortium, et al., 2012). It is 

conceivable that in the near future the human genome will be completely 

annotated, with the catalog of transcription units and their transcriptional 

regulatory sequences fully mapped. 

However, to reach this goal a couple of technical issues should be 

resolved. First, current approaches to epigenomic analysis still demand a large 

number of cells, limiting the cell types and developmental stages that can be 

examined. Robust nanoscale techniques for chromatin modification profiling, 

methylcytosine detection or chromatin accessibility mapping will be necessary to 

cover the full spectrum of cellular states. A few nanoscale ChIP-seq, whole-

genome bisulfite sequencing methods have been reported, enabling epigenomic 

analysis of rare cell populations such as the germ cells (Adey and Shendure, 2012, 

Adli and Bernstein, 2011 and Ng et al., 2013). We expect that the application of 

these methods to the rare cell types and to embryonic stages will significantly 
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broaden our knowledge of the dynamic human epigenome, and facilitate the 

discovery of additional cell-type-specific regulatory elements and transcription 

units. Second, a lot of the epigenome maps currently available are from tissues 

consisting of heterogeneous cell populations, and do not accurately reflect the 

epigenomic state of a specific cell type. Today, to isolate individual cell types from 

a tissue in large quantity for epigenomic analysis by FACS is challenging. With the 

advance in nanoscale epigenomic analysis technique, it will likely be routine to 

obtain cell types in small quantity without affecting their cellular state and 

produce epigenome maps for specific cell populations in a tissue type. Eventually, 

the solution will likely be single-cell epigenome analysis techniques. Currently, it 

is not yet possible to profile the chromatin state or DNA methylation status of a 

single cell, but this could become a reality with further development of single-

molecule techniques such as SCAN (single chromatin molecule analysis in 

nanochannels) (Murphy et al., 2013) or SMRT (single-molecule, real-time) 

sequencing (Clarke et al., 2009 and Flusberg et al., 2010). 

Ultimately, to truly understand how the genome programs human 

development and how certain sequence variants cause human disease, we ought 

to be able to predict from the sequence when and at what level a gene is 

expressed in different cell types. To achieve this goal, we need to overcome 

substantial challenges in two areas. First, we must gain a better understanding of 

the functional relationships between DNA methylation, chromatin modification 

state, or higher order chromatin structure and gene regulation. Epigenomic 
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studies have established correlations between DNA hypomethylation, certain 

chromatin modification signature, and chromatin structure at cis-regulatory 

elements such as enhancers and promoters, but to determine whether an 

epigenetic state is necessary for transcription or merely coincidental will require 

additional mechanistic studies. To this end, new technologies are required to 

allow manipulation of the epigenetic state of specific loci. The recent 

development of TALE factors and CRISPR/Cas9 as a way to target histone 

modification enzymes or DNA methyltransferases to specific genomic sites is a 

great example ( Gaj et al., 2013, Ramalingam et al., 2013 and Wang et al., 2013). 

Second, we need to better define the target genes of the distal regulatory 

elements such as enhancers. This is a challenge because many enhancers are 

located hundreds and thousands of base-pairs away from their target genes, and 

it is not infrequent that an enhancer and its target gene are separated by other 

irrelevant genes ( Smallwood and Ren, 2013). Techniques such as ChIA-PET, 4C, 

5C, and Hi-C have been invented to identify looping interactions between 

enhancers and target promoters ( de Wit et al., 2013, Li et al., 2012, Sanyal et al., 

2012 and Wei et al., 2013). However, it is currently unclear whether mere spatial 

proximity is sufficient for functional regulation. Thus, mapping physical 

interactions alone is unlikely to be adequate to resolve the target genes for 

enhancers. An alternative, complementary approach defines target genes for an 

enhancer by searching for nearby genes sharing similar chromatin state or 

accessibility across diverse cell types ( Ernst et al., 2011, Shen et al., 2012 and 
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Thurman et al., 2012). Despite its simplicity, this approach does not work 

particularly well when a gene is regulated by multiple tissue-specific enhancers 

in different tissues. A hybrid approach combining both spatial proximity and 

chromatin state information will likely more accurately define the target genes 

for enhancers. 

In summary, the last few years have witnessed an explosion of the 

epigenomic field. Thousands of epigenome maps from hundreds of human cell or 

tissue types have been produced, adding crucial insights into the second 

dimension of the genomic sequence. Although these human epigenomes have 

illuminated potentially functional elements in the genome and improved our 

understanding of the human developmental programs, it is also clear that much 

more remains to be explored. Better characterization of epigenome variations in 

human populations and in patients will be critical for us to fully appreciate the 

epigenetic factors in human health and disease etiology. Indeed, projects are 

already underway to profile thousands more epigenomes from both healthy and 

diseased individuals (American Association for Cancer Research Human 

Epigenome Task Force and European UnionNetwork of ExcellenceScientific 

Advisory Board, 2008 and Bernstein et al., 2010). We anticipate an even greater 

revolution in our understanding of the human epigenome in the coming years. 
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Figure 1. Timeline of Sequencing-Based Technologies for Mapping Human 
Epigenomes.
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Figure 2.  Comparison of Human DNA Methylation Mapping Technologies 
The size of the circle is proportional to the genome-wide CpG coverage of the 
technology. 
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Figure 3: Hierarchical Principles of Nuclear Organization.
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Table 2. Major Conceptual Advances Convey the Utility of Epigenome Maps. 
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CHAPTER 2 - CRISPR REVEALS A DISTAL SUPER-ENHANCER REQUIRED FOR 

SOX2 EXPRESSION IN MOUSE EMBRYONIC STEM CELLS 

 

ABSTRACT 

 The pluripotency of embryonic stem cells (ESCs) is maintained by a small 

group of master transcription factors including Oct4, Sox2 and Nanog. These core 

factors form a regulatory circuit controlling the transcription of a number of 

pluripotency factors including themselves. Although previous studies have 

identified transcriptional regulators of this core network, the cis-regulatory DNA 

sequences required for the transcription of these key pluripotency factors remain 

to be defined. We analyzed epigenomic data within the 1.5 Mb gene-desert 

regions around the Sox2 gene and identified a 13kb-long super-enhancer (SE) 

located 100kb downstream of Sox2 in mouse ESCs. This SE is occupied by Oct4, 

Sox2, Nanog, and the mediator complex, and physically interacts with the Sox2 

locus via DNA looping. Using a simple and highly efficient double-CRISPR genome 

editing strategy we deleted the entire 13-kb SE and characterized transcriptional 

defects in the resulting monoallelic and biallelic deletion clones with RNA-seq. 

We showed that the SE is responsible for over 90% of Sox2 expression, and Sox2 

is the only target gene along the chromosome. Our results support the functional 

significance of a SE in maintaining the pluripotency transcription program in 

mouse ESCs.
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INTRODUCTION 

Sox2 is one of the three core transcription factors (Oct4, Sox2, Nanog) 

responsible for maintaining ESC pluripotency. These core pluripotency factors 

form auto-regulatory loops and transcriptionally induce a cohort of other key 

pluripotency genes (Boyer et al. 2005; Chambers and Tomlinson 2009; Chen et al. 

2008). Besides ESCs, Sox2 is also expressed in various types of adult stem cells 

(Arnold et al. 2011; Sarkar and Hochedlinger 2013). Recently, it has been 

reported that Sox2-expressing cancer stem cells may drive tumor initiation and 

relapse in medulloblastoma and skin tumor (Boumahdi et al. 2015; Vanner et al. 

2014). Therefore, elucidating the transcriptional regulation mechanisms of Sox2 

gene is important for the understanding of both pluripotency and tumorigenesis. 

Enhancers play a critical role in regulating metazoan gene transcription 

(Bulger and Groudine 2011; Jin et al. 2014b; Levine et al. 2014; Ong and Corces 

2011). Recent genome-wide analyses have revealed that enhancers are very 

abundant in the genome. Additionally, highly specific enhancer landscapes are 

responsible for cellular identity as they regulate distinct transcriptional 

programs in different cell types (Consortium et al. 2012; Jin et al. 2011; Mouse 

ENCODE Consortium et al. 2012). Clusters of enhancer constituents that together 

generate a domain of MED1-, and transcription factor-binding, and H3K27ac 

enrichment have been identified as super-enhancers (SE) or stretch enhancers 

(Hnisz et al. 2013; Parker et al. 2013; Whyte et al. 2013). Compelling genomic 

evidence has predicted that SEs play a particularly important role in the control 
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of cell identity and diseases (Hnisz et al. 2013; Parker et al. 2013; Whyte et al. 

2013), but direct functional evidence is lacking. 

Until recently, validating the in vivo function of a putative enhancer has 

proven technically difficult. Reporter assays confirm that the sequence can 

function as an enhancer exogenously, but it does not demonstrate whether a 

distal target gene can be activated by the enhancer in vivo. Knocking out the 

enhancer sequence is the gold standard approach, but conventional methods 

using homologous recombination are inefficient and labor-intensive. The recently 

developed CRISPR/Cas9 system (Cong et al. 2013; Mali et al. 2013) has proven to 

be a highly efficient genome editing technique and offers a promising method to 

validate enhancer functions in vivo. A recent study used CRISPR to validate the 

importance of a SE near GATA2 in chronic myeloid leukemia by demonstrating it 

is responsible for 80% of GATA2 expression (Gröschel et al. 2014). With this 

recent advance, we have attempted to examine the role of SEs in pluripotency 

and normal development. 

In the mouse genome, Sox2 is located within a ~1.5Mb gene desert region. 

It has been postulated that regulatory sequences may lie in such gene deserts and 

modulate gene expression over long distances (Nobrega et al. 2003).  In this 

study, we examined the gene desert near Sox2 and identified a putative distal 

super enhancer that is marked by active histone marks only in ESCs. This 13kb-

long enhancer is occupied by multiple pluripotency factors and forms a long-

distance DNA loop with the Sox2 promoter from 100kb away. Using a double-
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CRISPR excision strategy, we studied the in vivo function of this SE and 

demonstrated that it is responsible for over 90% of Sox2 gene expression in 

mouse ESCs. Our results therefore provide direct evidences on the key roles of a 

SE in governing ESC pluripotency. 

 

RESULTS 

Identification of a distal Sox2 super-enhancer in mouse ESCs 

We examined ENCODE ChIP-seq data from 23 different mouse tissues or 

cell types focusing on the Sox2 locus (Figure 4). Using H3K27ac, a histone mark 

for active enhancers (Creyghton et al. 2010; Rada-Iglesias et al. 2011), we 

observed a distal SE that is only present in mouse ESC lines, which is 

approximately 100kb downstream from the Sox2 locus. This sequence spans a 

relatively large 13kb region, and corresponds to a recently defined super-

enhancer (Whyte et al. 2013) or stretch enhancer ( Parker et al. 2013). Indeed, 

this region (referred to as Sox2-SEdistal hereafter) is one of the SEs previously 

identified in mouse ESCs (Whyte et al. 2013). Interestingly, although Sox2 is also 

expressed in several brain tissues, Sox2-SEdistal is not active in those tissues. 

Instead, a different region upstream of the Sox2 locus is marked by H3K27ac in 

brain tissues (Figure 4), suggesting that Sox2 is regulated by different 

mechanisms in ESCs and neural tissues involving different cis-regulatory 

elements. Indeed a part of the region marked by H3K27ac in brain tissues has 
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been shown to drive Sox2 expression in telencephalic neural stem cells (Zappone 

et al. 2000). 

 

Epigenetic characterization of the Sox2-SEdistal in mouse ESCs 

We next examined the epigenetic features at Sox2-SEdistal. First, we 

observed strong H3K27ac signal at this SE in two additional mouse ES cell lines 

(F123 and J1), indicating that usage of this SE is conserved across different mice 

strains. Previously published ChIP-seq data shows that Sox2-SEdistal is occupied 

by Oct4, Sox2 and Nanog (Figure 5). In this study, we also observed strong 

binding of the transcriptional co-activator p300 and the mediator complex 

(Med1) (Figure 5).  

To test if Sox2-SEdistal regulates Sox2 gene through long-range DNA 

looping, we analyzed DNA looping interactions using Hi-C data generated from 

mouse ESCs ( Jin et al. 2014a) and observed specific DNA looping signal between 

Sox2-SEdistal and the Sox2 promoter (Figure 5). This long-range chromatin 

interaction was also observed in two other independent studies using 5C 

(Fullwood et al. 2009; Gribnau et al. 2003; Hnisz et al. 2013; Phillips-Cremins et 

al. 2013; Ram et al. 2011; Splinter et al. 2012; van de Werken et al. 2012a; Whyte 

et al. 2013) and ChIA-PET (Kieffer-Kwon et al. 2013) in mouse ESCs. Taken 

together, these results suggest that Sox2-SEdistal could be involved in the core 

pluripotency circuitry through regulating Sox2 gene expression. 

 



57 

 

A simple and efficient strategy to disrupt enhancers with CRISPR 

To test the in vivo function of Sox2-SEdistal, we sought to delete the entire 

enhancer sequence from the endogenous locus. Given that the SE spans a ~13kb 

region, deletion of this region using conventional methods would be very 

inefficient. Therefore, we explored whether the recently developed CRISPR 

technology (Cong et al. 2013; Mali et al. 2013) could be utilized to delete this 

large non-coding sequence in mouse ESCs. 

In the CRISPR/Cas9 system, a small guide RNA (sgRNA) targets the Cas9 

protein to a specific genomic location and generates a double-strand break. 

Random mutations can be generated when the DNA break is repaired via non-

homologous end joining (NHEJ). The efficiency of DNA cutting by the 

CRISPR/Cas9 system may reach over 90%, therefore it is possible to introduce 

multiple mutations in the same cell with high efficiency (Wang et al. 2013). We 

postulated that if we introduce two sgRNAs flanking the Sox2-SEdistal into a cell, 

two DNA breaks may be generated simultaneously on the same chromosome, 

leading to the deletion of this long SE during DNA repair by NHEJ (Figure 6A).  

We therefore used this simple approach to delete Sox2-SEdistal in the 

hybrid F123 mouse ESC line (see method and materials) derived from a cross 

between two inbred strains, CAST and 129 ( 2009; Gribnau et al. 2003) (Figure 

6A). This cell line was chosen for its high SNP density and a priori haplotypes. 

Given these characteristics, this cell line is especially amendable to robust allelic 

analysis of CRISPR-based deletions and downstream functional assays. 
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After co-transfecting two sgRNA constructs, 8 out of 16 ESC clones had the 

desired enhancer deletion on at least one allele (Figure 6B). Copy number 

analysis revealed that Sox2-SEdistal was deleted from both alleles (biallelic clones) 

in 2 clones, and from one allele in the remaining 6 clones (monoallelic clones) 

(Figure 6C). Further genotyping analysis using Sanger sequencing confirmed that 

among the 6 monoallelic clones, five had a deletion on the 129 allele and one on 

the CAST allele (Figure 6D, Figure 9 (Appendix)). Taken together, these results 

suggest that our double-CRISPR strategy can delete large genomic sequences 

with very high efficiency (31.25%, see methods). In fact, a recent study also took 

a similar approach in mouse erythroleukemia cells and achieved a similar 

deletion frequency (Canver et al. 2014). 

 

Sox2-SEdistal is responsible for over 90% of Sox2 transcription 

We next performed allele specific RT-qPCR analysis (see methods) to 

quantify the effect of Sox2-SEdistal on Sox2 transcription. In wild type (WT) clones, 

both CAST and 129 alleles contribute to roughly half of total Sox2 expression 

(Figure 7A). Strikingly, in the biallelic SE knockout clone, Sox2 expression is 

almost completely lost, while in monoallelic SE knockout clones, total Sox2 

expression level is reduced by roughly 50% (Figure 7A). Importantly, in the 

monoallelic clones, the level of Sox2 expression from the knockout allele is only 

~7% of the intact allele on average (Figure 7A). These results reveal that a single 
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SE, Sox2-SEdistal, regulates transcription exclusively in cis and contributes to over 

90% of total Sox2 expression. 

In order to further test the cis and trans effects of the enhancer deletion on 

the transcriptome, we performed RNA-seq in four representative clones with 

different scenarios of enhancer deletion (WT, biallelic mutation, 129 monoallelic 

mutation, and CAST monoallelic mutation). Based on the sequences of RNA-seq 

reads and SNPs called for both parental alleles, we can determine the 

transcriptional outputs from the 129 or CAST allele for every gene (Figure 7B). 

Consistent with the RT-qPCR data, the RNA-seq results also supported our 

conclusion that Sox2-SEdistal is required for Sox2 gene transcription. Importantly, 

none of the other genes on the same chromosomes are directly affected by Sox2-

SEdistal deletion (Figure 7B-C), suggesting Sox2 is the only target gene of Sox2-

SEdistal. It is noteworthy that Sox2 is the only active protein-coding gene sharing 

the same TAD (Dixon et al. 2012) with Sox2-SEdistal (Figure 7B). 

 

Sox2-SEdistal deletion alters transcription of key pluripotency genes 

As expected, Sox2-SEdistal deletion affected the proliferation and 

morphology of mESC culture, due to reduced expression of Sox2 and several 

other pluripotency factors (Figure 8A-B, Figure 10 (Appendix)). We further 

analyzed the effects of Sox2-SEdistal deletion on the transcriptome using the RNA-

seq data in different types of mutant clones (Table 4 (Appendix)). Comparing the 

biallelic knockout clone to the WT clone, we identified a signature of 136 up-
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regulated genes and 142 down-regulated genes (including Sox2) using a 3-fold 

cutoff (Figure 8C, Table 5-S3 (Appendix)). Importantly, transcription levels of 

most of these genes also show significant change in the monoallelic SE knockout 

clones (Figure 8D), although to a lesser extent (Figure 8E). These results suggest 

that partial loss of Sox2 expression also results in significant trans effects on gene 

transcription in mouse ESCs. 21 out of the 142 down-regulated genes have Sox2 

binding sites at promoters, while only 6 up-regulated genes have Sox2 binding at 

promoters (Figure 8F, Table 7 (Appendix)), suggesting some of these genes are 

direct targets of Sox2 transactivation. However, we cannot exclude the possibility 

that some genes are affected by Sox2-SEdistal deletion through trans-interactions 

or other indirect mechanisms. 

Gene ontology (GO) analysis revealed distinct functions between up-

regulated and down-regulated signature genes upon Sox2-SEdistal deletion. 

Consistent with the role of Sox2 as a core pluripotency factor, down-regulated 

signature genes are key genes involved in stem cell maintenance and early 

development, including Nanog, Klf4, Esrrb, Tet1, and Kit. (Figure 8G). On the 

other hand, up-regulated signature genes are involved in late development and 

specialized cellular functions such as cell migration and cell communication 

(Figure 8G). 

We also performed an unbiased gene set enrichment analysis (GSEA) 

comparing our signature genes to hundreds of gene signatures from molecular 

signature database (MSigDB). Remarkably, we found that the Sox2-SEdistal 
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knockout signature anti-correlates with the signature in mouse ESCs lacking the 

Suz12 gene (Pasini et al. 2007). Suz12 is a key component of polycomb repressive 

complex 2 (PRC2), which has been shown to be required for ESC differentiation 

(Boyer et al. 2006). Consistently, we observed a significant fraction of up-

regulated signature genes that are down-regulated in Suz12-/- mouse ESCs, while 

the expression levels of a significant fraction of down-regulated signature genes 

are elevated in Suz12-/- mouse ESCs (Figure 8H). It has been previously shown 

that Suz12 binds to a significant fraction of key developmental regulators in 

mESCs, and those genes are often co-occupied by Oct4, Sox2 and Nanog (Lee, 

2006). Our results therefore agree with a model that PRC2 antagonizes the core 

pluripotency factors in regulating target gene expression during differentiation. 

 

DISCUSSION 

We identified a mouse ESC-specific regulatory region that controls Sox2 

expression through long-range DNA looping. Sox2-SEdistal is an exceptionally large 

(~13kb) cluster of H3K27ac enrichment thereby fitting the criteria of recently 

defined super-enhancers or stretch enhancers (Parker et al. 2013; Whyte et al. 

2013). It has been proposed that SEs may play a key role in maintaining cell 

identity, and our results provide unambiguous functional data supporting this 

hypothesis.  Interestingly, we also observed a different SE proximal to Sox2 that 

is also marked by histone H3K27ac exclusively in brain tissues (Figure 4). This 

could be an SE that drives Sox2 expression in brain. It will be interesting to 
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further explore how the Sox2 gene transitions to different enhancer usage during 

the development of central nervous system (CNS). 

Importantly, we have demonstrated the feasibility of using a simple 

double-CRISPR excision strategy to delete a 13kb non-coding region (Figure 6A). 

Because of the high efficiency of the CRISPR/Cas9 system, two double-strand 

breaks can be generated simultaneously on the same chromosome, leading to the 

loss of an entire 13kb region between the two targeting sites. The usage of a 

hybrid cell line (F123) also allows allele-specific measurements of enhancer 

activity. Upon deletion of Sox2-SEdistal using CRISPR, we found Sox2 expression is 

reduced by over 90%. As expected, Sox2-SEdistal deletion reduces the 

transcription of a number of key pluripotency genes and also induces a 

differentiation gene signature. We believe CRISPR will be a powerful tool for 

future study of in vivo enhancer function. 

It is also striking that Sox2-SEdistal regulates expression of Sox2, which is 

located 100kb away, without affecting other nearby genes. This implies that 

enhancers engage in highly selective long-range interactions, and their regulation 

should not be simplified by assuming they regulate the nearest gene. One 

possible explanation for this specificity lies in the specific looping interaction 

between Sox2 and Sox2-SEdistal. Our analysis of Hi-C data shows significant 

interaction between Sox2 and Sox2-SEdistal (Figure 5). It is also noteworthy that, 

while there are other genes near Sox2-SEdistal, only the Sox2 promoter is marked 

by a strong peak of H3K4me3 within the same topological domain (Dixon et al. 
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2012;), which could explain why only the Sox2 gene is targeted by Sox2-SEdistal. 

A similar phenomenon was also observed in a recent study on GATA2 super-

enhancer ( Gröschel et al. 2014). 

It came to our attention that a part of the region we deleted overlaps with 

5’ end of the Peril ncRNA transcript (Sauvageau et al. 2013). As a result, the Peril 

transcript was lost from the alleles with Sox2-SEdistal deletion (data not shown). 

However, Sauvageau et al. did not observe significant loss of Sox2 expression in 

mouse embryos when they knocked out Peril. Therefore, we conclude that the 

effect of the Sox2-SEdistal deletion on Sox2 expression is not due to loss of Peril 

transcript.  

Understanding how genomic information directs tissue-specific gene 

expression remains a major challenge. Identification of cis-regulatory elements 

from epigenomic information and validation by efficient genome editing 

techniques will be a paradigm of how to study gene regulation. 

 

METHODS 

Cell culture and transfection experiments 

The F1 Mus musculus castaneus × S129/SvJae mouse ESC line (F123 line) 

was a gift from the laboratory of Dr. Edith Heard and was previously described 

(Gribnau et al. 2003). The cells were cultured as described previously (Selvaraj et 

al. 2013).  Importantly, cells were passaged twice on 0.1% gelatin-coated feeder-

free plates before harvesting. F123 cells were plated at a density of 0.5 
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million/mL on 0.1% gelatin-coated feeder-free plates 24 hours before 

transfection. Cells were triple transfected using the Mouse ES Cell Nucleofector 

Kit (Lonza) and Amaxa Nucleofector with 7.5ug of each CRISPR plasmid and 5ug 

of pBABE-Puro. Post-transfection, cells were immediately plated on puromycin-

resistant MEF feeders (GlobalStem) for recovery.  48 hours after transfection 2 

µg/mL of puromycin (Sigma) was supplemented to the cell culture media for 3 

days to select for transfected cells. Alkaline phosphatase staining was performed 

using mESC culture in the presence of MEF feeder cells with the Alkaline 

Phosphatase Staining kit (Stemgent). For growth curve analysis, control and 

mutant ES cells were plated at 1 × 105 cells in triplicates on 12-well plates and 

counted for six consecutive days. The cells were passaged on day 4 by making 1:3 

dilutions. The cell numbers on day 5 and 6 were multiplied by three to adjust for 

the dilution. 

 

Design of CRISPR constructs for enhancer deletion 

Target-specific CRISPR guide RNAs were designed to optimize uniqueness 

and have limited off-targets using an online tool 

(http://crispr.mit.edu/).  Corresponding oligonucleotides were ordered (IDT) 

and subcloned into the pX330 plasmid (Addgene), expressing a human codon-

optimized SpCas9 and chimeric guide RNA expression plasmid, following 

previously published guidelines (Cong et al. 2013). The sequences flanking 

mEnh-Sox2distal targeted by the CRISPR constructs are: 
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5’-CRISPR: GACGCTTCCGTTCTTGGAGTAGG 

3’-CRISPR: TTGGATTCCCGACAACAAGCTGG 

 

PCR and Sanger sequencing for genotyping deletion clones 

Genomic DNA was isolated from clonal CRISPR targeted F123 cell lines 

using a DNeasy Blood & Tissue Kit (Qiagen).  To screen deletion clones, SE-

spanning PCR primers were designed which flank the outside of the CRISPR 

sgRNAs and amplify a 13kb+ region.  Given efficient CRISPR cutting and repair of 

DNA through non-homologous end joining, a ~420bp product is expected. For 

PCR, 20ng of genomic DNA was used and amplified with Q5 High-Fidelity DNA 

Polymerase (NEB).   

Subsequently, a qPCR-based genotyping method was designed to quantify 

the DNA copy number of the targeted regions relative to control regions. qPCR 

copy number primers were designed inside the targeted region to quantify the 

efficiency of CRISPR deletion as creating a biallelic or monoallelic deletion.  qPCR 

was performed with 10ng of genomic DNA in triplicate using SYBR green master 

mix (Roche) on the LightCycler 480 (Roche).  Relative levels of DNA copy number 

were calculated using the ∆∆Ct method with copy number normalized to GAPDH 

intron 1 (chromosome 6) as a control. 

Finally, Sanger sequencing was used to confirm the qPCR genotyping 

result and further characterize the deletion junction. The ~420bp products from 

PCR were TOPO-cloned using a Zero Blunt TOPO PCR cloning kit 
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(Qiagen).  Purified plasmid was Sanger sequenced (Retrogen) using the M13 F 

primer. Sanger sequencing data of one of the biallelic (confirmed by copy number 

analysis) SE deletion clone were not available because we failed to expand it 

upon freeze/thaw. The following equation was used to calculate deletion 

efficiency: Deletion frequency = ((# monoallelic clones) + 2 * (# biallelic clones)) 

/ (2 * (# of total clones)).  

The following are the primers used: 

mEnh-Sox2distal PCR Deletion-spanning primers 

F: CCTCAAAGTGCATCTCGTCA 

R: GTCCCCTCGGCTTCTGTACT 

mEnh-Sox2distal copy number qPCR primers 

F: CAAATGCGCCTCTCACTTTA 

R: TTCCCAGCAGTGCTTGTATG 

qPCR copy number control primers: GAPDH intron 1 (chromosome 6) 

F: CTGGCACTGCACAAGAAGAT 

R: GGGTTCCTATAAATACGGACTGC 

M13F Sanger Sequencing Primer 

F: GTTTTCCCAGTCACGACGTTGTA 

 

RNA isolation and allele-specific RT-qPCR 

Total RNA was isolated by TRIzol (Life Tech) extraction and DNaseI (Life 

Tech) treated. The SuperScript III First-Strand Synthesis SuperMix for RT-qPCR 
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kit (Life Tech) was used for synthesis of cDNA from 1ug of RNA. RT-qPCR was 

performed in triplicate using SYBR green master mix (Roche) on the LightCycler 

480 (Roche).  Relative levels of gene expression were normalized to beta actin 

(Actb). RT-qPCR primers for Actb are (Fwd: 5’-CTGGCTCCTAGCACCATGAAGATC; 

Rev: 5’-TGCTGATCCACATCTGCTGG). The primer sequences used in this study are 

Pou5f1 (F: 5’-GTTGGAGAAGGTGGAACCAA, R: 5’-CCAAGGTGATCCTCTTCTGC), 

Nanog (F: 5’-ATGCCTGCAGTTTTTCATCC, R: 5’-GAGGAAGGGCGAGGAGAG), Esrrb 

(F: 5’-ACATTGCCTCTGGCTACCAC, R: 5’-CGGGCAGTTGTACTCGATG), Klf4 (F: 5’-

CAGGCTGTGGCAAAACCTAT, R: 5’-CGTCCCAGTCACAGTGGTAA), Kit (F: 5’-

CGTGAACTCCATGTGGCTAA, R: 5’-CGTCTCCTGGCGTTCATAAT). 

  To assay the allele-specific expression from Sox2 locus, we used a 

common forward primer to measure the Sox2 gene expression level (Sox2-F: 5’-

ACATGTGAGGGCTGGACT). A universal reverse primer (R-universal: 5’-

CCTTTTGAGCATTATCAGATTTTTC) is used to measure the total Sox2 expression 

level. We used two different reverse primers to measure Sox2 expression from 

the CAST (R-CAST: CTTTTGAGCATTATCAGATTTTTCT) or 129 allele (R-129: 

CTTTTGAGCATTATCAGATTTTTCC).  

 

Strand-specific RNA-seq 

PolyA+ RNA was captured from ten micrograms of total RNA using 

Oligo(dT)25 Dynabeads (Invitrogen). The resulting RNA fraction was subjected to 

first-strand cDNA synthesis using random primers and dT oligos in the presence 
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of actinomycin D. Samples were cleaned up by applying the reaction mix to mini 

G50 columns. The eluted sample was then subjected to second-strand synthesis 

with DNA polymerase I, DNA ligase, and dUNTPs in the presence of RNase H. This 

ensures that the cDNA strand complementary to the mRNA has dNTPs and that 

the other strand is specifically labeled with dUNTPs. The cDNA was purified by 

QIA-quick columns and sheared using a Bioruptor (Diagenode). The fragmented 

cDNA was subsequently end repaired, A-tailed, and then ligated to Illumina 

TruSeq adapters. The samples were run on a 2% high-resolution agarose gel and 

fragments were size-selected from 200bp-450bp.  The fragments were then 

treated with UDGase to remove the labeled strand, and mRNA complementary 

cDNA strand was amplified by PCR and sequenced (2x100bp) using the Illumina 

HiSeq2000. 

 

ChIP-seq 

ChIP-Seq was carried out as previously described (Hawkins et al. 2010) 

with 500 μg chromatin and 5 μg antibody with the following antibodies, H3K27ac 

(Abcam, ab4729) and H3K4me3 (Millipore, 04-745).  ChIP and input library 

preparation and sequencing procedures were carried out as described previously 

according to Illumina protocols with minor modifications (Illumina, San Diego, 

CA). 

 

Bioinformatic analysis 
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All the sequencing data were mapped to mm9. ChIP-seq and Hi-C data 

analysis were performed as described previously (Jin et al. 2014a). For RNA-seq 

analysis, reads were mapped using Novoalign and USeq. FPKM for known mouse 

genes were generated using in-house scripts. To identify signature genes, a 

pseudo number of 4 was added to the FPKM value of each gene and a 3-fold cutoff 

was used to identify significantly changed genes comparing wild type and 

enhancer knockout clones. CAST and 129 genotypes were generated, and strain-

specific reads at CAST and 129 SNPs were separated as described previously 

(Selvaraj et al. 2013). To improve the accuracy of calling genetic variants 

between the two mouse strains, we also removed a subset of variants that 

showed inherent biases from all downstream analyses. Briefly, we generated 

dummy reads across each SNP/Indel and mapped them to the genome: SNPs that 

showed >5% bias and Indels showing >10% bias are ignored. We also checked 

for copy number variation across the two alleles and ignored variants that 

showed significant bias (5% FDR). Finally, we removed variants identified as 

poor heterozygous calls (5% FDR) (Selvaraj et al. 2013). Functional analysis of 

the signature genes was performed using DAVID and GSEA.  

 

Data availability 

The raw data for ChIP-seq and RNA-seq experiments performed in this 

study have been uploaded to GEO with accession number (GSE60763). The 

following epigenomic data used in this study were published previously: 
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H3K27ac ChIP-seq in different mouse tissues, and p300 ChIP-seq in mESCs (Shen 

et al. 2012) (GSE29218); ChIP-seq of Med1, Oct4, Sox2 and Nanog in mouse ES 

cells ( Whyte et al. 2013) (GSE44288); Hi-C data in mouse J1 ES cells (Dixon et al. 

2012) (GSE34156) and F123 ES cells (Selvaraj et al. 2013) (GSE48592) were 

combined for the analysis in this study. 
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FIGURES 

 

 
 

Figure 4. Identification of a distal mouse ESC-specific super-enhancer near Sox2 
gene.  In a genome-browser snapshot, 23 tracks of H3K27ac ChIP-seq data are 
shown. The top 2 tracks are from two different mouse ESC lines. Shadowed 
region shows the location of the mEnh-Sox2distal enhancer. 
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Figure 5. Characterization of the distal Sox2 super-enhancer. In a genome-
browser snapshot, the top Hi-C track is a bar graph showing the Hi-C read 
number in mouse ESCs using Sox2 as the anchor (highlighted in yellow). Each bar 
represents one HindIII fragment between two HindIII cutting sites. The bar 
height represents the Hi-C read count from the anchor to the HindIII fragment. 
The 2nd Hi-C track plots the expected value for every HindIII fragment. Therefore 
the blue highlighted region is a significant looping interaction from the Sox2 
promoter to Sox2-SEdistal after comparing the top two tracks. The ChIP-seq tracks 
show the locations of different histone marks or protein factors in mouse ESC 
lines. The super-enhancer track shows the locations of two super-enhancers in 
mESCs identified by Hnisz et al. 
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Figure 6. Deleting Sox2-SEdistal using CRISPR. (A) Schematic representation of 
CRISPR-based SE deletion strategy in a hybrid mouse ESC line, F123. Lower panel 
shows the location of two small guide RNA flanking the 13kb Sox2-SEdistal. (B) 
Two PCR primers flanking (see Methods) the deleted region were used to amplify 
the genomic DNA from mutant clones. Successful deletion (monoallelic or 
biallelic) generates a small PCR product of ~420bp with some length variation 
due to random mutations during non-homologous end-joining. 8 of the 16 clones 
show a product, meaning at least one copy of the SE is deleted. (C) qPCR was 
performed using two primers inside the SE (see Methods) to measure the copy 
number of the SE in WT ESCs and 8 mutant clones. Signal in WT clone is 
normalized to 2. Error bar: standard deviation. (D) Summary of the genotypes of 
the mutant ESC clones as confirmed by Sanger sequencing.
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Figure 7: Sox2-SEdistal regulates Sox2 expression in cis. (A) Allele-specific RT-
qPCR analysis of mESC clones with different genotypes. Samples are normalized 
to the average Sox2 signal between two WT biological replicates. Error bar 
denotes standard deviation. Note one biallelic Sox2-SEdistal deletion clone (Mut B 
from Figure 3) is missing because we fail to re-expand that clone after freeze and 
thawing. (B) Genome browser tracks showing the RNA-seq signals near the Sox2 
locus. Only RNA-seq reads on SNPs between CAST and 129 genomes are plotted. 
Red tracks: RNA-seq reads on CAST SNPs, the signal above the base line shows 
transcription from positive strand and the signal below the base line shows 
transcription from negative strand.  Blue tracks: RNA-seq reads on 129 SNPs. The 
bottom heat map track shows TAD defined by Hi-C. The TAD containing Sox2 
gene is highlighted in yellow. (C) Comparison of allele-specific expression from 
RNA-seq in the monoallelic 129 and monoallelic CAST clones. Allele specificity is 
defined as the log2 ratio of RNA-seq reads from CAST and 129 allele after adding 
a pseudo count of 10. All genes on chromosome 3 including Sox2 are plotted. 
Only the Sox2 gene shows CAST specific expression in CAST+/129- clone and 129 
specific expression in CAST-/129+ clone, suggesting direct regulation by Sox2-
SEdistal. 
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Figure 8: Sox2-SEdistal deletion affects key pluripotency genes. (A) Alkaline 
phosphatase staining of wild type (left) and biallelic Sox2-SEdistal deletion (right) 
clones. (B) RT-qPCR analysis of pluripotency genes in 4 representative wild type 
(WT) or Sox2-SEdistal deletion clones. (C-E) Scatter plots comparing the 
expression levels of all mouse genes in different Sox2-SEdistal deletion clones 
according to RNA-seq data. Knockout clone: biallelic Sox2-SEdistal mutant; 
haploinsufficient clone: monoallelic Sox2-SEdistal mutant. Plotted are log2 scaled 
FPKM values for each gene after adding a pseudo-value of 4. Signature up-
regulated (red spots) or down-regulated (blue spots) genes were identified from 
the biallelic mutant clone (C). Expression levels of these signature genes were 
also compared in (D) and (E). (F) Bar graph comparing the up-regulated and 
down-regulated signature genes with Sox2 binding at promoters as called by 
Sox2 ChIP-seq data. P-value: Binomial test. (G) GO analysis identified top GO 
terms enriched in up-regulated or down-regulated genes upon Sox2-SEdistal 
deletion. (H) Venn diagrams comparing the Sox2-SEdistal knockout signature 
genes to signature genes found in Suz12 knockout mouse ESCs. P-value: binomial 
test.
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APPENDIX 

Supplemental Figures 

Figure 9. Genotyping of enhancer deletion clones. (A) Aligned Sanger sequencing 
chromatograms from deletion junctions amplified from genomic DNA of targeted 
Sox2-SEdistal clones.  Two SNPs (highlighted in yellow) on the 3' end of the PCR 
product reveal the origin of the targeted allele.  Mutant A is biallelic, Mutant G is 
monoallelic with the CRISPRs targeted the CAST allele, and the remaining clones 
are monoallelic with the CRISPRs targeting the 129 allele. (B) Aligned Sanger 
sequencing results from deletion junctions amplified from genomic DNA of 
targeted Sox2-SEdistal clones.  Clones had varied deletions created by the Cas9 
nuclease and repaired by non-homologous end joining.  Mutant H contains a 
short inversion between the CRISPR/Cas9 cut sites consistent with the larger 
PCR product observed during genotyping (see Fig. 3B).  The SNP at position 222 
reveals the parental original of targeted allele.  Mutant A is biallelic, Mutant G is 
monoallelic with the CRISPRs targeted the CAST allele, and the remaining clones 
are monoallelic with the CRISPRs targeting the 129 allele.



80 

 



81 

 

 

 

 

Figure 10. Deletion of Sox2-SEdistal impairs ES cell proliferation.  (A)  Western 
blot analysis of Sox2 gene in wild type and biallelic Sox2-SEdistal deletion mESC 
clones. (B) Growth curves of wild type and biallelic Sox2-SEdistal deletion mESC 
clones. 
 

 

Supplemental Tables 

Table 4. FPKM for all mouse RefSeq genes in 4 representative mESC clones from 
RNA-seq. (doi:10.1371/journal.pone.0114485.s003) 

 

Table 5. A list of 136 genes upregulated after deleting Sox2 enhancer. 
(doi:10.1371/journal.pone.0114485.s004) 
 

Table 6. A list of 142 genes downregulated after deleting Sox2 enhancer. 
(doi:10.1371/journal.pone.0114485.s005) 
 

Table 7. A list of genes bound by Sox2 at promoters. 
(doi:10.1371/journal.pone.0114485.s006) 
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CHAPTER 3 –FUNCTIONAL IDENTIFICATION OF TRANSCRIPTIONAL 

ENHANCER TARGET GENES TO REVEAL THE RULES OF GENE REGULATION 

 

ABSTRACT 

 Transcriptional enhancers are DNA elements that bind sequence specific 

transcription factors and function to boost the transcription of at least one target 

promoter.  Large consortium based projects have identified putative cis-

regulatory elements in hundreds of cell types and tissues using epigenetic 

signatures such as histone marks and DNase hypersensitivity.  However, whether 

the predicted regulatory elements actually function as enhancers, the identify of 

their target promoters, and the measurable contribution of these enhancers to 

transcriptional activation are all still unclear.  In this study we utilize a CRISPR-

based genome engineering technique to delete typical enhancers (TEs) and super 

enhancers (SEs) in mouse embryonic stem cells (mESCs) from a hybrid mouse 

strain.  This project is currently on going and the goal is to delete 100 such 

regulatory elements. Allelic RNA-seq analysis of reciprocal monoallelic clones is 

used to understand the direct impact of the deletion on genes in cis.  Our results 

so far indicate several key challenges in robustly genotyping enhancer KO clones.  

Follow up studies, using ChIP-seq and 4C-seq are used to explore the exact stage 

of transcriptional activation affected by enhancer loss.  In the Sox2-SEdistal 

mutants RNA PolII is no longer recruited to the promoter and hyperacetylation of 

histones (H3K27ac) at the promoter is lost.  
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Together, these results imply that Sox2-SEdistal plays a role in transcriptional 

initiation at the Sox2 promoter.  As this study progresses, and more mutant lines 

are generated, this study will offer a set of validated enhancers ripe for further 

enhancer mechanism studies. 

  

INTRODUCTION 

Definition of transcriptional enhancers and proposed models of function 

Enhancers can be defined as DNA elements that increase transcription 

from an associated promoter independent of their orientation or position relative 

to the proximal promoter (Blackwood and Kadonaga 1998).  These cis-regulatory 

elements can be located upstream or downstream of the promoter or within an 

intron . As discussed in Chapter 2, clusters of enhancer constituents that generate 

a domain of MED1- and transcription factor-binding and H3K27ac enrichment 

have been identified as super-enhancers (SE) (Hnisz et al. 2013; 2011; Whyte et 

al. 2013).  The purpose of this study in Chapter 3 is to use genomic knockouts of 

SEs and TEs to better understand how they mechanistically control gene 

expression. 

As extensively reviewed, there are several models by which enhancers are 

thought to communicate with promoters (Blackwood and Kadonaga 1998; Bulger 

and Groudine 2011).  The looping model suggests that distal enhancers and 

proximal promoters recruit specific factors which then interact, looping the DNA 

to form a transcription complex.  How these looping interactions are formed, 
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maintained, and choose specificity are unclear but likely involve structural 

proteins such as CTCF and cohesion.  Another theory is that enhancers recruit 

proteins that covalently modify both histones and transcription factors to 

regulate transcription.  For example, many transcriptional coactivators that bind 

enhancers are histone acetyltransferases.  Acetylation of histones and general 

transcription factors such as TFIIE and TFIIF both promote transcription (Imhof 

et al. 1997).  One last example of a model for enhancer function concerns nuclear 

localization.  It has been theorized that enhancers function to target their 

associated promoters to punctae and active compartments in the nucleus with 

high local concentrations of transcriptional machinery, called transcription 

factories.  To summarize, current studies suggest enhancers are capable of an 

array of functions and some, all, or none, of these may be the cause of enhancer 

mediated gene activation.  Aberrant transcriptional activation is a common 

feature of cancers and other human diseases, therefore understanding the 

mechanisms of enhancer action may have broad impacts on the molecular 

etiology of disease. 

Regardless of how an enhancer “finds” it’s target promoter, the question 

remains of what the enhancer contributes to the promoter microenvironment 

that results in increased transcriptional output.  In response to this question, 

experimental evidence exists to support the idea that enhancers can activate 

transcriptional initiation and transcriptional elongation.  First, enhancers are 

bound by RNA polymerase II, histone acetyltransferases (Heintzman et al. 2007), 
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general transcription factors (TAFs) (Szutorisz, 2005), and the mediator complex 

(Kagey et al. 2010), all of which may contribute to a fully assembled PIC at the 

promoter upon enhancer looping.  Studies support the role of an enhancer in 

transcriptional pause release and elongation as well.  Components of the RNA 

polymerase II elongation machinery, specifically ELL3, are found at enhancers in 

ESCs (Lin et al. 2013).  Loss of ELL3 results in improper recruitment of both RNA 

Pol II and the super elongation complex at target promoters.  A class of 

enhancers, called anti-pause enhancers, are bound by both Brd4 and jumonji C-

domain-containing protein 6 (JMJD6) in HEK293T cells (Liu et al. 2013).  The 

actions of this kinase and demethylase activate the P-TEFb complex, a step that is 

specifically required for transcriptional elongation.  These studies do not 

necessarily conflict with each other, as it is completely possible that enhancers 

use diverse mechanisms to regulate promoter transcription. 

 

Methods of identifying the promoter targets of enhancers 

 Regulatory elements can be predicted by scanning the genome for 

intragenic sequences with high conservation across species, transcription factor 

binding, DHS, open chromatin marks (specifically H3K27ac and H3K4me1), and 

transcription of short enhancer RNAs (eRNAs) (Shlyueva, 2014).  However, it 

should be noted that each of these enhancer signatures predict putative enhancer 

regions and correlate with potential enhancer activity.  Studies such as the 

ENCODE project and Epigenome Roadmap Projects have used these signatures to 
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predict tens of thousands of enhancers per cell type in hundreds of cell lines and 

primary tissues (Consortium et al. 2012). While these studies have used 

integrated data to generate a massive enhancer annotation resource, it remains 

unclear which of these predicted cis regulatory elements are in fact functional.  

Specifically we ask, in a given cell type and under a certain set of conditions, 

which enhancers are boosting transcriptional expression of a target gene? And, 

can we identify the promoter target(s) of each functional enhancer?  

 An extensive computational and molecular biology-based toolkit exists for 

researchers to predict the functional enhancer-promoter interactions.  Naturally 

occurring variants in regulatory elements, which likely impact transcription 

factor binding sites, can be correlated with changes in gene expression to identify 

enhancer targets (Heinz et al. 2013).  This approach is limited by the density of 

genetic variation amongst individuals, therefore, all enhancers cannot be assayed.   

One approach for functionally identifying the functional targets of an 

enhancer is to recruit a repressor complex to the enhancer and identify changes 

in gene transcription.  TALENs and Cas9 complexes have been used to recruit the 

lysine demethylate LSD1 to enhancers (Mendenhall et al. 2013) This approach is 

called an “epigenetic knockdown” of the target promoters.  However, the 

resulting targets of these studies are difficult to label as interacting partners or 

functionally activated target promoters of the enhancer. 

Using genome engineering to physically remove the enhancer sequence is 

considered the ”gold standard” for validating enhancer function.  Traditional 
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genome targeting methods are inefficient and inherently low throughput.  The 

recently developed CRISPR/Cas9 system (Cong et al. 2013) has proven to be a 

highly efficient genome editing technique and offers a promising method to 

validate enhancer functions in vivo.  We have therefore chosen to scale up our 

dual CRISPR cutting approach in a mid-throughput manner to delete 100 

regulatory elements in mESCs. 

 

Summary of enhancer knockout studies: Focus on the β-globin LCR  

 Very few studies have rigorously characterized the impact of the loss of a 

regulatory element on the sequential stages of transcriptional activation at a 

promoter.  A notable example is the dissection of the role of the locus control 

region (LCR) that regulates the β-globin locus in erythroid cells.  Overall, deletion 

of the LCR results in a dramatic 96% decrease in β-globin expression.  Histone 

acetylation, DNaseI sensitivity, and transcription factor binding at the promoter 

are not impacted (Schübeler et al. 2001; Schübeler et al. 2000).   

Preintiation complex (PIC) formation is only partially dependent on the 

LCR as both general transcription factor (GTFs), including TFIIB, and total RNA 

polymerase II binding at the promoter are reduced 2-fold (50%) on the knockout 

allele.  Strikingly, phosphorylated RNA polymerase II, a form of the protein when 

it is actively elongating, is reduced 75%.  This final result indicates the β-globin 

LCR is necessary for transcriptional elongation but not initiation.  Said differently, 
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the LCR “functions primarily by enhancing the transition from transcription 

initiation to elongation” (Sawado et al. 2003). 

 Finally, let’s consider the role of DNA looping or chromatin interactions 

between the β-globin LCR and promoter.  Using FISH and 3C, it was shown that 

the LCR does create a long-range interaction with the β-globin promoter and this 

interaction selectively occurs when the β-globin gene is on (Brown et al. 2008).  

However, it is difficult to tease out whether this interaction is necessary for 

boosting promoter transcription or an indirect consequence of promoter 

activation.  Furthermore, this doesn’t rule out the idea that an enhancer can 

activate a promoter without directly interacting with it. 

 A recent study blocked β-globin expression and enhancer-promoter 

looping by removing a TF called GATA1.  Introduction of a synthetic zinc finger 

(ZF)::LDB1 fusion protein that recognizes an LCR specific sequence rescued both 

the looping and expression of β-globin without the presence of the GATA1 

transcriptional activator (Deng et al. 2012).  By bypassing the role of the 

transcriptional activator GATA1 this study emphasized the importance of 

enhancer looping and promoter contact in gene activation.  

 It should be appreciated that while several models of enhancer function 

have been proposed, there have been too few functionally characterized 

enhancers to make conclusions about any one model (Table 8).  For example, 

some enhancer KO studies suggest the regulatory element activates 
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transcriptional initiation (e.g. Aicd enhancers) and some regulate transcriptional 

elongation (e.g. β-globin LCR).   

Scientists in the field should not expect one overarching dogma for 

enhancer function.  Rather the class of enhancer (super, typical, LCR), cell type, 

context (lineage-determining enhancer or signal-dependent enhancer), or exact 

cellular conditions could all influence the mechanism an enhancer uses to 

activate transcription.  We are hopeful that our mid-throughput (relative to 

published single enhancer KO studies) enhancer KO approach will yield enough 

examples of enhancer-mediated activation in different genomic contexts to begin 

to define the rules of enhancer activation. 

 

RESULTS 

Sox2-SEdistal controls the Sox2 promoter at the level of PolII recruitment 

 We previously generated biallelic and monoallelic KO mutants of the Sox2 

SE located 100kb distal to the promoter, called Sox2-SEdistal (Li et al. 2014).  This 

mutant revealed that Sox2-SEdistal is responsible for greater than 90% of Sox2 

expression.  In addition, this SE does not regulate expression of any other genes 

in cis on chromosome 3. 

 We decided to use this system to further dissect the mechanistic impact of 

this SE on Sox2 promoter transcription.  We first asked whether the SE is 

necessary for RNA PolII recruitment to the promoter, a step in transcriptional 
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initiation.  ChIP-seq for total RNA PolII revealed RNA PolII binding is nearly 

completely lost at the Sox2 promoter in a Sox2-sedistal-/- clone (Figure 11).   

We next asked whether the SE impacts the open chromatin at the 

promoter.  To address this question, we performed ChIP-seq for H3K27ac and 

found this histone mark is also devoid at the Sox2 promoter in biallelic mutants 

(Figure 11).  Taken together, this ChIP-based data suggests that the SE is 

necessary for transcriptional initiation, RNA PolII recruitment, and open 

chromatin at the Sox2 promoter. 

Using allelic 4C-seq, we generated a contact profile for the Sox2 promoter 

in F123 mESCs (Figure 12).  Overall, the contact frequencies on the 129 and CAST 

alleles correlate and have few differences.  As expected, the strongest interaction 

from the Sox2 promoter is with a region 100kb upstream corresponding to Sox2-

SEdistal.  This finding is consistent with published HiC data in mESCs and our 

previous study in Chapter 2 (Dixon et al. 2012; Li et al. 2014).  It should be noted 

that the 4C-seq data is much higher resolution (around 250bp) as we used 4 base 

cutter restriction enzymes as opposed to the HiC data which has a resolution of 

20kb (Dixon et al. 2012).  In WT F123 cells, there are at least three distinct 

contacts within 20kb upstream and downstream of the TSS.  These regions 

correspond to previously identified Sox2 regulatory regions (SRRs) named SRR1, 

SRR2, and SRR 18 (Zappone et al. 2000). 

The Sox2-SEdistal -/- cell line shows a dramatic change in local contacts 

from the Sox2 promoter.  First, the CAST and 129 allele have slightly different 
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profiles.  Although this is a biallelic mutant, the deletions on each allele are 

slightly different.  The 129 allele retains interactions with the 2kb regions 

flanking the deleted Sox2-SEdistal.  In contract, the CAST Sox2 promoter loses all 

interactions with the SE region.  Furthermore, the interactions with the promoter 

proximal TEs, SRR1, SRR2, and SRR18, are lost on the CAST allele but not on the 

129 allele.  RNA-seq and RT-qPCR results confirm that this biallelic mutant 

expresses Sox2 at 5% the level of WT cells.  The residual interactions on the 129 

allele in the biallelic mutant may explain why Sox2 expression is not completely 

lost in the biallelic mutant. 

 

ENCODE Enhancer KO Project study approach and progress 

 Our overall goal is to delete 100 regulatory elements in the F123J hybrid 

mESC cell line.  We partitioned this study into several phases and in this chapter 

we will focus only on the first phase.  The goal of the first phase is to delete 20 SE 

and 20 typical enhancers (TE). The goal of subsequent phases will include 

creating deletions which tile across a singular super enhancer to better 

understand the modularity or cooperatively involved in their function.  

We plan to attain biallelic and monoallelic (both CAST and 129) deletion 

clones for each candidate SE and TE.  Clones will be rigorously genotyped PCR, 

qPCR, and Sanger sequencing.  Finally, the lines will be assayed by RNA-seq to 

determine if the putative regulatory element controls regulation of gene(s), to 

identify the target gene(s) of the regulatory element, and to determine the 
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contribution of the regulatory element to the expression of its target(s).  The 

experimental production pipeline for each SE or TE KO takes about 50 days 

(Figure 13).  Our current capacity allows us to complete 5-10 KOs at a time and 

stagger the start of each round about every 2 weeks.  Overall, Phase I of the 

enhancer deletion project is expected to take 4 months for completion not 

including subsequent time for data analysis (Figure 14). 

 To the date of this publication, we have designed two sgRNAs flanking 41 

distinct regions which includes 20 SEs, 20 TEs, and 1 negative control region.  

CRISPR sgRNAs have been cloned into expression plasmids for 36 out of 41 

(87%) enhancers.  We have transfected F123J cells with 26 out of 41 (63%) 

plasmid pairs.  Of the 26 transfections, 18(69%) have been expanded into 

multiple (average 20 each) clonal lines from a single mESC colony and are 

undergoing extensive genotyping (Figure 14).  We have completed PCR and qPCR 

based genotyping for 11 candidate enhancers comprising 202 clonal cell lines.  

The deletion frequencies (calculation described in Methods) in these lines vary 

widely from 0% to 76% (Figure 15).  

 

Deletion of Tet1 promoter and super enhancer in mESCs 

 The Tet1 gene encodes a DNA demethylase that catalyzes the reaction of 

5-methycytosine to 5-hydroxymethycytosine.  SgRNAs were designed to delete a 

region just downstream from the Tet1 promoter. This region is called as a SE 

when using the H3K27ac and Med1/OSN based definitions (Hnisz et al. 2013; 
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Whyte et al. 2013).  Unfortunately, after the clones were generated and 

genotyped, it was discovered that the 21kb deleted region in fact also contained 

the Tet1 promoter.  The Tet1 promoter is identifiable as a sharp H3K4me3 peak 

almost 7kb downstream of the annotated TSS in the most current RefSeq 

annotation (Figure 16).  This clarification complicates the usefulness of these 

clones for enhancer function studies as both an enhancer and promoter are 

deleted. 

 Given that the Tet1 promoter is deleted in the mutants, we expect Tet1 

expression to be absent.  While we cannot test the SEs role in regulating Tet1’s 

expression, its predicted target by proximity, we can test whether the SE 

regulates any other nearby genes.  Unlike the Sox2 gene desert region, the Tet1 

locus is found in a TAD boundary region which is enriched for active genes 

( Dixon et al. 2012).  Therefore, this deletion provides a chance to see if SEs can 

regulate more than one gene.  Although we cannot test whether this SE regulates 

Tet1, we still refer to it as TET1-SE. 

 We performed allelic RNA-seq on WT F123 cells and reciprocal Tet1-SE 

monoallelic mutants.  As expected, Tet1-SE KO on the 129 allele results in the 

absence of Tet1 expression only from the 129 allele, and vice versa for the CAST 

mutant (Figure 16A, C).  Interestingly, deletion of the Tet1 promoter and SE did 

not directly affect the expression of any gene on chromosome 10 in cis other than 

Tet1 (Figure 16B).  From this study we cannot conclude whether the Tet1-SE 

regulates Tet1 expression.  However, we can conclude that this SE does not 
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directly regulate the expression of any other genes on chromosome 10.  These 

experiments are currently being repeated with new sgRNAs that delete only the 

Tet1-SE and avoid the promoter region. 

 

Functional characterization of PRDM14 SE reveals a singular promoter target 

 PRDM14 is a sequence specific transcription factor that promotes 

maintenance of the ESC state by preventing induction into extraembryonic 

endoderm and activating expression of key pluripotency genes (Ma et al. 2011).  

Located near the PRMD14 gene and predicted to interact with its promoter by 

HiC is a SE we refer to as PRDM14-SE (Figure 17).  As before, we designed two 

sgRNAs to completely excise this 36kb region.  Out of the 16 clones screened, 

only one clone had a deletion by PCR screening and it was determined to be a 

monoallelic deletion by qPCR.  RNA-seq was performed on this clone and we 

performed an allelic analysis of expression (Figure 17A). 

Alleleic RNA-seq analysis revealed that although this clone was genotyped 

as a mono-allelic deletion, the SE is completely deleted on the 129 allele and 

there is likely a microdeletion on the CAST allele.  Two lines of evidence support 

this new genotype assignment.  First, SEs are transcribed and their transcripts 

are detected by our PolyA+ RNA-seq protocol.  In the KO clone, no reads are seen 

at the SE on the 129 allele.  For the CAST allele, however, reads can be seen across 

the SE except for a 3kb region which is distinctly devoid of transcripts suggesting 

a micro-deletion on the 3’ end of the SE.  The second piece of evidence is the RNA-
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seq signal from the PRDM14 locus.  We observe that the 129-based PRDM14 

expression is decreased to 0.45% relative to WT levels.  In addition, the 

expression of PRDM14 on the CAST allele is also dramatically decreased to 10% 

of WT levels (Figure 17B).  As enhancers are thought to function exclusively in cis, 

this data suggests there is also a deletion on the CAST allele.  To carefully identify 

direct cis targets of the PRMD14-SE, RNA-seq analysis of reciprocal monoallelic 

mutants is needed. 

 The inconsistencies in genotyping mutants with large CRISPR 

deletions also occurred in several Tet1 mutants (data not shown).  To review our 

genotyping methods, we use PCR with sgRNA flanking primers.  An efficient 

product (generally less than 1000bp) is generated if one or both alleles are 

deleted.  The PCR is not quantitative and we generally cannot distinguish 

between biallelic and monoallelic mutants.  Following this step, qPCR is used to 

assay one 100bp region in-between the sgRNA cut sites.  While we generally try 

to design the qPCR assay region in very center of the KO region, there are cases 

where repeats and SNPs prevent such a design.  QPCR primers close to either 

sgRNA are not ideal.  If a microdeletion created by one sgRNA at the same region 

of the qPCR primers, this clone will incorrectly be assigned a biallelic clone.  

Conversely, if the microdeletion occurs at a region away from the qPCR primers, 

such a clone will be mislabeled as monoallelic.  In conclusion, a single qPCR 

primer set which assays only a 100bp region cannot accurately genotype large 

CRISPR deletion clones due to the frequent occurrence of microdeletions of 1-
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5kb.  Our CRISPR genotyping pipeline will need to seek new and additional 

approaches to ensure robust genotyping of CRISPR KO clones.  However, these 

artifacts are less likely to occur when genotyping small deletions with qPCR 

based methods.  Therefore, the genotyping pipeline for TEs is likely appropriate. 

 

DISCUSSION 

 The purpose of this study in Chapter 3 is to use genomic deletions of SEs 

and TEs to better understand how they mechanistically control gene expression.  

The results of this study, while preliminary and incomplete, generated enough 

data to make some initial insights.  These insights shed light on the mechanisms 

enhancers use to activate promoter transcription and reinforce our view of the 

CRISPR/Cas9 system as an efficient tool for generating enhancer KOs. 

 Taken together, the RNA PolI and H3K27ac ChIP-based data suggest that 

the SE is necessary for transcriptional initiation, RNA PolII recruitment, and open 

chromatin at the Sox2 promoter.  It will certainly be of interest to determine 

more generally if SEs as a class function exclusively regulate transcriptional 

initiation.  The Sox2 promoter 4C-seq data revealed extensive local interactions 

with TEs defined as SRR1, 2, and 18.  A recent study deleted these SRR regions 

singularly, and in a triple mutant, and found no significant effect on Sox2 

expression (Zhou, 2014).  While this is an intriguing result, it is not clear whether 

there is any effect on Pol II recruitment, Pol II travel rates, or Pol II elongation. 



97 

 

After deleting Sox2-SEdistal in F123 mESCs with 31.25% deletion efficiency, 

it was not immediately clear if it is possible to attain similar rates of enhancer 

mutant clones at other loci.  Now that we have genotyped 11 different lines, we 

first observe that CRISPR cutting is similarly efficient in the F123 and F123J sub-

lines (Figure 15, compare Sox2 vs. Sox2(F123)).  CRISPR deletion efficiency 

seems to cluster at two ends of the spectrum, from very poor efficiency to very 

high efficiency. For example, 55% of the sgRNA pairs have deletion efficiencies 

under 10% and nearly all remaining sgRNA pairs (36%) have deletion 

efficiencies over 60%.  This may suggest that sgRNA sequences have a binary 

impact – meaning they either cut or they don’t. 

Notably, TE4’s set of clonal lines had a deletion efficiency of 76%.  All 

clones that contained a deletion in the PCR assay were shown to in fact be 

biallelic deletions in by qPCR (Figure 15).  While the high biallelic rate (100%) is 

remarkable, it could be a hindrance to our study design that requires reciprocal 

monoallelic mutants to identify direct enhancer targets in cis.  Further genotyping 

of TE clones is necessary before drawing any conclusions or changing our 

experimental approach. 

 The Sox2-SEdistal and PRDM14-SE KOs both suggest that these SEs only 

target one gene, Sox2 and PRDM14 respectively.  This is slightly surprising given 

the broad domain SEs encompass and the many active genes surrounding the SE 

(in the PRDM14 case).  Recent studies report the existence of so called “super 

enhancer domains” (Dowen et al. 2014).  CTCF and cohesion co-bound sites that 
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loop to each other form these insulated domains.  This loop forms an insulated 

“neighborhood” containing SEs and their potential target genes, as predicated by 

enhancer-promoter interactions.  In fact, perturbation of these CTCF boundary 

sites disrupts proper expression of nearby genes (Dowen et al. 2014).  We found 

that the Sox2 and PRMD14 genes and SEs both line within SE domains (Sox2 data 

not shown, Figure 17).  As more SE KO clones are generated it will be interesting 

to ask whether this is a general phenomenon. 

 Enhancer deletion studies are useful in that they reveal target promoter 

and these mutant lines can serve as tools to understand the mechanisms behind 

transcriptional activation.  Such enhancer KO studies can also potentially lead to 

new therapeutic targets.  One such example, is a gene targeting therapy for 

patients with β-thalassemia which recently entered clinical trials.  Patients with 

β-globin thalassemia lack proper β-globin expression and hemoglobin formation 

leaving many patients dependent on regular blood transfusions.  Another form of 

globin call γ-globin, similar to β-globin and expressed specifically in the fetal 

stages of development, has been shown to ameliorate β-globin thalassemia 

symptoms when re-expressed in mouse models or due to natural variation in 

sub-groups of patients (Bauer et al. 2012).  A series of studies discovered that a 

transcriptional repressor, called Bcl11A, inhibits γ-globin expression in adults (B 

(Bauer et al. 2013).  Furthermore, it was determined that Bcl11A is regulated by 

an erythroid specific enhancer.  Disruption of this enhancer restores γ-globin 

expression and hemoglobin formation (Bauer et al. 2013).  Sangamo, a 
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biotherapeutic company, has entered Phase I clinical trials to the determine 

effectiveness of deleting the Bcl11A erythrocyte specific enhancer in the 

hematopoietic stem cells of patients with a pair of synthetic zinc finger nucleases.  

This example highlights the usefulness of identifying cell type specific enhancers, 

benefits of understanding their potential contribution to disease pathology, and 

the impact of efficient genome engineering tools. 

 

METHODS 

Cell culture and transfection experiments 

The F1 Mus musculus castaneus × S129/SvJae mouse ESC line (F123J sub-

line) was a gift from the laboratory of Dr. Rudolf Jaenisch and was previously 

described (Gribnau et al. 2003; Kouzarides 2007; Landt et al. 2012; Patel et al. 

2011; Selvaraj et al. 2013). The cells were cultured as described previously 

(Selvaraj et al. 2013).  Importantly, cells were passaged twice on 0.1% gelatin-

coated feeder-free plates before harvesting. F123 cells were plated at a density of 

0.5 million/mL on 0.1% gelatin-coated feeder-free plates 24 hours before 

transfection. Cells were triple transfected using the Mouse ES Cell Nucleofector 

Kit (Lonza) and Amaxa Nucleofector with 7.5ug of each CRISPR plasmid and 5ug 

of pBABE-Puro. Post-transfection, cells were immediately plated on puromycin-

resistant MEF feeders (GlobalStem) for recovery.  48 hours after transfection 1 

µg/mL of puromycin (Sigma) was supplemented to the cell culture media for 3 

days to select for transfected cells.  
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Design of CRISPR constructs for enhancer deletion 

Target-specific CRISPR guide RNAs were designed to optimize uniqueness 

and have limited off-targets using an online tool 

(http://crispr.mit.edu/).  Corresponding oligonucleotides were ordered (IDT) 

and subcloned into the pX330 plasmid (Addgene), expressing a human codon-

optimized SpCas9 and chimeric guide RNA expression plasmid, following 

previously published guidelines (Cong et al. 2013). CRISPR sgRNA sequences 

used to delete SEs and TEs can be found in the Appendix (Table 9, Table 10). 

 

PCR and Sanger sequencing for genotyping deletion clones 

Genomic DNA was isolated from clonal CRISPR targeted F123J cell lines 

using a DNeasy Blood & Tissue Kit (Qiagen).  To screen deletion clones, PCR 

primers were designed which flank the outside of the CRISPR sgRNAs.  PCR 

genotyping primers are listed in the Appendix (Table 11, Table 12).  For 

PCR, 20ng of genomic DNA was used and amplified with Q5 High-Fidelity DNA 

Polymerase (NEB).   

Subsequently, a qPCR-based genotyping method was designed to quantify 

the DNA copy number of the targeted regions relative to control regions. qPCR 

copy number primers were designed inside the targeted region to quantify the 

efficiency of CRISPR deletion as creating a biallelic or monoallelic deletion.  qPCR 

was performed with 10ng of genomic DNA in triplicate using SYBR green master 
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mix (Roche) on the LightCycler 480 (Roche).  Relative levels of DNA copy number 

were calculated using the ∆∆Ct method with copy number normalized to GAPDH 

intron 1 (chromosome 6) as a control.  qPCR genotyping primers are listed in the 

Appendix (Table 11, Table 12). 

Finally, Sanger sequencing was used to confirm the qPCR genotyping 

result and further characterize the deletion junction. PCR products were gel 

purified and TOPO-cloned using a Zero Blunt TOPO PCR cloning kit 

(Qiagen).  Purified plasmid was Sanger sequenced (Retrogen) using the M13 F 

primer. The following equation was used to calculate deletion efficiency: Deletion 

frequency = ((# monoallelic clones) + (2 * # biallelic clones)) / (2 * (# of total 

clones)).  

The following are the primers used: 

qPCR copy number control primers: GAPDH intron 1 (chromosome 6) 

F: CTGGCACTGCACAAGAAGAT 

R: GGGTTCCTATAAATACGGACTGC 

M13F Sanger Sequencing Primer 

F: GTTTTCCCAGTCACGACGTTGTA 

 

Strand-specific RNA-seq 

Total RNA was isolated by TRIzol (Life Tech) extraction.  PolyA+ RNA was 

captured from ten micrograms of total RNA using Oligo(dT)25 Dynabeads 

(Invitrogen). The resulting RNA fraction was subjected to first-strand cDNA 
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synthesis using random primers and dT oligos in the presence of actinomycin D. 

Samples were cleaned up by applying the reaction mix to mini G50 columns. The 

eluted sample was then subjected to second-strand synthesis with DNA 

polymerase I, DNA ligase, and dUNTPs in the presence of RNase H. This ensures 

that the cDNA strand complementary to the mRNA has dNTPs and that the other 

strand is specifically labeled with dUNTPs. The cDNA was purified by QIA-quick 

columns and sheared using a Bioruptor (Diagenode). The fragmented cDNA was 

subsequently end repaired, A-tailed, and then ligated to Illumina TruSeq 

adapters. The samples were run on a 2% high-resolution agarose gel and 

fragments were size-selected from 200bp-450bp.  The fragments were then 

treated with UDGase to remove the labeled strand, and mRNA complementary 

cDNA strand was amplified by PCR and sequenced (2x100bp) using the Illumina 

HiSeq2000. 

For RNA-seq analysis, reads were mapped using Novoalign and USeq. 

FPKM for known mouse genes were generated using in-house scripts. To identify 

signature genes, a 3-fold cutoff was used to identify significantly changed genes 

comparing wild type and enhancer knockout clones. CAST and 129 genotypes 

were generated, and strain-specific reads at CAST and 129 SNPs were separated 

as described previously (Hawkins et al. 2010). To improve the accuracy of calling 

genetic variants between the two mouse strains, we also removed a subset of 

variants that showed inherent biases from all downstream analyses. Briefly, we 

generated dummy reads across each SNP/Indel and mapped them to the genome: 
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SNPs that showed >5% bias and Indels showing >10% bias are ignored. We also 

checked for copy number variation across the two alleles and ignored variants 

that showed significant bias (5% FDR). Finally, we removed variants identified as 

poor heterozygous calls (5% FDR). 

 

Allelic 4C-seq 

4C-seq was carried out as previously described (Splinter et al. 2012). 

Briefly, 10 million F123J cells were harvested and crosslinked in solution with 

2% paraformaldehyde.  Chromatin was digested with DpnII (NEB), ligated under 

dilute conditions, re-digested with BfaI (NEB), and again ligated under dilute 

conditions.  Primers were designed to inversely amplify a DpnII-BfaI restriction 

fragment overlapping the Sox2 promoter and also contain the Illumina Truseq 

adaptor sequences.  The R primer was designed to read into a SNP to 

discriminate allelic interactions.  Libraries were amplified using Expand Long 

Template Polymerase (Roche) and quantified using the KAPA Library 

Quantification qPCR kit (KAPA).  4C-seq libraries were sequenced (2x100bp) 

using the Illumina HiSeq2000. 

 

Sox2 Promoter Allelic 4C-seq primers 

F:AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC

TACGTCTGGACAATGGGAGATC 
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R (Adaptor 21): 

CAAGCAGAAGACGGCATACGAGATCGAAACGTGACTGGAGTTCAGACGTGTGCTCTT

CCGATCTCACATCTCCAATCCCCATTC 

 

 The 4C data were analyzed by the published 4Cseq Pipeline with default 

parameters (van de Werken et al. 2012b). The 2MB region around the bait was 

used for scaling and plotting. To split reads by parental alleles, a SNP in the 

second read was used to assign read one to an allele.  Read one indicated the 

interacting region and each allele was analyzed separately. 

 

ChIP-seq 

ChIP-Seq was carried out as previously described (Hawkins et al. 2010) 

with 500 μg chromatin and 5 μg antibody with the following antibodies, H3K27ac 

(Active Motif, AM39133) and Total RNA Polymerase II (Santa Cruz sc-899X). ChIP 

and input library preparation and sequencing procedures were carried out as 

described previously according to Illumina protocols with minor modifications 

(Illumina, San Diego, CA). ChIP-seq analysis was performed as described 

previously in addition to indel realignment using GATK before splitting the reads 

into two alleles. 
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Figure 12. Knocking out Sox2-SEdistal alters the local chromatin interactions with 
the Sox2 promoter.  The 4C bait fragment is highlighted in yellow and 
corresponds to the Sox2 promoter.  4C-seq signal is displayed in two panels, the 
contact and scale panels.  The contact panel depicts the contact profile medians 
main trend (black line) and the 20th and 80th percentile medians of normalized 
coverage (smoothed grey lines). The scale panel uses medians of normalized 
coverage for sliding windows (2kb to 50kb) displayed as color-coded multiscale 
diagrams with values representing enrichment relative to the maximum 
attainable 12-kb median value.  The UCSC Genome Browser tracks visualize 
mESC specific super enhancers called by OSN/Med1 signal or H3K27ac, WT 
F123J RNA-seq signal (Forward strand in green and reverse strand in red), and 
ChIP-seq signal for H3K27ac, H3K4me1, CTCF, H3K9ac, H3K9me3, H3K27me3, 
and H3K36me3. 
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Figure 13. Experimental design for ENCODE 100 enhancer knockout project 
pipeline.  Generation of CRISPR plasmid reagents is discussed in detail in the 
Methods section. 
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Figure 16. Impact of Tet1 promoter and SE deletion on gene expression.  (A) This 
UCSC genome browser shot depicts several tracks of data on chromosome 10 
near the Tet1 locus.  The sgRNAs designed to delete the Tet1-SE are shown with a 
thick black dotted line.  Also noted are the regions called SEs by either H3K27ac 
definition (Red) of Med1/OSN occupancy (blue) (Elling et al. 2011; Fullwood et al. 
2009; Hnisz et al. 2013; Sawado et al. 2003; Schones et al. 2008; Whyte et al. 
2013).  H3K4me1 and H3K4me3 signal for mESCs is from previously published 
studies (Bell et al. 2011; Carette et al. 2011; Gaffney et al. 2012; Li et al. 2014; 
Mathieu et al. 2000; Spicuglia et al. 2002; Whyte et al. 2012). Allelic RNA-seq data 
from F123 WT, Tet1-SE KO on the 129 allele, and Tet1-SE KO on the Cast allele 
are also shown. (B) Comparison of allele-specific expression from RNA-seq in the 
monoallelic 129 and monoallelic CAST clones.  Allele specificity is defined as the 
log2 ratio of RNA-seq reads from CAST and 129 allele. All genes on chromosome 
10 including Sox2 are plotted. (C) Quantification of allelic Tet1 mRNA signal from 
the RNA-seq analysis. 
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Figure 17. Deletion of PRDM14-SE dramatically decreases PRDM14 gene 
expression. (A) A UCSC genome browser shot of the PRDM14 locus in mESCs.  
Tracks denote the sgRNA location and defined SE element and SE domain.  ChIP-
seq data for H3K4me3, H3K27ac, and CTCF in mESCs is from previously 
publishes studies (Brogaard et al. 2012; Heinz et al. 2010; Hon et al. 2013; Jiang 
and Pugh 2009; Jin et al. 2010; Li et al. 2014; Shen et al. 2012; Sur et al. 2012; 
Whyte et al. 2012; Ziller et al. 2013).  Allelic RNA-seq is displayed for both WT 
and PRMD14-SE KO cells.  Red signal is from the F strand and green signal is from 
the R strand.  (B) Quantification of allelic RNA-seq signal for the PRDM14 gene in 
WT and KO cells. 
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TABLES 

 

Table 8. Summary of the results of enhancer knockout studies in mammalian 
systems. 
 

Mammalian 

System 

Enhancer 

Target 

Gene 

Insights into enhancer function from 

KO experiments 

Reference 

Mouse 

(mESCs), 

Human 

Sonic 

Hedgehog 

(Shh) 

Distal enhancer 1Mb away, in intron of 

another gene, Shh expression completely 

lost (in situ hybridization) specifically in 

limb bud 

(Lettice et al. 2003; 

Sagai et al. 2005) 

Mouse (MEL) B-globin LCR, KO decreases B-globin expression by 

96%, Decreases RNA Pol II and GTF 

promoter binding by 50%, Decreases P-

RNA PolII 75%, important for elongation 

(Bauer et al. 2013; 

Sawado et al. 

2003) 

Mouse  

(T cells) 

TCRβ Eβ, Required for RNA PolII and CBP 

recruitment to promoter, important for 

initation 

(Spicuglia et al. 

2002) 

Mouse c-Myc Myc-335 enhancer 500 kb upstream of Myc 

gene, 2-fold decrease in Myc expression in 

intesines 

(Sur et al. 2012) 

Mouse CD4 Enhancer 13kb upstream of CD4 (E4p), 

deletion reduced CD4 expression an 

H327ac and H3k4me3 at promoter in T 

cells. Suggests enhancer has a role in 

promoter remodeling and intiation.  When 

E4p is conditionally deleted after activation 

of T cells and the CD4 gene, CD4 

expression is maintained without the 

enhancer, suggests enhancers are not 

necessary for maintenance of gene 

expression after epigenetic activation of the 

locus 

(Chong et al. 2010) 

Mouse, Human Bcl11A Enhancer in intron 2, decrease Bcl11A 

expression 95% 

(Bauer et al. 2013) 

Mouse Aicd and 
Apobec1 

 

Delete E1 and E2 (188kb away) reduces 

NIPBL and RNA Pol II binding at promoter 

(Kieffer-Kwon et 

al. 2013) 
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APPENDIX 

 

Supplemental Tables 

Table 9. List of CRISPR sgRNAs used for super enhancer knockouts. 

ID Chrom Start Stop sgRNA_L_s sgRNA_R_s 

Sox2 chr3 34652359 34665321 GACGCTTCCGTTCTTGGAGT GTTGGATTCCCGACAACAAGC 

Neg1 chr3 34,616,316 34,630,179 GAATTCGTGTTAACGCCAGAC GTTGTCTCGAACCACCTTGTT 

Tet1 chr10 62,345,494 62,366,873 GAGTAACCGGAAGTAACCCGG GCTATCCCGGCTTCCAATTG 

PRDM14 chr1 13,060,528 13,096,476 GTCTGGCACCCATATAACGAT GCCACGGTGATTGGCTGGACC 

Med13L chr5 118,882,891 118,935,390 GAGCAGTCATTGACCGTTAAG GGGGGATGGTTACTATCGCC 

1 chr12 111184138 111191254 GTTCAGTAACTATTGGCACCC GACAGCTCAGCCCCTCGTCTT 

2 chr1 88336186 88344983 GATTCTGTTGGATCTACCAGC GGCCATTCTAGAAGGACGAC 

3 chr4 133368629 133377500 GTGTGGAAGCTTAGCCCATAC GATCCTCCCTAGGGGGAATTC 

4 chr5 110894893 110903971 GACAAGGGAGGAGCCCTTATA GCCTTTGCACAGGTTCGGTC 

5 chr4 118740463 118750403 GGGCCCCACACATGGTAGTA GTGACAGCTGTGATCCCGAGT 

6 chr15 81341768 81355291 GCGCACATTTGCGCGCGCGTT GTTGGATACATCTATGTGGC 

7 chr4 55476178 55494550 GTCCCAACCCTGATTGGACCC GCTGAACTTGAATAATAGCG 

8 chr18 38526534 38545997 GTTTGGACGGAACACGCTAAC GAGTAACGGAGTATGAATGGT 

9 chr11 117782809 117803373 GTCATTTCCAGACCCCGCCAC GTCAACAAAGGCACCCGGTAG 

10 chr4 118678043 118701531 GTATCATATCATTAACCTCG GAATACCTTCTATTCCGGGCG 

11 chr8 37590739 37614380 GTGGATATGCTTTACGCTTCC GATCTGAGTTTCGGGTGCTAC 

12 chr7 3191738 3215914 GACGTTGCCCACTTCTAGCAC GCCTAAGACCTAGCAAATTGC 

13 chr4 106511199 106542774 GCATCCACTTCCACCCGGTC GAAATGGGCAGCAGTCGAAA 

14 chr4 130177240 130216596 GCTTAGGCCCTGGATAAATCC GATGGGTGATGTTTACTCCGC 

15 chr12 88133697 88175015 GGCATATACTCAGTTCCCCC GCTACGGCCTGTCCTTACAT 

16 chr4 148085445 148128748 GCCATTCATGGAGACTCCGCA GAGCTGCGCGGCCTGTCTTAA 

17 chr5 118884350 118935020 GTGGAGGATTCCGGTCCTAC GTGGTCAGGCCAGACGCCATC 

18 chr2 152002081 152017780 GCTTGTTTTAGTACCGGTCAT GGTTAGTAAGAGTGGGCGTA 

19 chr2 154243688 154261039 GGGAGCCAATTGAAAGCGCT GGTGCCTAAAAAGGTCTCGG 

20 chr4 141113966 141131666 GCCGGCAGTATCGTGTACTC GGCTCCGGGTATCAACTCGC 
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Table 10. List of CRISPR sgRNAs used for typical enhancer knockouts. 

TE_ID Chrom Start Stop sgRNA_L_s sgRNA_R_s 

1 chr8 74857330 74858302 GACTAGGAGACTTCCCGCTCA GCCCAGTTCCTGGCAATCCGG 

2 chr6 122665619 122666581 GCTACAGAACCTACTTGGGC GATGCTCAGCCAGTCTATGG 

3 chr9 99053600 99054600 GGGAAGTGAAGGCTCCCCTA GATTGGTTCGTGAAGCAGAT 

4 chr3 137496052 137497014 GCCAAAGAATCAACCCCCTG GTAGGACACTCGTGTCTAGGC 

5 chr9 118991100 118992100 GTAGCATAGTAAACCGGCTAT GGTGCTCACCCCGCATCCTA 

6 chr16 48303488 48304467 GTGTTCTTTGCACAGCGTCAT GTATCCCTAGCCTAATCTATG 

7 chr4 108306800 108307800 GTGGCCAGCCAGGGATTAGCC GGTTTTTAAGTCTTATTCGT 

8 chr6 55741713 55742726 GATGCCCTCCATCACTACAC GCTTTAACTACGTCGGTGCC 

9 chr11 49619300 49620300 GAAGGGGTCCGTAGGGAACTT GACGTGCCATCACAGATACAC 

10 chr9 9268943 9269894 GCCCGCTTTTCAGATCACAAT GTGTAAGGTGGTAGCTAACTG 

11 chr8 97710983 97711993 GGAGTTTCTGGTGCGGTTCA GTCATCCGGGCAAAATAGGCT 

12 chr14 79509623 79510586 GCCAACCATTAGGTAGCCAT GATCGGGAAGCTGATGATCCT 

13 chr17 7444695 7445609 GTCTCAGATAGGTCCGGATAA GTACTAAGCAATCTCCATAC 

14 chr19 20998236 20999229 GTAGACGGCTGGTATCATGA GTATAGTGACACCTAGTAGAT 

15 chr14 30763757 30764720 GGGAGGACCCGAGCCTATGC GAAAACTGTTGCAGCCCCGGC 

16 chr18 31728208 31729158 GGGTTTAACTGTGCCCAATG GAAGCCAACTACGAACGAACA 

17 chr15 61826135 61827093 GAGTGGTGGAAGTTCGAGTCC GCGAATCTCTCTTAACGGGGT 

18 chr10 33949762 33950731 GAAGGTGAGATTTTCGGAGCT GCCTACTGGTATAGAGTAATG 

19 chr17 71121493 71122443 GGCTTGTTGTTTACCTAAAC GTTCCTAAGGACATTATACGT 

20 chr1 120586239 120587188 GCCGAGTTAATGCAGCACGGA GTCTAGGCGGCTGCAACACAG 
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Table 11. Primers used to genotype super enhancer knockout clones by PCR and 
qPCR. 

Primers for PCR Genotyping 

ID F R 

Sox2 CCTCAAAGTGCATCTCGTCA GTCCCCTCGGCTTCTGTACT 

Neg1 TGCACACACATACTCCACAAAG GCCACATGTGTTAGCTGGTG 

1 TTGAGGAGCTCTAACAGGTAGGA GGAGGGTCAGCTGCATACTT 

2 GACTGTCCACCACAGCTGAA AAAGAATTTGAAAAGGGGGTTT 

3 TTATGTTGTTGGGGGAGCAC CCTGCAGTGACCAGGAATTT 

4 TGCCCAGAACCCTAGAGAAA CACACACTGCCACCACAAAT 

5 ATGGATGGAAGAGAGGCAGA TCCCCTGTTCATTCACGATT 

6 GTATCCCAGGACAGCCTTCA GGATCAGCACAGGGGAATAG 

7 ACAAGCAGGGCATGTCAAC GTGGGGCTTGTGTTTCAGAT 

8 GGCCACTTCCTGTGAAAATG GCCCTAGATGATGTCCCTGA 

9 CAACTTCATCTTGTTACTCCTGAAGA CTGGGATCTGAGCTTGGTCT 

10 GAAACCCAACAGAGCTTGGA CCATCTCAGCATGGGAAAAT 

11 CCACACACCCACCTCTACCT CCAGCTGGTCACCACTAAAC 

12 CTTTGGTTGGTAGGAGAGGT CAAGGCTCAAGTACGCCAAG 

13 GTAGGGAGGAAGCCAGCTCT CTGTGGTCTGGAGAACAGAGAGT 

14 GCTGTCCTGTTCAGGCTCTC CAGACAACTCTGGGCTCCAT 

15 CAGTGGGAAACTGGCAAAAC CAGCCCCTTTACTTTGCTTG 

16 GAATTGCAAATGCACACAGC GTCCTTTGCCTGGAATGTGT 

17 CAGTTGCCCACATGACAATC GCAATTGAGCGTACGAATGA 

18 GCATATATCCTCAAATTTCTTGGAA CGCTACCACATTTGGCTTTT 

19 GCTTTTCACCACCCAAAGTC GGAATTAGCTGGGGCTCTTC 

20 GCAATCCAGAGGTCAAATTCA CCACTTCAGCTTTGCTGCTA 

Primers for qPCR Genotyping 

ID F R 

1 AGATTGCACGCAGCCTAAGT TCCCAGAGTGAAGGATGGAC 

2 CGCATCTCTGAGGTTCCTGT CTACAACTCCCAGGGCAGAA 

3 CGGCAATACAGTGCAAAGAA TGACTCCTCAGCACCTTCCT 

4 GGTGCCCTGTCAGAAGGATA CGCTTCCAGTCTTCTTGGAG 

5 CCACAAACCTCCTAGGGTCA CCTCTGGCTTTCTAGCCTCA 

6 CAAATTGAAGCCAAGCCATT GGTTGTTGGCAGAGCTTGTT 

7 GACCCAGGAACTGAATCGAA GCCCTGCACTAGCATCTTTC 

8 TCTCTCTCGGCTCTGGACTC GGTCTGCTGCAGCTGTGTAA 

9 GATCAGGTGGCTCAGTGGAG GCTCAACAAACGTCTCTGTCC 

10 GAATTTTCTCGGCCCCTATC ACAGTCTGCTGCCTCCAGAT 

11 GAGAGAGGTGGCGTTCTTTG ACGAGTGGCCTTGTTACACC 

12 TGGGTGTTTAAGCAGAATTGG GATCTAAGGCAATGCGGAAG 

13 GCTCTCTGGGGGTCACTGTA GAAGGCAGGTGGTTTCTGAT 

14 AGAGGTTGGCATGGGTACAG TTGCAATTTTGCCCTTTGAT 

15 GAAGCTATCCATCGGTCCAC GTTCTGGCTGCCTCTTTGTC 

16 GAGACGCTTGGTTGAAGAGG CCCATTAGGCAACCACTCAT 

17 TCTGTGAAATCCCTGCCTTC GCTTGCTTCTATGGCTGGAG 

18 CCGGTGCTCCTTCAGTTTAG GTTATGGGAGGAGGGATGCT 

19 CCCCACAACACCTCTAAACG TGCCAAAGAATGCAAATCAG 

20 GTTATTCCCCACCCTCCACT GGAAAGAGCGTTGAGCTGAC 
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Table 12. Primers used to genotype typical enhancer knockout clones by PCR 
and qPCR. 

Primers for PCR Genotyping 

ID F R 

1 AAATAACCACCGTGGAAGTCA AAGAAGCAGCGAAACACATT 

2 GGAGGGACCACAGTCTCTTG TCACCTTCAGAGCTTGACACA 

3   

4 ACAGCGCCAGAGACAGAAGT TGCCAACTTGACACATCTGAG 

5 GAGGCAGACAGAAGCCAGTC AGTGCAAATGGAGACGACCT 

6 CCTGGCTCAGGACATAGCAT TGGAGCTTTTCCTCAGGATG 

7 CACTGCACCTGTGCATTCTT ATGCTTACACGCCACATTCC 

Primers for qPCR Genotyping 

ID F R 

1 CTGAGGGCAGCTAGAGGAAA CATGAGAAGAAATGGCCAGAA 

2 CAGAGGCTTTTTGCTTCAGG AGGGGAAAAAGGAGGATTTG 

3 GCTGGGCATGTAACTGTCACT GTGGGGATGTTGCCTATTTG 

4 GCCAACCTCCTTTCATTTCA GTGTGGACCTTGGAGGACAG 

5 CTCCTGGGGACAAAGAATGA CTCTGGGGAAACTGAGTCCA 

6 ACACAGCGAGTTTCCACCTC CCAGCTTCCCTGGTTTAGTG 

7 GCCACTCTGGCCAATCTTAG GGAAAGAGTTGGGATGCTGA 

8 CCTACTGAGGCTCACCCAAG CCCACCTAGGGCATCAATAA 

9 CAGGGTTCTCTCCTCCACTG TGCCTGTAAACCCTTTCTGG 

10 CAGAACAAAGCAGAGGCACA CTGGACTCCACCTTTCTTGG 
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APPENDIX 

Supplemental Chapter:  Mechanisms of histone H3 lysine 4 methylation at 

transcriptional enhancers 

 

 
Abstract 
 Precise regulation of temporal and cell-type specific gene expression in 
eukaryotes depends on the interaction between cis-regulatory elements and 
trans-acting factors.  The enhancer, one such cis-regulatory element, facilitates 
the decondensation of chromatin and the assembly of transcriptional machinery 
at the proximal promoter.  Recent studies from our lab identified a novel 
chromatin signature at enhancer elements, presence of H3K4me1 and lack of 
H3K4me3, which can be used to identify enhancers on a genome-wide scale.  
Enhancers show more variation in different cell types than promoters and 
insulators indicating enhancers are the most important regulatory cis-regulatory 
element for cell-type specific gene expression. Here, I hypothesize that sequence 
specific transcription factors recruitment of a H3K4 monomethyltrasferase to 
enhancers forms a chromatin state necessary for appropriate gene expression.  In 
order to test this hypothesis, we are conducting both an unbiased screen and a 
candidate approach to identify the methyltransferase complex responsible for 
H3K4 methylation at enhancers.  Identification of this complex will enable further 
investigation into the role of the H3K4 monomethyl mark at enhancers including 
answering whether it is necessary for transcriptional activation.  The proposed 
study will identify the chromatin modifying enzymes that regulate methylation at 
enhancers and determine whether this chromatin mark is an important regulator 
of transcription.  Since aberrant transcriptional activation is a common feature of 
cancers, the results of this study may yield insight into the mechanism of 
misregulated enhancers in tumorigenesis and human development in general. 
 
 

Background and Significance 

 

Transcription and chromatin 
Precisely regulated expression of protein-coding genes is essential for 

complex processes such as development and differentiation. Eukaryotic 
transcription occurs through a sequence of steps that involve recruitment of the 
pre-initiation complex (PIC), initiation, promoter clearance, elongation, and 
termination of transcription. The packaging of the DNA template into 
nucleosomes to form chromatin affects all these stages of transcriptional 
activation (Workman and Kingston 1998). Nucleosomes are composed of 147 
base pairs of DNA wrapped around the histone octamer of H2A, H2B, H3, and H4.  
The histone tails and globular domains are subject to over 60 post-translational 
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modifications, including methylation, acetylation, phosphorylation, 
ubiquitination, sumolation, and ADP-ribosylation (Kouzarides 2007).  It has been 
proposed that histone modifications have three main functions (Li et al. 2007): 

(i) Histone modifications can change the net charge of nucleosomes and 
such a charge can antagonize DNA-histone interactions.  One example of 
this is acetylation, which adds a negative charge to DNA-histone contact 
points thus repelling the negative phosphate backbone of DNA.   

(ii) modifications can act as binding substrates to recruit proteins that 
affect chromatin function. 

(iii)modifications can directly affect chromatin structure by promoting 
open or closed conformations 

Our lab has recently identified a unique histone modification pattern at 
enhancers.  However, how this chromatin signature is established and its role in 
enhancer function are both unknown. 
 
Transcriptional Enhancers 

Enhancers are defined as DNA elements that increase transcription from 
an associated promoter independent of their orientation or position relative to 
the proximal promoter.  These cis-regulatory elements can be located upstream 
or downstream of the promoter, within an intron, or even on another 
chromosome. The dominant model of enhancer function is direct interaction of 
enhancers and promoters through looping of intervening DNA sequence (Bulger 
and Groudine 2011).  Recent advances in chromosome conformation capture 
technologies (3C, 4C, 5C, and Hi-C) have confirmed enhancers and promoters 
interact genome-wide.  How this interaction results in an increase in 
transcription is debatable.  Data from differing experiments suggest that RNA 
polymerase II could be transferred from the enhancers to the promoter, looping 
could increase the local concentration of factors that recruit polymerase at the 
promoter, or looping could migrate the gene locus to a favorable transcriptional 
territory in the nucleus (Krivega and Dean 2012). 

Genetic and biochemical analyses of individual loci and more recent 
genome-wide studies have helped define the structural characteristics of 
enhancers.  Enhancers are sensitive to DNA nucleases due to high rates of histone 
replacement and enrichment of unstable histone variants H3.3 and H2A.Z (Jin et 
al. 2009; Mito et al. 2007).  This open chromatin conformation at enhancers is 
thought to contribute to preferential binding of transcription factors whose DNA 
binding sequences are more accessible at these sites (John et al. 2011).  This 
leads to another key feature of enhancers - their sequences are enriched with 
clusters of TF binding motifs (Zinzen et al. 2009).  The ability of cell-type specific 
TFs to activate transcription is dependent on the recruitment of coactivators, 
which are often broadly expressed.  Transcriptional coactivator proteins found at 
enhancers include histone modifying enzymes, ATP-dependent histone 
remodelers, and subunits of the mediator complex which interact with the basal 
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transcriptional machinery at promoters (Buecker and Wysocka 2012).  TFs 
regulate subsets of enhancers in a certain cell-type but coactivators are broadly 
recruited to enhancers.  Therefore, genome-wide profiling of coactivators is a 
compelling strategy for enhancer mapping. 
 
Distinct chromatin signatures define functional classes of enhancers 

P300 is a transcriptional coactivator and histone acetylransferase 
recruited to both promoters and enhancers. By using proximity to transcriptional 
start sites (TSSs) to eliminate promoter sequences, our lab was able to use the 
binding pattern of p300 to analyze chromatin marks at distal enhancers 
(Heintzman et al. 2007).  Using chromatin immunoprecipitation hybridized to a 
DNA microarray chip (ChIP-chip) we mapped p300 and several histone marks to 
the human genome. Computational clustering analysis revealed that enhancers 
are marked by broad H3K4me1 peaks and are depleted of H3K4me3 (Figure 18). 
This finding is in contrast to active promoters, which are strongly correlated with 
H3K4me3. Furthermore, we were able to use the distinct chromatin signature at 
enhancers and chromatin immunoprecipitation followed by sequencing (ChIP-
seq) to identify 55,000 potential transcriptional enhancers in several human cell 
lines (Heintzman and Ren 2009).  These observations were validated by in vivo 
lacZ enhancer reporter studies in mouse (Visel et al. 2009) and by genome-wide 
studies in fly (Nègre et al. 2011) and zebrafish(Aday et al. 2011; Fullwood et al. 
2009) .  

The simplicity of genome-wide profiling of enhancers has promoted 
further dissection of enhancer functional states.  Enhancers can be divided into 
active, poised, and decommissioned sub-classes.  The activation level of 
enhancers can be estimated by proximal gene expression since enhancers tend to 
reside near the promoter they regulate.  Using this assumption, several groups 
identified H3K27ac as a mark of active enhancers in mESCs (Rada-Iglesias et al. 
2011) and adult mouse tissues (Creyghton et al. 2010).  Active enhancers recruit 
Pol II which transcribes short bidirectional RNAs called enhancer RNAs (eRNAs) 
and interestingly eRNA expression levels correlate with the expression of the 
target gene (Kim et al. 2010; Melgar et al. 2011; Wang et al. 2011).  The function 
of eRNAs is unknown but one researcher speculates “the marking of enhancer 
elements by eRNAs as well as H3K4me1 hints at a scenario where eRNAs could 
interact with the chromatin to establish or maintain H3K4me1 or where the 
H3K4me1 promotes eRNA transcription” (Flynn and Chang 2012).   Two classes 
of poised or primed enhancers co-exist in hESCs mESCs, and differentiated cells  – 
a H3K4me1/H3K27me- class and a H3K4me1/H3K27me3 class (Rada-Iglesias et 
al. 2011; Zentner et al. 2011). 

Primed developmental enhancers are modified by Polycomb-mediated 
methylation.  Upon differentiation into a cell type where the enhancer is active, 
the H3K27 demethylases UTX and JMJD3 have been shown to remove H3K27me3 
resulting in rapid acetylation of this lysine residue (Lee et al. 2006; Svotelis et al. 
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2011).  Finally, during stages of differentiation a subset of enhancers must be 
silenced as they do not pertain to the newly acquired cellular identity. It has been 
suggested that LSD1, a H3K4/H3K9 demethylase, and the HDAC activity of the 
NURD complex are responsible for decommissioning enhancers by removing the 
H3K4me1/K27ac marks during differentiation of mESCs (Whyte et al. 2012).  The 
enzymes responsible for poised enhancers and removal of enhancer methylation 
marks have been described (Figure 19), however the methyltransferase(s) 
responsible for H3K4me1 at enhancers has not been identified. 

It has been show in yeast and mouse that H3K4me3 levels are elevated at 
5’ ends of genes and correlate with high gene expression levels and active RNA 
polymerase II occupancy (Shilatifard 2012). H3K4me2 is also present at gene 
bodies and promoters in highly transcribed genes.  These genome-wide studies 
and others have lead to a consensus in the field that H3K4 methylation correlates 
with active genes and open chromatin (Ruthenburg et al. 2007).  However there 
are many unanswered questions about the role of H3K4me1 at enhancers in gene 
expression. Which enzymes are responsible for the establishment of the 
H3K4me1 mark at enhancers?  How and when are these enzymes recruited to 
enhancers? Is this modification necessary for enhancer function?  Does this 
modification serve to recruit transcription factors or chromatin modifying 
enzymes to enhancers? 

 
Histone 3 Lysine 4 Methyltransferases 

In mammalian cells, methylation of H3K4 is a conserved feature of the 
SET1/MLL family (hereafter MLL complexes) of methyltransferases, which 
includes six members: SET1A, SET1B, MLL1, MLL2, MLL3, and MLL4 (Shilatifard 
2012).  MLL complexes have a Su(var)3-9/Enhancer of zeste/Trithorax (SET) 
domain which is conserved back to yeast and each complex has been shown to be 
capable of mono-, di-, and tri-methylation of H3K4 (Ruthenburg et al. 2007).  
However, it is clear that their activities are not redundant as deletion of MLL1 (Yu 
et al. 1995) or MLL2 (Glaser et al. 2006) in mice results in embryonic lethality.  
Deletion of MLL1 in mouse embryonic fibroblasts downregulates expression of 
only 5% of promoters, including the HOX genes, does not affect global H3K4 
methylation levels, but does correlate with diminished H3K4me3 levels at HOX 
genes specifically.  Another study published conflicting data demonstrating that 
KD of MLL1 in MCF-7 breast cancer cells causes a global decrease in all H3K4 
methylation marks (Jeong et al. 2011).  There is a consensus on depletion of 
SET1A/SET1B resulting in a global decrease in H3K4me3 but not affecting global 
H3K4me1 levels (Wang et al. 2009).  Together this data suggests that MLL 
complexes have consistent specificity for lysine 4 of histone 3 but have 
specialized functions and targets in the cell. 

MLL family enzymes are only fully active in the context of a core multi-
subunit complex, which include WDR5, Rbbp5, ASH2L, and DPY30 (WRAD).  The 
mechanism by which WRAD promotes methylation involves allosteric control, 
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physical interaction and recruitment to chromatin (Wysocka et al. 2005), and 
possibly the utilization of a second H3K4 methyltransferase active site present 
within WRAD itself (Patel et al. 2011).   In contrast to the MLL enzymes, deletion 
of any of the core subunits effectively reduces the global level of H3K4 
methylation (Dou et al. 2006; Patel et al. 2011).  Besides the core subunits there 
exist several complex specific subunits which are responsible for the specific 
properties of the different complexes.  For example, SET1/SET1B complexes 
contain a Wdr82 subunit that recruits the complex to H2B monoubiquitination 
marks at promoters after transcriptional initiation (Lee and Skalnik 2008).  
However, SET1A/SET1B can also be recruited in a transcription-independent 
manner via the Cfp1 subunit which directs binding of the complex to 
unmethylated CpG islands commonly found at promoters (Thomson et al. 2010).  
The final aspect adding to the complexity of MLL complexes are their interaction 
with other complexes as identified by co-purification of native MLL complexes 
with the H3K27 demethylase UTX (Lee et al. 2007), histone deacetylases HDAC1 
and HDAC2 as part of the NURD complex (Nakamura et al. 2002), and subunits of 
the BRG1 chromatin remodeling complex (Rozenblatt-Rosen et al. 1998). 

The literature provides some anecdotal insights or hints into which 
methyltransferase complex may be responsible for monomethylation of H3K4 at 
enhancer elements.  Originally, it was thought the histone methyltransferase PR-
Set7/Set8/KMT5a protein was responsible for H3K4 monomethylation but this 
has since been disregarded due to conflicting evidence.  PR-Set7 has a SET 
domain unrelated to the MLL family SET domains.  It was initially biochemically 
described from Hela extracts as a H3K4 specific methyltransferase with robust 
monomethyltransferase activity (Wang et al. 2001).  More recent studies have 
dismissed these claims and instead find PR-Set7 to robustly catalyze H4K20me1 
as reviewed by Reinberg and colleagues (Beck et al. 2012a). One study 
characterized human ASH1’s in vitro H3K4 methyltransferase activity but three 
independent labs show consistent results that human ASH1 functions as an 
H3K36 methyltransferase and localizes to transcribed gene bodies (An et al. 
2011; Tanaka et al. 2007; Yuan et al. 2005).  Finally, there are also reports 
describing MLL1 as a H3K4 monomethyltransferase.  It has been shown that the 
product specificity of SET domain containing HMTs is structurally dependent on 
a phenylalanine/tyrosine (F/Y) switch residue within the SET domain.  SET 
HMTs with a F-residue have larger active sites that can accommodate larger side 
chains and therefore can sequentially methylate substrates to tri-methylation.  In 
contrast, SET HMTs with a Y-reside have limited active site volume and are 
therefore primarily monomethyltransferases (Collins et al. 2005).  For example, 
PR-Set7 has a tyrosine residue making it a monomethyltransferase, however 
mutation to phenylalanine causes tri-methyltransferase gain-of-function (Yao et 
al. 2012).  The MLL family of HMTs is an exception to this rule however, as all 
MLL family members have a tyrosine at the switch residue yet can trimethylate 
H3K4.  It has been suggested that upon association of MLL family HMTs with the 
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Ash2l or Rbbp5 core subunits an allosteric change to the active site occurs 
allowing trimethylation (Southall et al. 2009).  Another group demonstrates 
MLL1 only has monomethyltransferase activity on histone peptides in vitro and 
the that novel non-SET domain activity of Rbbp5/Ash2L allows sequential 
methylation to trimethylation (Patel et al. 2011). This preliminary evidence from 
the literature suggesting MLL complexes may monomethylate H3K4 is the reason 
for our candidate screen of MLL family members. 
 
  
Preliminary Studies 

 

Co-localization of candidate enzymes with H3K4me1 peaks 
As previously described, our study found an important distinction in the 

chromatin modifications at enhancers as comparison to promoters. Promoters 
are enriched with H3K4me3 centered at the transcriptional start site (TSS).  
However, enhancers generally lack this modification and instead correlate with 
H3K4me1 peaks.  A goal of this study is to identify the enzyme(s) responsible for 
the establishment of this mark at enhancers.  As a pilot experiment, we decided to 
ask whether any of the known H3K4 methyltransferases co-localize with 
H3K4me1 peaks at putative enhancers.  In order to carry out this study, we used 
ChIP-chip to analyze the binding of the MLL1, MLL4, SET1, Ash2L, RbBP5, WDR5 
and H3K4 demethylase enzymes LSD1, Jarid1A, and Jarid1C to 1% of the human 
genome.  From this pilot experiment we were able to identify putative enhancers 
in the ENCODE regions by their H3K4 methylation pattern.  One such putative 
enhancer is in the ACCN4 gene on chromosome 2 (Figure 20).  We were able to 
see enrichment of both methyltransferases and demethylases at this H3K4me1 
peak.  As a consequence of this initial study, we made two predictions as to how 
the H3K4me1 mark could be established at enhancers: (1) methyltransferases 
capable of only mono-methylating the enhancer are recruited, and (2) 
methyltransferases capable of mono-, di-, or tri-, methylation are recruited with 
demethylases in an equilibrium which keeps H3 monomethylated at lysine 4. 

One drawback of this experiment was that the enzymes binding near the 
H3K4me1 peak could be involved in the establishment, maintenance, or removal 
of this mark.  This static system is just a snap shot of the histone modification 
pattern and enzyme binding cannot resolve between these three phases.  
Therefore, it was imperative we find a system in which H3K4me1 peaks can be 
induced to determine which proteins are recruited during establishment 
specifically. 
 
A kinetic study of an in vivo enhancer activation model system 

In order to identify the histone modifying enzymes involved in the 
establishment of H3K4me1 at enhancers it was imperative to find an induction or 
stimulation system in which enhancers are de novo mono-methylated.  A limited 
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number of such H3K4me1 induction systems have been described in the 
literature.  SOX2 enhancer binding in mESCs (Liber et al. 2010) 

 and enhancer binding of the pioneer factor FOXA1 during neural 
differentiation of mouse embryonic carcinoma cells (Sérandour et al. 2011) both 
induce H3K4me1.  A third study determined PU.1-ER tamoxifen inducible 
expression in mouse hematopoetic progenitors causes promoter-distal PU.1 
binding sites to gain H3K4me1 (Heinz et al. 2010).  PU.1 is an ETS family 
transcription factor necessary for the generation of myeloid and lymphoid 
lineage differentiation from hematopoetic stem cells (DeKoter and Singh 2000).  
The PU.1-ER system allows culturing of mouse hematopoetic progenitors and 
selective induction of PU.1 expression in the nucleus and their differentiation into 
macrophages when cultured in the presence of 4-hydroxytamoxifen (4-OHT). 
After one hour of induction PU.1 bound to 7,000 genomic regions, and after 24 
hours a strong increase in H3K4me1 at a large proportion of these sites.  These 
data suggest PU.1 directly or indirectly recruits the histone modifying enzymes 
responsible for deposition of H3K4 methylation at enhancers. 
 For our purposes, the PU.1 inducible system is also a H3K4me1 inducible 
system.  Therefore, we decided to use this system to determine which HMTs or 
demethylases are recruited to newly established H3K4me1 peaks at enhancers.  I 
first replicated the data published by Heinz, et al. by inducing PU.1-ER cells with 
4-OHT using a more detailed time-course (0, 1, 3, 6, 12, and 24 hours).   I 
determined the induction of several PU.1 target genes by RT-qPCR was consistent 
with published microarray data (Weigelt et al. 2009) (Figure 21A).  For this 
study, I selected five enhancers with greater than 4-fold H3K4me1 induction 
from published ChIP-seq data (Heinz et al. 2010) and luciferase enhancer 
reporter activity (Figure 21B, 21C). ChIP-qPCR analysis confirms that LSD1, an 
H3K4 and H3K9 demethylase, is recruited to two (Illrl2 and TLR3) PU.1 target 
enhancers during H3K4me1 establishment (Figure 21D).  A recent study suggests 
a seemingly inactive LSD1 is bound to 97% of H3K4me1-marked enhancers in 
mESCs and upon differentiation its demethylase activity removes the mono-
methyl mark from silenced enhancers (Whyte et al. 2012).  ChIP-grade antibodies 
for MLL2, MLL3, or MLL4 were unavailable.  Robust and consistent ChIP-qPCR 
signal could not be obtained using antibodies against MLL1 or Jarid1C.  Due to a 
lack of reliable reagents against candidate mono-methyltransferase enzymes for 
ChIP we sought to design a HMT antibody independent screening strategy to 
perform in parallel. 
 
Establishment of a high-throughput genetic screen in haploid human cells for 
regulators of enhancer activity 
 Failed ChIP experiments resulting from poor quality antibodies against 
our candidate enhancer mono-methyltransferases stresses the importance of a 
HMT antibody-independent screening method.  Another important consideration 
is the enzyme responsible for methylation at enhancers may not have a SET 
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domain or have been previously described as a methyltransferase.  Here, we 
propose an unbiased genetic screen in haploid cells for mutations causing a 
global decrease in H3K4me1 levels or enhancer reporter activity. 
 In the past few years, two separate research groups have described gene 
trap mediated genetic screens in haploid mammalian cells.  The first published 
study used a pseudo-haploid (disomy of chromosome 8) human chronic myeloid 
leukemia cell line (Carette et al. 2009).  They transduced these cells with a gene 
trap virus and used GFP as a reporter for gene disruption.  Gene trap vectors are 
cleverly designed with several key features: they are promoter-less such that the 
reporter is only expressed when the virus inserts within a gene, they contain a 
strong splice acceptor for expression when inserted within an intron, and gene 
trap vectors end with a polyA signal which will truncate and likely disrupt 
expression of a functional gene product.  Purification of haploid cells with viral 
insertions in a gene by flow sorting for GFP+ cells yielded a gene trap library of 
cells with myriad independent insertions.  This gene trap library could then be 
used in a negative selection screen for mutations conferring resistance to 
bacterial toxins.  The remaining research group developed a pathogenic haploid 
mouse embryonic stem cell line and used a gene trap screen for ricin resistance 
(Elling et al. 2011). Screening of haploid gene trap libraries provides yeast-like 
genetics in human and mouse cells and we were provoked by the idea of using 
this system to identify regulators of chromatin states. 
 
Establish a gene trap library in haploid human cells 

In order to establish this system in our lab I purified haploid human cells 
by sorting, transduced them with gene trap vectors, mapped the insertions using 
an LM-PCR method coupled with next generation sequencing, and validated our 
viral insert mapping method via cloning and Sanger Sequencing.  KBM-7 cells are 
a nearly-haploid chromic myeloid leukemia cell line clone with the Philadelphia 
chromosome and a propensity for diploidization over time in culture.  Therefore, 
I used DAPI stained cells of mixed ploidy to identify haploid cells by DNA content.  
Upon gating on DAPI stained haploid cells it became evident that the small 
haploid cells in the population could be sorted by size without the need for a DNA 
stain (Figure 22A).  Large-scale retroviral packaging in 293T cells using calcium 
phosphate transfection of retroviral and gag-pol-env plasmids was optimized for 
high titer virus.  As a pilot experiment to test the retroviral mapping protocol, 
293T cells were infected with the GFP gene trap virus and 100,000 GFP+ cells 
were collected (Figure 22B).  As detailed in Figure 23 and published (Carette et al. 
2011), genomic DNA was purified from infected cells and digested with a 4-base 
cutter methyl-insensitive restriction enzyme known to cut just upstream of the 
retroviral 5’LTR.  Linear amplification mediated PCR (LAM-PCR) using a 
biotinylated primer specific for the viral LTR was used for 100 cycles.  Single 
stranded LAM-PCR products containing the viral-genomic junction were captured 
via magnetic streptavidin beads.  A ssDNA linker was designed with a 5’ 
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phosphate, to facilitate ligation, and 3’OH so prevent linker concatamers and 
ligated to captured products with a ssDNA ligase.  Finally, PCR using primers 
using a nested retroviral 5’ LTR primer and a primer which anneals to the linker 
will amplify the viral-genomic junction and add Illumina adaptor sequences. Each 
molecular step of this strategy was optimized for efficiency and sensitivity.  8 
picomoles of the 293T gene trap viral insertion library was run on the Illumina Hi 
Seq using a custom sequencing primer such that reads start at the first bp of the 
genomic sequence following the LTR sequence.  Approximately 20,000 
monoclonal reads corresponded to gene trap insertions in 17,000 transcripts – 
however this number is inflated likely 2-fold due to redundant UCSD identifiers.  
Nevertheless, this pilot experiment served as a proof-of-principle that gene trap 
insertions in human cells can be mapped after a phenotypic screen or selection 
screen and the published methods are repeatable. 

 
 



129 

 

Supplemental Figures 

 

 
Figure 18. Histone modification features of human transcriptional enhancers.  
ChIP-chip was performed against six histone markers (H4ac, H3ac, H3K4me1, 
H3K4me2, H3K4me3, and H3) and three transcription factors (RNA pol II, TAF1, 
and P300) in the ENCODE regions.  (a) Data shown are 10kb windows centered 
on promoter-distal p300 peaks at putative enhancers with computational 
clustering into three classes (E1, E2, and E3). (Heintzman, 2007) 
 

 

 

Figure 19. Chromatin states at poised, active, and decommissioned enhancers. 
Functional classes of enhancers can be identified by specific combinations of 
chromatin marks.  The histone modifying enzymes experimentally determined to 
catalyze these marks at enhancers are listed. 
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Figure 20. ChIP-chip analysis of H3K4 methyltransferase and demethylase 
binding patterns in K562 cells.  An intergenic enhancer in the ACCN4 gene is 
marked by H3K4me1/2 but not me3.  This enhancer also shows enrichment for 
LSD1, Jarid1C, WDR5, RbBP5, Ash2l, and Set1.  Figure courtesy of Dr. Saurabh 
Agarwal. 
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Figure 21. Analysis of histone modifying enzyme interaction with validated PU.1 
target enhancer. (A) Induced RNA expression of PU.1 target genes during 4OHT 
treatment time course. (B) The intergenic Illrl2 enhancer has induced H3K4me1 
after 24 hours of treatment. ChIP-seq data from Heinz, et al. (Heinz et al. 2010; Hon 

et al. 2013; Jin et al. 2010; Ziller et al. 2013) (C) Luciferase enhancer reporter assay 
was performed in the RAW 264.7 macrophage cell line. Luciferase signal was 
normalized to Renilla signal and the fold change over the no vector control was 
determined.  The iNOS enhancer is a known macrophage enhancer (positive 
control), the negative control contains a random genomic sequence, and pGL3 is 
the luciferase vector with out a subcloned enhancer. (D) ChIP-qPCR enrichment 
as a percent of the input signal for PU.1, MLL1, Jarid1C, and LSD1 at indicated 
4OHT time points in PU.1-ER cells.  The negative control shows enrichment at a 
random genomic sequence devoid of K4me1 marks. 
 



132 

 

 

Figure 22. Generation of a human haploid cell gene trap library. (A) DAPI 
staining reveals the ploidy of cells.  (B) Transduction rate of 293T cells with 
MSCV-GFP and GFP gene trap retrovirus determined by GFP. 
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Figure 23. LM-PCR based strategy for mapping of viral insertions. Genomic DNA 
is purified from infected cells and digested.  Linear amplification mediated PCR 
(LAM-PCR) uses a biotinylated primer specific for the viral LTR for 100 cycles.  
These single stranded products are captured by streptavidin beads and a ssDNA 
linker is ligated to the 5’ end.  A final PCR step amplifies viral-genomic junctions 
with Illumina sequencing adaptors. 
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