
ABSTRACT 

BRADSHAW, JUSTIN MICHAEL.  Genetic and Epigenetic Regulation of Transcription during T 
Lymphocyte Development.   (Under the direction of Michael L. Sikes). 
 

The adaptive respond to invading pathogens requires lymphocytes to express a diverse 

array of antigen receptors.  This diversity is generated through V(D)J recombination, a somatic 

rearrangement of the antigen receptor genes during early lymphopoiesis.  Recombination proceeds 

in a carefully orchestrated sequence of individual rearrangements that are tied to and essential for 

developmental progression.  The patterning of recombination is imposed epigenetically, such that 

developmentally timed transcription from promoters and enhancers positioned throughout each 

antigen receptor gene locus modulates recombinational accessibility of the transcribed gene 

segments.  The goal of this doctoral thesis was to elucidate mechanisms that govern activation of 

antigen receptor germline promoters, and shed light on epigenetic programs that shape the 

immune repertoire and lineage commitment more broadly. 

Activation of the T early alpha (TEA) promoter initiates Tcra assembly in  thymocytes, 

directing accessibility of the proximal J segments to recombinase.  TEA activity requires the 

chromosomal organizer CTCF, which facilitates juxtapositioning of TEA with the distal Tcra enhancer.  

However, while TEA is inactive prior to thymopoiesis, it is primed for activation much earlier.  To 

investigate priming, I measured CTCF binding at TEA both before and after thymocyte 

differentiation.  I found that CTCF binding was constitutive, being present in every tissue type or cell 

line I examined (e.g. placenta, embryonic stem cell (ESC), neuron, and B cell).  Using ESC lines 

cultured under ground state conditions, I found that a roughly 3 kb region that separates the 

proximal J segments from the Tcrd locus, and which contains TEA, is targeted for DNA methylation 

very early in embryogenesis.  Only the ~300 bp TEA promoter sequence is protected from this 

hypermethylation.  I used RNAi-mediated knockdown of CTCF expression to demonstrate that in 

fact, CTCF appears to be the agent that protects TEA against hypermethylation.  Moreover, I found 



that mono-allelic deletion of TEA resulted in a biallelic increase in DNA methylation both upstream 

and downstream of the hypermethylated 3 kb region, suggesting a potential inter-allelic association 

at TEA that modulates the region’s epigenetic structure.  Together, these findings suggest a novel 

priming role for CTCF as a protector against TEA DNA methylation. It remains to be determined if 

CTCF may similarly prime promoters other that TEA. 

In a second project, I explored the mechanisms that govern recombinational accessibility.  

Tcrb contains two DJ cassettes that rearrange simultaneously in response to activation of 

associated promoters.  Although D-to-J joining deletes the primary DJ2 promoter, it activates a 

second promoter.  To investigate the mechanistic link between recombination and D2 promoter 

control, I created thymocyte cell lines with distinct DJβ repertoires.  Analyses of these cell lines 

confirmed that dsDNA break-dependent loss of the stress-response factor USF-1 from the D2 

repressor site leads to activation of the second promoter, while breaks generated at DJ1 failed to 

induce de-repression.  Together, these findings suggest that antigen receptor repertoire 

development is not simply a stochastic accumulation of individual rearrangements, but also involves 

feedback responses that can alter local recombinational accessibility by redirecting germline 

transcription. 
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INTRODUCTION 

Multicellular organisms require differential collections of proteins in each tissue to correctly fulfill 

their various function(s).  Since all somatic cells in a multicellular organism possess the same genetic 

code, these organisms possess a variety of factors to regulate the production of individual proteins. 

Much of this regulation occurs during the steps of gene expression, be it during transcription, 

splicing, translation or proper translocation of the resulting protein to its appropriate cellular 

compartment.  However, a growing appreciation exists now for the elegant and extensive cis-acting 

mechanisms that regulate the availability of individual DNA sequences to the gene expression 

machinery. Many, if not most of these non-genetic changes that affect DNA bases directly are 

preserved during DNA replication and accompanying cell division. Given that such heritable changes 

alter gene function but not gene sequence, they are collectively referred to as epigenetic, or “above 

the gene” regulation.   

Over the past few decades much has been learned about the various epigenetic marks 

found in the eukaryotic genome, and how they correlate with transcription and cell identity. 

Collation of such analyses has led to the positing of an “epigenetic code”, though our ability to 

decipher such a code remains extremely primitive.  Nevertheless, changes to a somewhat 

hierarchical ordering of particular epigenetic marks can clearly be traced through cellular 

development, correlating with the activation or silencing of individual genes. Progression from this 

original totipotent progenitor to pluripotent ES cells and then to the more differentiated cell types 

that make up the body’s various tissues is accompanied by specific and numerous changes to the 

epigenetic code, many of the most substantial of which are noticed at lineage-specifc genes and 

genes involved in differentiation.  This review of the literature regarding epigenetic regulation will (i) 
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provide a detailed analysis of epigenetic chromatin modifications, (ii) give a summary of our current 

understanding of cellular differentiation and epigenetic marks identified as relevant in this process,  

(iii) discuss the role of antigen receptor genes as lineage-specific genes involved in lymphoid 

development, as well as address the normal function of T cell receptors in T lymphocyte-mediated 

immune responses, and (iv) outline the central questions addressed by this thesis.  

1.1 Overview of Epigenetics  

In the simplest of terms, early epigenetics could be considered the intersection of 

developmental biology and genetics, two fields that took little notice of each other until the 1930s.  

In 1939, Edinburgh University's Dr. Conrad Waddington coined the term epigenetics from the Greek 

word epigenesis, a theory that proscribed the early embryo as undifferentiated and requiring a 

complex genetic program to achieve development of a complete organism [1].  This work was 

supported in later years by Dr. Ernst Hadorn, who discovered in Drosophila the existence of 

heritable patterns of differentiation among embryonic tissues which could be controlled and 

manipulated with specific chemical treatments [2].  

The mechanisms of this epigenetic control over developmental progression at this point 

remained unelucidated, however experiments were quickly catching up to theory.  The discovery in 

1969 of non-canonical histone incorporation and their subsequent connection to chromatin 

structure and gene expression provided some early evidence of mechanism, though it took many 

years for this for these histone variants to rise to prominence [3-5].  Meanwhile the Mirsky 

laboratory identified that specific, reversible changes in histone structure independent of histone-

DNA interaction can enhance or inhibit transcription of associated DNA, paving the way for our 

current understanding of post-translational histone modifications (PTMs) and the histone code [6, 
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7].  Finally, in the mid-seventies two groups independently suggested an association between 

epigenetic regulation and the reversible enzymatic methylation of cytosine bases within the DNA, 

leading to our current understanding of CpG methylation as a primary method of epigenetic control 

[8, 9].  These three epigenetic mechanisms are by far the most described in the literature and all but 

define our current understanding of epigenetics, and as such our discussions of epigenetic 

modifications will be confined to one or more of these mechanisms for the duration of the thesis.  

1.2 Epigenetic Regulation 

1.2.1 Chromatin configuration 

Each human cell contains approximately 2 meters of linear dsDNA that is housed within a 

nucleus that is roughly 6 to 10 m in diameter. Consequently, the DNA contained within a 

eukaryotic cell is heavily compacted through its association with octomeric histone complexes to 

form chromatin. The core particle of chromatin is the nucleosome. Nucleosomes consist of two 

copies of each of four histone proteins: H2A, H2B, H3 and H4.  Each of these proteins contains a 

characteristic fold using a three-helix core domain that allows the protein to dimerize with its 

partner (H2A with H2B, H3 with H4) [10].  In the presence of DNA or high salt conditions, these 

multiple dimers coalesce into a ball-shaped octomer that is wrapped twice by dsDNA (Figure 1.1).  

Based on crystallography, each nucleosome contains 147 bp DNA [11], with a stretch of linker DNA 

that is somewhat variable but is on average around 38 bp in humans [12].  Visualization of 

nucleosome arrays led to the “beads on a string” description to describe the most-accessible form of 

chromatin [10, 13]. An additional linker histone, H1, serves to stabilize the DNA between 

nucleosomes and is also involved in chromatin condensation, with denser H1 concentration (up to 

one molecule per nucleosome in differentiated cells) correlating with less accessible DNA.  
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Figure 1.1:  Chromatin configuration and DNA packaging.  In somatic cells, DNA is compacted by 

helical winding around octomeric histone complexes to form repeating nucleosomes, where each 

histone octomer binds 147 bp of DNA.  This basal chromatin organization forms the 11 nm “beads 

on a string” euchromatin fiber. Progressive compaction yields 30 nm solenoidal chromatin fibers 

or fully condensed 500 nm chromosomes. Each histone possesses an N-terminal tail not involved 

in chromatin compaction – rather, this histone region can undergo reversible modifications that 

are central components of epigenetic regulation.  Adapted from [14, 15]. 
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The chromatin fiber can subsequently fold into more complex structures, though the mechanisms 

that drive higher-order chromatin condensation are less well elucidated. However, the differential 

organization of chromatin into the relatively open “beads on a string” euchromatin structure or the 

progressively more condensed heterochromatin structures has been strongly implicated in the 

regulation of transcription, as well as a variety of other biological processes inherent to DNA [16]. 

Electron microscopy suggests two models for heterochromatic compaction:  a solenoid, 

where intervening linker DNA is bent in a superhelical path with 6 to 8 nucleosomes per turn (Figure 

1.1), and, in the absence of sufficient H1 density, a ladder-like configuration of stacked nucleosomes 

connected by straight linker DNA in a “zig-zag” arrangement.  Higher-order folding programs are 

orchestrated by inter-nucleosomal interactions mediated by reversible covalent modifications of the 

histone proteins (primarily on histone N-terminal tail regions that actually protrude from the more 

spherical protein body). These covalent histone modifications are central components of epigenetic 

regulation, as discussed later. 

1.2.2 Histone variants 

In humans, many of the histone proteins are encoded by multiple genes, generating an 

abundant supply of protein for replenishment of the genome. For example, human histone H4 is 

encoded by 14 genes, though only a single conserved human H4 protein is produced and serves as 

the docking site for the other histones [17]. The core histone proteins (H2A, H2B, H3, and H4) are 

primarily assembled with DNA during replication. As DNA strands are forcibly separated, histone 

cores are displaced from the replication bubble. Likewise, as the replication bubble passes, the 

newly formed dsDNA is immediately associated with newly synthesized histone cores. During 

synthesis and non-synthesis phases of the cell cycle, however, non-canonical human histone H2A, 
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H2B and H3 proteins can supplant the canonical histones and may establish unique patterns of 

temporal and developmental association; these patterns are an emerging field of epigenetic 

research [18, 19]. Of the known histone variants, many are associated with sites of DNA damage, 

and are predicted to play critical roles in damage repair and cell cycle arrest until repairs are 

complete [20-23]. However, particular variants of histones H2A and H3 have been linked to gene 

regulation, and will be briefly discussed below.  

H3.3, a replication-independent variant of H3, differs from its canonical counterpart by only 

four amino acids [3].  Incorporation of H3.3 requires the presence of chaperone proteins, either 

HIRA, which is found in a variety of eukaryotes [24] , or a combination of two other proteins unique 

to metazoans, death domain associated protein (Daxx) and -thalassemia X-linked mental 

retardation protein (ATRX) [25, 26].  These separate modes of H3.3 deposition are not equal across 

the genome. Rather, HIRA-mediated H3.3 deposition associates with protein-coding regions, while 

Daxx/ATRX H3.3 deposition is associated with pericentric heterochromatin and intergenic regulatory 

regions [26, 27]. Evidence in murine ES cells suggests that Daxx/ATRX-mediated H3.3 deposition 

plays a role in proper chromosome alignment during meiosis in a manner similar to the chromatin-

organizing molecules CTCF and cohesin, which will be discussed at length later [28]. 

 Of the core histones, H2A has the largest number of identified variants (19 in humans), 

differing predominantly in their C-terminal docking domain, which is responsible for entry/exit of 

DNA from the histone core and for interaction with the H3:H4 tetramer [29-31]. H2A variants also 

differ in a domain of acidic residues critical for the formation of higher-order chromatin assemblies 

[29, 32]. As a consequence, H2A variation can have strong impact on chromatin structure/function.  

Of these variants, H2A.X and H2A.Z were among the first discovered and are perhaps the best 
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understood [33]. Primarily known for its critical role in DNA damage repair, H2A.X becomes enriched 

at the site of DNA damage and is required for the proper recruitment of DNA repair machinery, 

chromatin decondensation at the site of damage, and subsequent repair. However, a more recent 

study in pre-implantation mouse embryos found that H2A.X rapidly becomes the dominant H2A 

molecule immediately post-fertilization during the one to four cell stages [34], suggesting that H2A.X 

may be critical for establishing a vertebrate organism’s earliest chromatin configuration.  H2A.Z is 

required for proliferation and differentiation of murine embryos [35].  Though H2A.Z is classically 

known for flanking nucleosome-free regions and marking transcriptionally active chromatin, its role 

has become much more nuanced.  In the early embryo, H2A.Z is enriched in some regions of 

constitutive heterochromatin, while adult distribution of H2A.Z is less constrained.  H2A.Z can be 

acetylated, and a number of studies have correlated unacetylated H2A.Z with more stable 

nucleosome structures and repressive function, while acetylated H2A.Z is more activating and 

associated with histone variant instability [36-39].  H2A.Z has also been implicated in DNA repair and 

mitosis [23, 40, 41].  The third most studied variant of H2A, an unusually large structural variant 

called macroH2A, appears like unacetylated H2A.Z to be associated with transcriptional repression.  

MacroH2A is best understood as a critical mediator of the process of X inactivation, where it 

becomes strongly enriched on the mammalian Xi chromosome in a manner that requires ATRX 

(without Daxx) [19, 42].  Likewise in frogs, macroH2A can act as an epigenetic repressor, preventing 

X chromosome reprogramming. However, it is also equally well expressed in both males and females 

in a variety of other vertebrates that do not undergo X inactivation [43, 44]. 
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1.2.3 The Histone Code  

Each of the four nucleosomal core histones fold into roughly spherical particles that 

multimerize to form two co-associating tetramers (2 H2A:H2B dimers + 2 H3:H4 dimers) that are 

wrapped by DNA. Each of the four core histones also features a rather long and highly flexible N-

terminal “tail” that extends from the nucleosomal core (Figure 1.1).  The tails of H2B and H3 are 

closely associated with the DNA that wraps the histone core, running along the minor groove of 

each strand [45]. On each core histone tail, select amino acid residues can undergo reversible 

covalent modifications that can alter their charge, configuration and/or DNA binding properties [46].  

These modifications do not appear to affect the structure of the nucleosome core particle; however, 

their functions are numerous. Beyond their role in structural integrity of chromatin fibers [47], they 

are involved in facilitating interaction of DNA with regulatory proteins and many combinations of 

these residues correlate directly with important biological processes such as gene regulation [46, 48, 

49], DNA repair [22, 50, 51] and replication (both mitotic and meiotic) [46, 52-54].  The pattern of 

specific histone modifications across a length of chromatin is proposed to encode an epigenetic 

regulatory map for the contained gene(s), and has been dubbed the “histone code”.  Though 

continuing to rapidly evolve, our current understanding of the histone code involves a variety of 

different modifications (acetylation, methylation, ADP-ribosylation, biotinylation, ubiquitination, 

phosphorylation and sumoylation) of specific lysine, arginine and serine residues of individual 

histone tails. For the purposes of this review, I will focus on two modifications in particular –

acetylation and methylation of lysine residues along the N-terminal tail of histone H3.     
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1.2.4 Lysine Acetylation 

Modifications of histone N-terminal amino acid tails can modulate chromatin accessibility to 

DNA-binding proteins.  For example, the acetylation of multiple lysine residues on the N-terminal 

tails of the core histones, and in particular, histones H3 and H4, correlates with increased 

transcriptional activity of genes associated with such hyperacetylated histones [6, 46, 55, 56].  In 

general, acetylation neutralizes a lysine’s innate positive charge, weakening the histone’s interaction 

with negatively-charged DNA and loosening local chromatin architecture [10].   Beyond this general 

electrostatic mechanism, acetylation of specific lysine residues is involved in biological processes 

(including DNA repair/replication and histone deposition) through interactions with proteins that 

recognize acetylated lysines via bromodomain protein modules [57, 58].  These proteins tend to be 

associated with transcriptional accessibility, such as activating transcription factors and chromatin-

remodeling complexes [57, 59].  Histone lysine acetylation is controlled by two competing enzymatic 

activities– a variety of histone acetyltransferases (HATs, e.g. Gcn5/PCAF, MOZ, TAFII250, CBP/p300, 

SRC, ATF-2, TFIIIC, and HAT1) [60-62], responsible for acetyl group deposition, and histone 

deacetylases (HDACs 1 through 11 and SIRT 1-7) [60, 63, 64], responsible for acetyl group removal.  

Consistent with empirical correlations between histone acetylation and gene activity of the 

acetylated chromatin, HATs are generally considered activators of transcription. Indeed, most HATs 

were originally identified as transcriptional coactivators [62, 65].  Likewise, HDACs are generally 

considered transcriptional repressors [66]. Most HDACs have been linked to the regulation of a 

surprisingly small subset of genes, and many are relatively restricted in their expression patterns 

[67, 68]. HDAC1 however has wide ranging effects, and its deletion in targeted mouse mutagenesis 

experiments is embryonic lethal [69].  
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With the exception of Lysine 16 on histone H4, histone lysine acetylation events appear to 

be functionally redundant, such that hyperacetylation of the core histone tails strongly correlates 

with accessible euchromatin and active transcription [70, 71]. However, recent findings suggest that 

gene regulation is also influenced by dynamism of the acetylation pattern [72, 73].  In mouse 

embryo-derived C3H cells, general inhibition of HDAC activity enhanced histone acetylation at c-fos 

and c-jun.  However, rather than enhancing transcription of the fos and jun genes, hyperacetylation 

was instead associated with their transient repression, suggesting that turnover of histone 

acetylation may be more relevant to gene regulation than steady state histone acetylation levels 

[73].   

At the same time, lysine acetylation is only one of the many covalent modifications that 

make up the histone code, and the sensitivity of gene transcription to changing acetylation likely 

reflects the impact of other epigenetic changes in the chromatin. Consistent with this notion, 

transcriptional response to changes in in histone acetylation, demonstrated experimentally by 

transient inhibition of HDACs, correlates strongly with the di- and trimethylation of lysine 4 on 

histone H3 (H3K4me2/H3K4me3) [74, 75].  The challenge in our understanding of histone 

epigenetics has been in trying to tease apart the contributions of individual marks. Nonetheless, 

despite a still relatively uninformed view of the overall histone code, histone lysine acetylation 

remains the clearest understood activating epigenetic mark. 

1.2.5 Lysine Methylation 

As mentioned above, lysine residues in the N-terminal tails of histones can also be 

methylated. Like lysine acetylation, histone lysine methylation patterns have been linked to 

heterochromatin formation, transcription and a variety of other important cellular processes [76].  
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However, the addition of one or more methyl groups to lysine residues differs significantly from 

lysine acetylation; rather than near universal association with gene activation, the effects of lysine 

methylation are strongly linked to the specific residue being modified [66].  In addition, replacement 

of a variable number of hydrogens on lysine’s side-chain amine with methyl groups permits three 

different states of histone lysine methylation, referred to as mono-, di- and tri-methylation [77].  

Different numbers of methyl marks at a specific residue are associated with widely divergent 

phenomena – for example, monomethylation of lysine 4 on histone 3 (H3K4me1) has been found to 

characterize enhancer elements, trimethylation of the same residue (H3K4me3) is associated with 

active transcription at promoters and dimethylation (H3K4me2) correlates with transcriptional 

accessibility at both promoter and enhancers [78].  In reference to gene activation, modifications 

such as the aforementioned H3K4me3, H3K79me2 and H3K36me3 are associated with transcription 

and a localized euchromatic state while modifications correlated with repression and 

heterochromatin include H3K9me3, H3K27me3 and H4K20me3 [66, 79].    

 Lysine methylation marks are introduced by a family of histone methyltransferases (HMTs) 

[80, 81] primarily through catalytic SET domains that use S-adenosyl-L-methionine as a methyl donor 

(the exception being H3K79me2, which is catalyzed by HMT DOT1L in a method that resembles DNA 

methyltransferase activity [82]).  Whereas activity of individual HAT complexes may target a variety 

of N-terminal lysines on more than one histone at a given gene, HMT activity appears to be much 

more restricted to individual lysine residues. For example, there are currently eight known human 

HMTs specific for H3K9 (e.g. GLP and G9a [81], and a similar number of HMTs specific for H3K4 [81]. 

Removal of these methyl groups is catalyzed by histone demethylases (HDMs, [81, 83, 84]).  Lysine 

demethylation in particular is initiated by lysine demethylases (KDMs), of which 8 families (KDM1-8) 
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have currently been identified in humans [85].  Each of these KDMs utilize a mechanism of oxidative 

demethylation via radical processes, in which the KDM induces oxidization and subsequent excision 

of the methyl group, releasing formaldehyde as a co-product [85].   

1.2.6 DNA methylation 

In addition to histone modifications, the DNA of eukaryotes can also be modified by 

methylation. DNA methylation in eukaryotes is largely restricted to 5-cytosine-guanine-3’ 

dinucleotides, with the 5-carbon of cytosine being targeted for methyl group addition. So-called CpG 

methylation is common in vertebrate tissues, with up to 85% of all CpG dinucleotides methylated 

[86, 87].  However, CpGs are not evenly distributed across the vertebrate genome. Rather, most 

CpGs are found in the promoters and 5’ or 3’ coding regions of genes, and often in large clusters 

dubbed “CpG islands”.  CpG islands have been canonized in the literature as DNA regions of ≥200bp 

with an observed-to-expected CpG ratio >60% [88].  CpG islands are distinct through possession of a 

unique epigenetic state; whereas most CpG sites in the genome are methylated, >90% of CpGs 

within CpG islands are unmethylated [89, 90].  

DNA methylation has long been linked to gene repression by altering transcription factor 

binding and/or chromatin structure. In keeping with a presumed repressive role for DNA 

methylation, the promoters of constitutively expressed “housekeeping” genes were among the first 

genes to be associated with unmethylated CpG islands [91, 92]. Shortly after fertilization, gametic 

DNA methylation patterns are almost entirely erased as totipotency is established, and then a new 

pattern of methylation is established coincident with embryo implantation [89, 93, 94].  Though as 

yet poorly supported by experimentation, recent studies have also suggested that specific 

environmentally-influenced changes in DNA methylation experienced by the embryo’s parents may 
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survive preimplantation erasure to provide a degree of transgenerational epigenetic memory [95, 

96].  Such an evolutionary shortcut is provocative, but remains to be confirmed. More accepted is 

the notion that once established, DNA methylation patterns are largely stable (~90%), and are 

maintained through every subsequent cell division and to a large extent through tissue 

differentiation [95, 97]. 

Changes in the pattern of DNA methylation have been linked to aging and tumor 

development, in which multiple studies have documented the demethylation of non-CpG island sites 

and the de novo methylation of critical CpG islands [98, 99].  Physiological and disease-related 

changes in methylation are both mediated by the same molecules. CpG methylation is driven by the 

Dnmt3 de novo methylases, the maintenance methylase Dnmt1 and by specific histone methylases, 

while demethylation appears to be driven at least in part by Tet-mediated conversion of 5-

methylcytosine to an intermediate 5-hydroxymethylcytosine [85, 89, 100, 101]. More recently, 

studies of embryonic and transformed human and mouse genomes have shown that changes in DNA 

methylation have a significant impact on the binding pattern of the CCCTC-binding factor (CTCF), a 

critical sequence-specific regulatory protein that is essential for embryonic development and has 

been linked to the regulation of a wide array of genes [102-105]. 

 It remains unclear how DNA methylation patterning is initially directed. Ptcra is a 

thymocyte-specific gene, responsible for production of a pre-T cell receptor alpha chain to allow 

cell-surface TCRβ expression before TCRα recombination. The enhancer of Ptcra maintains a window 

of unmethylated CpGs in ES cells, which appears to persist throughout lineage development 

regardless of eventual cell fate [106].  In a series of elegant experiments, the Smale laboratory found 

that stable transfection of insulated and premethylated plasmid constructs carrying the Ptcra 



15 
 

enhancer and a Green Fluorescent Protein (GFP) reporter into ES cells resulted in rapid enhancer 

demethylation, without leading to expression of the accompanying GFP reporter [106]. In contrast, 

when the same experiment was performed in Ptcra-expressing thymocyte cell lines, these 

differentiated cells proved unable to demethylate and activate the enhancer, though cells 

transfected with an unmethylated construct readily expressed GFP [106].  

The Smale studies clearly suggest that the capacity to remodel DNA methylation patterns is 

both intrinsic to early embryonic cells and is critical for proper regulation of differentiation-specific 

genes. What then directs the patterning of DNA methylation in pluripotent embryonic cells? The 

lack of CpG establishment at tissue-specific genes results at least in part from methylation 

interference by pre-bound transcription factors. Evidence suggests that this transcription factor 

binding may be requisite for proper gene transcription upon lineage differentiation [106].  As noted 

above, the genome-wide pattern of CTCF binding in human and mouse cells is tightly linked to 

patterns of DNA methylation. Both in vivo and in vitro studies have suggested that DNA methylation 

may hinder CTCF binding [102, 104]. Not surprisingly, the vast majority of CTCF binding sites in the 

mouse ESC genome are free of DNA methylation (Bradshaw, Bushel and Sikes, unpublished 

observations). However, in as much as DNA methylation may prevent CTCF binding, it remains 

unknown whether CTCF binding in early embryonic cells may similarly prevent DNA methylation. 

Indeed, CTCF is abundantly expressed and essential in even the very earliest undifferentiated 

embryos. Specifically, Ctcf nullizygous embryos only developed to the peri-implantation blastocyst 

stage (E3.5), a point coincident with DNA remethylation [95, 107]. The functional relationship 

between DNA methylation and CTCF is a central theme of this thesis, and will be discussed in detail 

in Chapter 2. Beyond CTCF, the wide array of data now suggests that DNA methylation patterns at 
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tissue specific promoters are established in early embryonic development (at least in part due to the 

occlusion of DNA methylases by bound regulatory factors), that the DNA methylation pattern is 

largely stable during development and differentiation, and that it directly shapes gene activation 

capacity in response to appropriate developmental cues. 

1.3 Overview of Stem cell development 

1.3.1 The early embryo 

 After fertilization and the subsequent fusion of sperm and oocyte chromosomes, 

mammalian preimplantation development starts with a single-cell zygote [108], followed by a series 

of three cleavage divisions resulting in an eight-celled undifferentiated morula (Figure 1.2).  Cells 

within this morula flatten and polarize, then undergo an additional pair of cell divisions, during 

which the first distinct populations of embryonic cells are generated; cells that maintain contact 

with the external environment contribute to the trophectoderm lineage, which forms embryonic 

support structures such as the placenta, and the inner cells develop into a collective fittingly called 

the inner cell mass (ICM) [109].  A fluid-filled segmentation cavity formed at the 32-cell stage pushes 

the ICM to one side of the embryo, forming the blastocyst (E3.5), and cells in direct contact with this 

cavity form a polarized epithelium and develop into the primitive ectoderm lineage (or hypoblast), 

which gives rise to the yolk sac that nourishes the developing embryo [108]. However, in contrast to 

the early morula, lineage differentiation in the ICM occurs independent of location, and segregation 

consistent with a mature blastocyst is attained through a combination of differential adhesion of cell 

progenitors and response to directional signals, the details of which remain to be elucidated [110].  

Upon completion of this segregation by day E4.5, the mature blastocyst is ready for implantation. 
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Figure 1.2:  Cell fate and epigenetic regulation during early post-fertilization development.  The 

sperm genome is compacted with a mixture of histones and histone-like protamines. After 

fertilization, the paternal genome is repackaged to remove protamines and allow association with 

maternal DNA in the zygote.  This repackaging is accompanied by a period of active paternal 

demethylation, followed by passive maternal demethylation over the first few cell divisions, along 

with establishment of histone modifications involved in gene priming.  The morula is the earliest 

indication of cell fate establishment, in which cells along the outside of the developing embryo 

become predisposed to the trophectodermal lineage while the ICM does not.  Progression to the 

pre-implantation blastocyst sees further cell fate specification within the ICM, with primitive 

ectoderm and epiblast cells initially forming in a “salt and pepper” fashion – however, by the late 

blastocyst these cells have segregated, with cells along the segmentation cavity in the primitive 

ectoderm and away from this cavity in the epiblast.  Adapted from [111].    
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1.3.2 Progression of the epigenetic map 

The development of a new biological organism requires sweeping epigenetic changes to facilitate 

the combination of two haploid nuclei into a single functional diploid, and subsequent lineage 

specification comes with specific collections of epigenetic hallmarks.  During gametogenesis,  

sperm lose a majority of their histones and repackage their DNA into a more compact format using 

proteins called protamines [111, 112].  Maternal gametes maintain histone packaging, however, and 

within an hour of fertilization maternally generated histones replace protamines on paternal 

chromatin as well, first with synthesis-independent H3.3 and finally with canonical replication 

variant H3.1 [113].  This conversion is concurrent with an active demethylation of paternal CpGs and 

deposition of histone acetylation and methylation marks [111, 114] (Figure 1.2).  Maternal DNA, 

though protected by an unknown mechanism from this active demethylation of the paternal DNA, 

nonetheless undergoes passive demethylation during successive divisions through exclusion of DNA 

methylases from the nucleus during replication [115]. Consequently, both maternal and paternal 

genomes are similarly demethylated by the 8-cell morula stage [116-118]. Since CpG methylation 

levels at DNA other than the pluripotency genes and imprinting control regions are largely similar in 

sperm nuclei and ESCs, the purpose of genome-wide active demethylation in sperm, as well as the 

mechanism and rationale for protection of the maternal genome from this active demethylation 

remains unknown [111, 116].  

 Post-translational histone modifications also differ significantly between paternal and 

maternal genomes prior to the morula stage, primarily due to the ground-up reconstruction of 

histone modification patterns necessary for the newly histone-rich paternal genome.  Though 

repressive H3K27me3 is established and maintained on both genomes prior to the first cleavage 
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division, the repressive H3K9me3 histone mark is not established on paternal sequences until after 

the four-cell stage (Figure 1.2).  Regions of the paternal genome destined for H3K9me3 deposition 

are instead protected by the Polycomb Group PRC1 complex until the 8-cell morula forms, by which 

point this asymmetry has been rectified [119].  

 Epigenetic factors play a significant role in progression toward trophectodermal, ectodermal 

and endodermal cell fates as well.  Genes required during embryonic development are often primed 

for either activation or repression in the earliest stages of embryonic development, to be discussed 

at length later in the chapter.  However, in cells destined for the trophectoderm, these primed 

genes (denoted by the bivalent or opposing functional marks of H3K4me3 and H3K27me3) are 

repressed through addition of an additional histone mark, the aforementioned H3K9me3, as well as 

by DNA hypermethylation [108, 120].  In the ICM, H3K9me3 plays a complementary role in 

repression of trophectodermal lineage genes, and depletion of the methyltransferase that 

establishes this mark results in a trophectoderm-like phenotype [121].       

1.3.3 Stage-specific transcription factors 

Three of the most well-studied transcription factors related to murine embryonic 

progression are OCT4, NANOG and SOX2, which are necessary in conjunction with Leukemia 

Inhibitory Factor (LIF) for maintenance of pluripotency in cultured embryonic stem cells of murine 

origin [109].  OCT4 expression is noticeable as early as the two-cell stage, and is specifically excluded 

from the trophectodermal lineage through repressive action of the protein CDX2 [109, 122].  CDX2 

expression is required for trophectodermal development just as OCT4 is necessary for the ICM [117].   

OCT4 promotes expression of fellow transcription factor NANOG by the eight-cell morula stage; 

NANOG is also required for proper ICM development, but absence of NANOG protein results in 
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progression down the primitive endoderm pathway [109, 123].  SOX2 can be detected throughout 

preimplantation development and is required for formation of the epiblast in the ICM.  Like OCT4, 

SOX2 deficiency causes trophectoderm-like morphology and complete absence of SOX2 results in 

embryonic death soon after implantation [109, 124]. 

Another transcription factor vital to proper embryonic development is CTCF.  CTCF forms 

homodimers while bound to DNA, leading to chromatin looping between CTCF sites that can 

facilitate or prevent transcriptional activation [125, 126].  CTCF is highly conserved in all multicellular 

organisms, plays many vital roles in somatic cells and has well-characterized involvement in 

gametocyte implementation of imprinting, a process of parent-of-origin specific gene expression 

that is vital for proper embryonic development [126, 127].  During spermatogenesis, CTCF is 

specifically downregulated and is absent from mature sperm, instead replaced by a protein with an 

identical binding site called CTCF-like (CTCFL) or BORIS.  However, maternal CTCF is a requisite for 

proper development, and its absence results in meiotic defects in oocyte maturation and ultimately 

leads to certain apoptotic death of the developing embryo by the blastocyst stage, as noted earlier 

[128].  Zygotic CTCF does not begin transcription until the two-cell stage of embryonic development, 

at which point the more profound effects of CTCF depletion are made manifest.  Prior to this, 

maternal CTCF is sufficient, though the exact role of maternal and zygotic CTCF in embryonic 

development remains elusive.   

CTCF also has a pronounced effect on nucleosome positioning.  CTCF binding displaces 

histones such that CTCF is found at the center of linker DNA, and the CTCF binding site is flanked by 

at least 6 well-positioned nucleosomes on each side [12].  This is a larger and better-defined window 

of positioning than seen with any other transcription factor, even larger than transcription start site-
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related nucleosome deposition. DNA footprinting evidence suggests that the zinc-fingerless CTCF 

portion protects DNA from digestion in a characteristic way and CTCF binding increases linker length 

between neighboring nucleosomes to 118 bp.  Nucleosomes flanking CTCF sites share much in 

common with those flanking promoters, and are often enriched in marks associated with open 

chromatin and active transcription.  These marks, when not associated with full-length transcription 

itself, can lead to rapid histone turnover, which may help prevent the lateral spread of chromatin 

states when the DNA remains accessible to modification factors [129].  Indeed, one of the earliest 

identified functions for CTCF was its ability to insulate  globin genes against encroachment of 

neighboring repressive heterochromatin [130].  

CTCF has long been appreciated for its insulating functions at the H19 ICR, where its loss 

leads to increased DNA methylation and biallelic activation of the insulin-like growth factor 2 (Igf2) 

gene [102, 131].  Likewise, CTCF and a number of other factors have been shown to play critical 

insulating roles at a number of genes in Drosophila including the Hox gene Bithorax [132, 133].  

Conversely, a number of studies have shown a role for CTCF in coordinating gene activation in ESCs 

with Cohesin [134-136] and also with TAF3 [137], and in activating expression of many genes during 

neuronal and hematopoietic development [138-142].  In mouse, CTCF also appears to play an 

insulating role in X inactivation [143] and in enhancer blocking during V(D)J recombination of the Igh 

and Igk loci [138, 144, 145].  To this point, CTCF remains the only defined mammalian insulator, 

despite the presence of multiple insulator proteins in Drosophila.  

1.4 Priming 

Multicellular life requires that gene usage be restricted based on tissue type.  Consequently, 

genes can exist in an activated state, if that gene is involved in that specific cell’s proper 
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functionality, or in a silenced state for lineage-inappropriate genes.  These alternate states are 

largely mediated by alterations in a gene’s chromatin structure, with open chromatin facilitating 

transcription of activated genes and condensed chromatin rendering transcription impossible by 

interfering with binding of transcription factors or RNA Polymerase II through steric hindrance.  A 

third gene state exists, in which genes are not actively being transcribed but can quickly be 

converted into an activated form.  This intermediate or primed state is frequently associated with 

genes involved in developmental or metabolic processes. Priming of tissue-restricted genes is first 

imposed in pluripotent stem cells, and then must be maintained during renewal and progressive 

differentiation until the proper developmental cues trigger gene activation [146].  The establishment 

and maintenance of priming mechanisms during lineage development is an area of intense interest.  

Current information on epigenetic marks associated with the phenomenon allows us to sort priming 

into two categories.  One is associated with monovalent histone modifications and narrow stretches 

of CpG islands that lack DNA methylation.   The other is associated with two particular histone N-

terminal tail modifications:  trimethylation of the 27th lysine of histone 3 (H3K27me3), a mark 

associated with repression, and the trimethylation of the 4th lysine of histone 3 (H3K4me3), 

associated with activation [78, 147, 148].  Because of the opposing activities associated with 

H3K4me3 and H3K27me3, this priming variety is referred to as bivalency.  In embryonic stem cells, 

genes associated with development tend to exhibit bivalent priming [147], while tissue-specific 

genes lack bivalent priming but many contain histone modifications typically associated with active 

chromatin as well as windows of unmethylated CpGs [106, 149].   
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1.4.1 Bivalent Priming 

 Establishment of H3K27me3, the repressive mark involved in bivalent priming, is contingent 

upon collections of Polycomb group proteins called polycomb repressive complexes (PRCs) [150].  

Two different complexes are involved:  PRC2 contains a functional histone methyltransferase (HMT) 

that establishes H2K27me3, while PRC1 specifically binds to this modification and is capable of 

inhibiting both transcription and nucleosome remodeling [148, 151-153].  H3K27me3 and PRC2 

binding alike are found repressing developmental regulators in ES cells and beyond, until activation 

through lineage differentiation catalyzes H3K27me3 loss [154].  Murine PRC2 is regulated 

particularly in ES cells by recently identified PRC2 subunits JARID2, MTF2 and esPRC2p48, which 

contribute to ES repression of lineage-specific genes.  These subunits, unlike other components of 

the polycomb complexes, are significantly elevated in ES cells [155].  They also are synergistically 

involved in the potential for pluripotent cell induction (iPS) via Oct4/Sox2/KLF4 transduction, as 

removal of any of these subunits using RNA interference (RNAi) or through gene knockouts has a 

profound negative effect on iPS reprogramming efficiency [155].  This repression is mediated 

through direct effects on establishment and maintenance of H3K27me3, including PRC2 recruitment 

and protection from histone demethylases.  Knockout of PRC2 components in mice results in 

embryonic lethality in vivo.  In vitro, embryonic stem cells from these knockouts show premature 

differentiation, widespread de-repression of lineage-specific genes and/or an inability to properly 

differentiate [155-159].   This indicates that bivalent priming plays an important role in the ES 

repression of lineage-specific genes. 

RNA Polymerase II (Pol II) is still recruited to bivalent chromatin. However it is incapable of 

productive transcriptional elongation due to PRC1-mediated ubiquitination of histone protein H2A 
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[160].  Instead, Pol II initiation events at bivalent chromatin result in production of long ncRNAs (up 

to 8 kb) that can help stabilize PRC2-DNA interaction but avoid establishment of marks associated 

with transcriptional elongation (H3K79me2) and mRNA splicing (H3K36me3) [161-163].  Genes that 

are the targets of Polycomb proteins also preferentially avoid the divergent short-range antisense 

transcription characteristic of active promoters while bivalently marked [162].  Beyond Pol II itself, 

other elements of transcription machinery may be associated with PRC binding, in particular the 

histone deacetylase HDAC1 and transcriptional coactivator p300 [160]. 

Clues to the nature of transcription by Pol II are provided by modifications of specific 

residues of a long consensus repeat within the polymerase Rpb1 subunit, located at the carboxy-

terminal domain and dubbed the “Pol II CTD”[164].  Two of these modifications, phosphorylation of 

serine 2 (Ser2P) and serine 5 (Ser5P) of this repeat, are relatively well-characterized, and their 

presence or absence correlate with the transcriptional state of the polymerase [165].  Initial 

recruitment of the polymerase to a promoter region requires it to be free of CTD phosphorylation 

[165].  Establishment of Ser5P is associated with transcriptional initiation, which in yeast also 

correlates with recruitment of the histone methyltransferase (HMT) Set1 to induce H3K4me3 [166, 

167].  Following initiation, Ser2P is associated with productive elongation. Establishment of Ser2P by 

P-TEFb also facilitates polymerase escape from negative regulation by factors NELF and DSIF found 

at a subset of promoters [167-170].  Both Ser2P and Ser5P have been linked to lineage development 

through an association with deposition of transcriptional initiation and/or elongation-related 

histone modifications [171-173].  Bivalent genes are bound by Pol II that possesses a unique CTD 

architecture, with high levels of Ser5P and an unknown modification or conformational change that 

blocks access to Ser2 by either anti-Ser2P or anti-Ser2 antibodies [160].  Ser-5 phosphorylated Pol II 
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is strongly associated with polycomb target genes in ES cells, indicating a role for transcriptional 

stalling in lineage development [160].  Indeed, stalled transcription often results in so-called “short” 

RNAs, 50-200 nucleotide ncRNAs which allow for establishment of the activating mark H3K4me3 

[166, 174-176].  These short RNAs, as well as longer ncRNAs such as those involved in X 

chromosome inactivation (e.g. RepA) and the HOXD locus (e.g. HOTAIR) among others, could serve 

to stabilize interaction between PRC2 and polycomb target genes [174, 177-179].  Expression of 

short RNAs and mRNA for particular regions are inversely proportional - removal of PRC2-mediated 

repression during ES cell differentiation leads to a reduction in transcription of localized short RNAs 

and an increase in the full-length mRNA necessary for gene expression [174]. 

1.4.2 Alternative Priming Mechanisms  

Efforts to identify and characterize enhancers involved in human embryonic development 

have revealed an additional layer of regulation for proper cell-fate transition.   As defined by a 

number of factors, including evolutionary conservation, DNase I hypersensitivity and binding of 

enhancer-associated transcriptional coactivators like p300, active enhancers can also be predicted 

using two specific histone marks, the monomethylation of H3K4 (H3K4me1) and the acetylation of 

H3K27 (H3K27ac) [180-183].  Using a series of ChIP-seq experiments with antibodies against p300, 

chromatin regulator BRG1 and various histone modifications the Wysocka laboratory identified two 

particular chromatin patterns associated with enhancers in human ESCs; one contains localized 

enrichment of H3K4me1 and H3K27ac and one exchanges acetylation of H3K27 for the mutually 

exclusive trimethylation of the same residue (H3K27me3), a mark involved in bivalent as discussed 

earlier in this review [180, 184].  These poised enhancers are associated with cell-type dependent 

genes and, upon differentiation to that particular cell type, H3K27me3 is replaced by H3K27ac and 
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the enhancer becomes active.  This activation is accompanied by recruitment of Pol II to the 

enhancer, leading to bidirectional transcription of enhancer RNAs that augment mRNA synthesis at 

related genes [184, 185].  The nature of the enhancer also reflects the nature of the gene – primed 

enhancers are associated with primed genes and active enhancers with active genes. 

Early studies in yeast found that silent, poised, and active genes could be discriminated by 

their differential enrichment of H3K4 di- and trimethylation, where poised genes possessed 

H3K4me2 in the absence of H3K4me3 (H3K4me2+/me3-) while silent and constitutively active genes 

respectively lacked (H3K4me2-/me3-) or contained (me2+/me3+) both marks [186]. Unlike 

constitutively active genes, the H3K4 methylation patterns of methionine- or inositol-regulated 

genes were entirely dependent on culture conditions. In the presence of the appropriate growth 

supplement, these metabolic genes were active and marked by both di- and trimethylation of H3K4. 

Absent methionine or inositol, they lost H3K4 trimethylation, but maintained dimethylation [175], 

suggesting that H3K4me2 reflects an intermediate chromatin state that may allow for future or 

more rapid conversion to an active conformation.  

More recently, differential H3K4 methylation was found in hematopoietic progenitors to 

specifically mark developmental genes poised for expression [187].  Again, H3K4me2+/me3- genes 

were transcriptionally inactive, but differential K4 methylation was specifically enriched over the 

genes’ promoter regions, particularly proximal to binding sites for hematopoietic regulatory 

transcription factors like RUNX1, PU.1, and in correlation with PU.1 occupancy. Importantly, self-

renewing hematopoietic stem cells were found to lack this pool of poised genes, suggesting that 

priming occurs after progenitors lose their totipotency. Finally, lineage commitment correlated with 
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loss of H3K4 methylation and restriction of the poised gene pool, suggesting that differential H3K4 

methylation may be a sensitive marker for mapping lineage decisions during hematopoiesis. 

The study of priming is still in its infancy. Bivalently primed genes have been largely 

identified through genome-wide chromatin immunoprecipitation coupled with massively parallel 

sequencing (ChIP-seq). However, not all developmental genes are bivalently primed, nor are all 

bivalently primed genes involved in development. At present, priming is largely defined as a catalog 

of chromatin phenotypic markings that distinguish a particular stretch of transcriptionally silent DNA 

from neighboring heterochromatic stretches, and that are suggestive of gene activity. Not 

surprisingly, different combinations of the modifications discussed above (ie, H3K4me3/H3K27me3 

bivalency, RNA Pol II pausing, H3K4me1 enhancer marking, and CpG hypomethylation of promoters) 

have been identified for various genes. Few unifying themes have emerged as of yet. More 

significantly, beyond the demonstration that ES-dependent demethylation of the Ptcra enhancer is 

required for its transcriptional activity in thymocytes [106], few studies have been able to show a 

functional role for priming. The primary focus of this thesis research was to define the epigenetic 

priming of Tcra, and to lay a foundation for functional studies aimed at determining the 

physiological impact of this priming on Tcra activation and thymocyte development. 

1.5. Antigen Receptor Genes 

1.5.1. Adaptive Immunity 
 

Higher-order vertebrate immunity derives from the actions of separate but complementary 

innate and adaptive activities.  The more primordial innate immune system provides nonspecific 

host barriers to infection such as the physical and chemical barrier activities associated with 

epithelial tissue and cellular defenses that respond to a limited collection of chemical targets shared 
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by different classes of pathogens.  In contrast, the adaptive immune system, which is primarily 

composed of B and T lymphocytes, is capable of very specific, surgical responses to virtually any 

antigen.  Whereas innate responses are extremely rapid but genetically fixed, adaptive responses 

are slow to activate but rapidly gain in scope and efficacy and produce long-lasting immunological 

memory. 

B cells, so named for the bursa of Fabricius in birds where they were originally discovered, 

are the primary source of adaptive immune response to extracellular pathogens [188].  Each naive B 

cell is covered with identical copies of its B cell receptor or BCR, uniquely generated during 

development in the appropriate lymphoid organ (in the case of most mammals, the bone marrow), 

and is exposed to environmental stimulus through release and circulation through the blood and 

lymph.  Upon binding of sufficient amounts of its specific antigenic epitope, the B cell ingests this 

antigen-receptor complex via receptor-mediated endocytosis, degrades it and begins expressing 

smaller subunits of the antigen in association with Major Histocompatibility Complex (MHC) II, 

targeting it for recognition by a variety of T cell known as the helper T cell (TH).  If this B cell is 

subsequently engaged via its MHCII:antigen by antigen-specific TH cells, it will be stimulated to 

undergo clonal expansion.  Many of these clones will differentiate into plasma cells, a terminal cell 

form that switches from production of a surface-bound version of the BCR to a secreted form known 

as antibody.  Plasma cells produce and secrete massive quantities of this antibody, which travels 

throughout the organism and binds to the same antigen recognized by the originally activated B cell, 

interfering with the antigen’s function and targeting it for degradation by other immune 

components such as macrophages.  A small number of these clones instead become memory B cells, 
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exceedingly long-lived and easily activated cells that provide a faster response upon repeat exposure 

to the same antigen. 

Like B cells, each T cell expresses a heterodimeric antigen receptor on its cell surface.  The 

antigen receptor on most T lymphocytes is encoded by the T cell receptor (TCR) alpha (Tcra) and 

beta (Tcrb) genes.  The αβ heterodimer assembles on the cell surface with a number of accessory 

proteins that facilitate both antigen engagement and subsequent intracellular signaling.  In a subset 

of T cells, these same accessory proteins assemble with heterodimers of TCRγ and TCRδ. 

 All antigen receptor proteins contain folded sequential repeating β motifs that are linked by 

disulfide bridges.  Each α and β TCR chain contains two of these so-called immunoglobulin motifs, a 

hypervariable N-terminal antigen binding domain and a conserved C-terminal signaling domain.  The 

antigen specificity of each TCR derives from the paired α and β antigen binding domains.  Receptor 

variability is confined to the three hypervariable α helix loops that separate the antiparallel β turns 

of the antigen binding Ig motifs.  Since these α helices establish antigen complementarity, they are 

called the complementarity determining regions (CDRs 1-3) of the receptor.  Together the TCRα and 

TCRβ CDRs control TCR association with the MHC:antigen complex on the antigen presenting cell 

(APC).  Unlike B cell receptors, which supply their immune functions through mass secretion of 

antibodies after activation, T cell receptors function exclusively on the T cell surface.  Also distinct 

from B cell receptors, which can recognize a wide variety of antigen structures and compositions, αβ 

TCRs recognize peptide antigens bound and presented by one of two classes of MHC: those that 

acquire antigenic peptides from cytosolic (MHC I) or endocytic (MHC II) proteolysis.   

 When MHC I, expressed by all nucleated cells, presents antigen to its cognate TCR, the 

MHC:antigen:TCR complex is stabilized by CD8 co-receptors expressed on the T cell surface.  T cells 
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that express CD8 are called CD8+ single positive (SP) T cells.  Upon activation, these cells mature into 

cytotoxic T lymphocytes (CTLs) that seek out and destroy virally-infected cells that present 

appropriate target antigens on their MHC I.  By contrast, only a limited number of cells constitutively 

express MHC II, which presents extracellular or intravesicular antigens acquired during endocytosis 

or phagocytosis.  These so-called professional antigen presenting cells (APCs) are principally 

dendritic cells, macrophages and B cells, and their MHC II:antigen interactions with the  TCR are 

stabilized by CD4 co-receptors expressed principally on naïve helper T cells and regulatory T cells. 

Upon activation, these CD4 SP cells function to either help drive macrophage or B cell-mediated 

immunity against extracellular or intravesicular pathogens (hence the term helper T cell) or to limit 

the scope and duration of cellular immune responses (so-called CD4 regulatory T cells or TRegs).  

Together, the CD4 and CD8 SP T cells provide a master regulatory function that impacts all aspect of 

the adaptive immune response such that genetic defects that exclusively impair the development or 

function of T cells are sufficient to result in a severe combined immunodeficiency that is fatal 

without extravagant medical intervention. 

1.5.2 Hematopoiesis and T cell development 
 
In the adult bone marrow, a collection of self-renewing, multipotent cells give rise to all of 

the hematopoietic cell lineages.  These hematopoietic stem cells (HSCs) give rise to new lineages 

through a series of developmental stages in which pluripotency is progressively restricted until a cell 

ultimately commits to a terminally differentiated lineage [189].  T and B lymphocytes undergo a 

common developmental pathway to a certain extent:  HSCs can differentiate to non-self-renewing 

multipotent progenitors (MPPs).  These MPPs can further differentiate to lymphoid MPPs (LMPPs), 

which retain the capacity to become lymphoid cells or macrophages, and then lose their 
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macrophage potential through further differentiation into all lymphoid progenitors (ALPs) [189, 

190].  ALPs have the potential to become B-cell biased lymphoid progenitors (BLPs), which serve as 

the immediate precursors for B cell development.  It is thought that early T lineage precursors (ETPs) 

found in the thymus also derive from ALPs in the bone marrow, though development between the 

LMPP and ETP stage has yet to be fully elucidated [191-194].  Regardless, ETPs are the only 

intrathymic precursors shown to significantly contribute to T cell development [191].   

ALPs destined to become B cells undergo antigen receptor gene recombination, positive and 

negative selection in the bone marrow, their tissue of origin.  In order to become T cells, however, 

ALPs must migrate from the bone marrow to the thymus in order to undergo selection and 

recombination.  Once they arrive in the thymus, T cell development occurs in a series of distinct 

developmental stages that are tied to particular thymic regions, cumulating in an eventual escape to 

the bloodstream from the thymic medulla if recombination is successful.  Extensive research has 

also found numerous cell surface markers differentially expressed within thymic progenitors that we 

now use for identification of these developmental stages; these markers include the T cell co-

receptors CD4 and CD8, CD3 complex proteins, the adhesion molecule CD44, the alpha chain for the 

IL-2 receptor (also known as CD25) and c-kit, the receptor for stem cell factor [195, 196].  The most 

commonly used nomenclature for thymopoiesis refers to the presence or absence of CD4 and CD8; 

cells expressing both co-receptors are referred to as double positive (DP) [181], cells expressing only 

one are single positive (SP) and cells expressing neither receptor are called double negative (DN) 

(triple negative if they also lack expression of CD3, though this discussion will follow the more widely 

used nomenclature that ignores CD3 expression).  DN cells can be further subdivided into four 
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substages based on the expression of CD44 and CD25 (DN1 or ETP are CD44hiCD25-, DN2 are 

CD44+CD25+, DN3 are CD44-CD25+, DN4 are CD44-CD25-).  

In general, mainstream α:β T cell development progresses as such:  ETPs enter the thymus 

from the bloodstream as DN1 cells, and RAG proteins are first detected in late DN1 cells. Transition 

to DN2 involves the advent of detectable V(D)J recombination of the Tcrb, Tcrd, and Tcrg genes.  

Further transition to DN3 is accompanied by completion of β or both γ and δ recombination. If Tcrd 

and Tcrg are successfully rearranged prior to successful rearrangement of Tcrb, recombination is 

terminated and cells leave the thymus as mature  T cells. If however Tcrb is successfully 

rearranged and expressed on the cell surface as part of the pre-TCR (along with the preT protein), 

the cell downregulates CD25 and enters the DN4 stage, where it ceases expression of RAGs, enters 

into a period of intense proliferation and upregulates both CD4 and CD8 to enter the DP stage.  At 

this point the cell again halts proliferation, re-expresses RAG proteins and re-enters a period of 

recombination, this time permitting rearrangement of the α locus as well as γ and δ.  Because Tcrd 

sits within Tcra, initial Tcra rearrangements delete the  locus. As such, the vast majority of DP cells 

progress to become  rather than  cells. This distribution is entirely dependent then on the rapid 

and efficient activation of Tcra recombination upon DP transition. The primary focus of this thesis 

research is aimed at defining the epigenetic priming that facilitates such rapid activation of Tcra 

recombination. Successful α recombination leads to expression of a functional αβ T cell receptor 

(TCR) and termination of recombination. These  pre-T cells undergo positive selection for 

engagement with the host’s MHC molecules concurrent with downregulation of either CD4 (in the 

case of engagement with MHC I) or CD8 (in the case of engagement with MHC II). Positive selection 
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is followed by tolerizing negative selection, and cells exit the thymus as mature CD4 SP or CD8 SP T 

cells.  

1.5.3 V(D)J recombination 
 

The power of the adaptive immune system derives from the enormous breadth of B and T 

lymphocytes’ antigen binding repertoire, generated by V(D)J recombination during lymphocyte 

development.  Recombination entails a carefully controlled pattern of DNA cleavages and ligations 

to create novel exonic segments that, when translated, encode a receptor’s antigen binding domain 

(Figure 1.4).  In each two-step rearrangement, a lymphocyte-specific recombinase composed of the 

Recombination Activating Gene (RAG) 1 and 2 proteins introduce dsDNA breaks (DSBs) at conserved 

recombinase signal sequences (RSSs) that flank each V (variable), D (diversity) and J (joining) 

segment. Though rare, RAG targeting of cryptic RSS sequences outside of the antigen receptor genes 

can result in leukemic translocations. Indeed, the majority of lymphomic translocations are 

mediated by RAG-1/2 [197, 198].   

Importantly, all rearrangements in each of the various antigen receptor genes use a 

common mechanism initiated by the RAG proteins binding to compatible RSSs and inducing a single-

stranded nick in the DNA precisely at the boundary between the RSS and its associated coding 

segment. RAG-mediated nicking occurs as part of a large synaptic complex formed between the RAG 

proteins and the two gene segments to be joined, as well as proteins involved in bending the 

chromatin strand to allow synapsis (Figure 1.4). Once nicking has occurred at both compatible RSSs, 

the free hydroxyl groups liberated by the single-stranded nicks attack the phosphate backbones of 

their antiparallel DNA strands in a transesterification reaction that generates hairpinned coding ends 

and blunt RSS or signal ends [199, 200]. The hairpinned coding ends are reopened through a process 
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that allows nucleotide addition and/or deletion, and then ubiquitous proteins of the non-

homologous DNA end-joining (NHEJ) repair pathway ligate both the signal ends to form an 

extrachromosomal signal joint and also the modified coding ends to restore chromosome integrity 

and generate a novel coding joint [201, 202].  After recombination, these signal joint T-cell receptor 

excision circles (TRECs) remain relatively stable for several days and can be used as a measure of 

thymic productivity [203].   

 Once assembled, a V(D)J joint defines the leader and antigen binding exons of the antigen 

receptor chain.  During post-transcriptional processing, these mRNA exons are spliced to 

downstream constant region exons that encode the extracellular effector domains and 

transmembrane anchor of the protein.  While TCRs exist only in a membrane-bound form, 

immunoglobulins developmentally switch between surface-bound (ie, the BCR made by B cells) or 

secreted (antibody made by plasma cells) forms by alternative splicing of the transmembrane 

anchor exons [204].  Notwithstanding the differences in alternative splicing between TCR and Ig 

messages, it is remarkable how conserved the process of recombination is between the various 

antigen receptor genes in B and T cells. The recombinase and end-joining machinery, as well as the 

RSS DNA targets that flank each V, D, and J gene segment are common to the assembly of all B and T 

antigen receptor genes.  

The TCR genes of mice and humans share many characteristics.  The murine Tcrb locus 

consists of 21 functional V segments (along with a number of nonfunctional pseudogenes) and two 

DJC cassettes, each containing one D segment, 6 functional J segments and a constant region (Figure 

1.3). The human TCRB locus contains 35 functional Vs followed again by the same two DJC cassettes 

[205].   The human TCRG locus contains twelve V segments, followed by two cassettes that contain a 
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constant region preceded by 3 Jγ segments and a constant region preceded by 2 Jγ segments, 

respectively.  The mouse Tcrg, by contrast, is much less linear, having seven V segments dispersed 

among each of 4 JC cassettes.  The Tcra and Tcrd genes in both mice and humans are intermingled 

in a single locus (Tcra/d) with a similar genomic location (mouse mm9:  chromosome 14, 53040000-

54853381); this joint locus consists of a somewhat interchangeable pool of Vα and Vδ segments 

[206] followed by 2 or 3 Dδ segments, 2 or four Jδ segments, a C constant region, and then an 

extensive collection of Jα segments.  As noted above, this genomic organization necessitates that an 

attempt at Vα-Jα recombination will eliminate the cell’s capacity to become a γδ T cell through 

elimination of the TCRδ locus.  Both the Ig heavy and light chain genes are also organized similarly 

between mouse and human. Consequently, our understanding of how human antigen receptor 

genes are assembled comes almost entirely from experimentation on the mouse Tcr and Ig genes.   

1.5.4 Regulation of V(D)J recombination 
 

As improper recombination leads to symptoms varying from immunodeficiencies to a 

predisposition to aggressive cancers, V(D)J recombination is a tightly regulated process.  Expression 

of RAGs and recombination are cell lineage specific, restricted to ETPs and BLPs during specific 

stages of development as discussed above.  Within these cell varieties additional restrictions are in 

place such that only ETPs rearrange T cell receptor loci and only BLPs rearrange B cell receptor loci.  

A notable exception to this rule is the IgH chain, which undergoes limited D to J joining in T cells, but 

can only join V to DJ in B cells for reasons as yet unknown [207, 208].  Recombination only occurs in 

cells paused at G1, and entry into replication leads to ubiquitin-mediated degradation of RAG2 and 

transcriptional downregulation of both RAG1 and RAG2 [209, 210].  Finally, within each individual 

cell paired and multi-step recombination events always occur in a stepwise fashion. For example, for 
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 Figure 1.3:  Map of murine antigen receptor loci.  A representation of gene segments and 

known regulatory elements identified in each of the murine antigen receptor loci (not to scale).   

Promoters (arrowed diamonds), enhancers (grey circles), gene segments (small white rectangles), 

23-RSSs (black triangles), 12-RSSs (white triangles), and constant regions (black squares) are 

shown.  For the IgH locus the most proximal (7183) and distal (J558) VH families are shown.  

Adapted from [211]. 
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a functional αβ T cell receptor, D to J recombination of Tcrb necessarily precedes V to DJ 

recombination of Tcrb, which in turn precedes V to J recombination of Tcra.  Finally, in the case of 

heavy-chain rearrangements (IgH in B cells, Tcrb in T cells), after creation and recognition of a 

functional joint at one allele V to DJ recombination is turned off for the other allele.  This process, 

termed allelic exclusion, is required for monospecificity during clonal expansion in both B and T cells 

and remains one of the least-understood mechanisms of recombinational regulation [211, 212] 

Targeting of the recombinase complex during rearrangement is mediated by conserved 

sequences that are present in some number at each V, D and J at every locus involved in 

rearrangement.  These targeting sequences are called recombination signal sequences (RSSs) and 

come in two forms:  one of which contains a palindromic heptamer followed by a poorly conserved 

23 bp spacer and AT-rich nonamer (referred to as a 23 RSS), while the other RSS contains the same 

palindromic heptamer and AT-rich nonamer flanking a spacer of only 12 bases (12 RSS).  Evidence 

suggests that the 12 RSS typically serves as the initial assembly point for the recombinase protein 

complex, and a compatible 23 RSS is then captured to form a synaptic recombination complex 

(Figure 1.4) [213].  12 RSSs are located upstream of Jβ, Jα, Jγ, Dδ and Dβ in T cells and downstream 

of Igκ Vs, upstream of Igλ Js and flanking D segments in the IgH locus in B cells (Figure 3).   

Interestingly, though recombinase can separately bind both 12 and 23 RSSs, recombinations 

under physiological conditions only occur between 12/23 RSS pairs:  this is known as the 12/23 rule 

and plays a major role in controlling the order of recombination [214].  Adherence to the 12/23 rule 

in vitro was much stricter upon RAG complex assembly initiation at a 12 RSS than at a 23 RSS, 

providing some early evidence that RAG complexes initially assemble at the 12 RSS and leading to a 

“12RSS-first” model where the RAG complex first binds to and nicks the 12RSS, then recruits and 



38 
 

nicks the 23 RSS in every instance of recombination [215].  However, recent chromatin 

immunoprecipitation evidence support an alternate, “nonamer-first” model, one in which RAG 

complexes always bind to the downstream RSS (J or DJ), regardless of the type of flanking RSS, and 

nicking occurs first at the 12 RSS due to an enhanced RAG efficiency provided by the decreased 

distance between nonamer and heptamer inherent in a 12 RSS region [216, 217].  

The 12/23 rule is not the only avenue through which RSSs exert control over the 

rearrangement process.  Within Tcrb and Tcrd, where RSS configuration alone would be insufficient 

to ensure proper recombination order, additional mechanisms appear to be in place to constrain 

improper gene assembly, referred to as “beyond” or B12/23 restriction [218].  Wu et al. provided 

evidence for this additional level of restriction through generation of mice with a 3’Dβ 12 RSS in 

place of a Vβ 3’ 12 RSS.  This resulted in a dramatic increase in usage of that particular Vβ segment 

accompanied by the accumulation of cells containing direct Vβ to Jβ recombination, eschewing Dβ 

completely [219].  Other studies implicate both the integrity of nonamer and the spacer nucleotides 

of the 5’ Dβ1 RSS in B12/23 restriction [220].    Polymorphism also exists within RSSs of the same 

type, and this polymorphism has been shown to directly correlate with the representation of the 

associated gene segments in the antigen receptor repertoire [221].  However, the plasticity of RSS 

identification by the recombinase complex is not without risk; it can lead to targeting mistakes and 

improper recombination utilizing so-called “cryptic RSSs”, over 10 million of which are estimated to 

exist in the diploid genome [222, 223] 

 The majority of proteins in the recombinase complex are ubiquitously expressed 

components of the NHEJ pathway.  In fact, only RAG-1/2 are lymphocyte-specific in their expression.  

RAG-1 serves as the principal DNA binding component and catalyzes DNA cleavage, while RAG-2 



39 
 

enhances RAG-1-DNA interaction and is required for DNA cleavage [216, 224].  The recombinase 

complex is proposed to be a tetramer of two RAG-1 proteins and two RAG-2 proteins; during 

binding, the RAG-1 proteins interact with the conserved nonamer of the RSSs on both strands 

simultaneously, while the conserved heptamer serves to enhance binding – this brings RAG-2 into 

association, though it interacts not with the DNA itself but with the local chromatin structure [216].  

The enzymatic cleavage function of RAG-1, as well as its points of contact with RAG-2 and DNA, have 

been mapped to the central and C-terminal areas of the protein [225].  It is also likely that the N-

terminus of RAG-1, though disposable to the enzymatic cleavage reaction itself, plays an important 

role in rearrangement - it possesses E3 ubiquitin ligase activity, which could aid in the disassembly of 

the protective RAG protein complex from coding joint hairpins to allow ligation of the DNA ends 

[226].  Transfection of the RAG proteins alone is enough to confer recombinase activity to cells of 

non-lymphoid lineages providing evidence that other lymphoid-specific genes are not required for 

enzymatic activity [227].  Though no mandatory role in vivo has been proven, in vitro evidence 

suggests that ubiquitous and non-specific DNA architectural high mobility group proteins HMGB1 

and HMGB2 could stimulate RAG binding, promote cleavage at 23 RSSs and enhance fidelity to the 

12/23 rule [224, 228].   

RAG-1 and RAG-2 lie 15 kb apart from each other in an inverted fashion in the mouse 

genome and are often expressed in a coordinated fashion [229].  In vivo tracking of RAG-2 

expression using RAG-2-GFP mouse strains reveal RAG expression is first detectable during the late 

ETP and DN2 stage of T cell development and the comparative A2 stage of B cell development, 

which correspond with the onset of heavy chain recombination in both cell types [229, 230].  IgH 

heavy chain or Tcrb rearrangement, followed by successful expression of the recombinant protein 
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on the cell surface in conjunction with cell’s respective surrogate light chain (pTα for T cells, 

VpreB/λ5 for B cells) leads to allelic exclusion, a period of clonal expansion and downregulation of 

RAG expression [231, 232].  The mechanisms involved in downregulation of RAG expression are 

unclear, though a decrease in steady-state RAG mRNA levels is detected and protein levels are 

noticeably reduced [229, 232, 233].  Likewise, after developmental progression and IgL or Tcra 

rearrangement, RAG expression is ultimately terminated in response to antigen receptor cross-

linking in T cells and peripheral immature B cells [232, 234, 235].  As receptor cross-linking is 

required during T cell positive selection, T cells that are mature enough to leave the thymus have 

already terminated RAG expression.  For B cells, however, there appears to be a two-stage system.  

While the B cell is immature, cross-linking of surface receptors actually induces RAG protein 

expression; this allows for the rescue of self-reactive B cells through additional recombination in a 

process known as receptor editing [232, 236, 237].  As the cell matures, the amount of RAG mRNA 

decreases inversely as surface IgM levels increase and the cell becomes more likely to die by 

apoptosis upon self-recognition than to undergo receptor editing.  Once B cells have undergone 

negative selection, they respond like DP T cells, eliminating RAG expression upon sufficient receptor 

cross-linking [232]. 

Resolution of recombination is achieved in a RAG-independent manner by the repair of DNA 

double-stranded breaks (DSBs) generated during the process.  This repair process introduces three 

additional methods of receptor diversification:  first through the addition of palindromic (P) 

nucleotides through an inexact opening of coding joint hairpins, secondly through the action of 

exonucleases that chew back germline nucleotides from these open hairpins in a manner associated 

with the nucleotide composition of the gene end, and finally through the enzyme terminal 
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deoxynucleotidal transferase (TdT), which adds random, nontemplated (N) nucleotides to the gene 

ends before repair completion [201, 238, 239].  Repair of DSBs generated during recombination is 

accomplished through the NHEJ DNA repair pathway (Figure 1.4) [240].  The NHEJ DNA repair 

pathway is made up of at least six proteins.  Three of these, DNA-binding proteins Ku70 and Ku80 

(also called Ku86) as well as a DNA-dependent protein kinase catalytic subunit (DNA-PKcs), make up 

the DNA-PK holoenzyme, involved in the early recognition of DSBs [201, 241].  The DNA-PKcs 

subunit of this holoenzyme interacts with a nuclease called Artemis to open RAG-generated 

hairpins.  Upon opening, coding joint ends are ligated together through the actions of DNA ligase IV, 

stimulated by its complex protein partners XRCC4 and XLF, also called Cernunnos (Figure 1.4).  

Ligation through the NHEJ pathway is likely forced by the binding of the Ku70/Ku80 heterodimer, as 

homologous mutation of either Ligase IV or XRCC4 results in embryonic lethality and the inactivation 

of Ku80 rescues these mutations [242, 243].  The absence of XLF is accompanied by a notable 

decline in V(D)J recombination in both mice and humans [244-246].  In a more general sense, 

disruption of proteins involved in the NHEJ pathway result in a variety of karyotypic abnormalities 

including translocations which can lead to tumors.  In fact, mice doubly deficient in any of the six 

mentioned NHEJ proteins and the tumor suppressor gene p53 have an increased mortality rate and 

level of tumor incidence, a majority of these tumors being pro-B cell lymphomas [201, 247].  Though 

there is some evidence that polymorphism of NHEJ factors can affect susceptibility to some cancers, 

the role NHEJ defects play in human tumors remains largely unknown [201]. 

1.6 Regulation of Tcra/d 

Tcra and Tcrd loci co-localize in both the murine and human genomes (Figure 1.3), with the 

entirety of the  locus contained between the V and J segments (Tcra/d locus spans over 1.6 
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million bases on mouse chromosome 14) [248].  This grouping presents a problem for 

developmental timing, as Tcrd undergoes rearrangement in DN cells while Tcra rearrangement is 

restricted to the DP stage of thymic development. Many of the V segments in the combined locus 

are actually shared between Tcra and Tcrd. These shared V segments are distributed throughout the 

5’ portion of the locus, many being proximal to the D and J and intermingled with the V segments 

that are exclusively used by Tcrd, but others being positioned much farther upstream amongst the V 

segments exclusively used by Tcra [249].  Given that a single recombinase complex must distinguish 

between such intermingled V and V RSSs during DN development, Tcra/d offers a unique window 

onto the regulatory programs that govern gene activation and V(D)J recombination.  

1.6.1 Accessibility control 

Despite the developmental regulation of RAG transcription and translation, additional 

mechanisms account for stepwise recombination and allelic exclusion. Given that RAGs are required 

to interact with RSSs in order to perform their function, control of gene segment accessibility to RAG 

is a key to proper recombinational regulation. Yancopolous and Alt first proposed such an 

accessibility model in which chromatin configuration controls differential accessibility of gene 

segments during recombination in 1984 [250].  Indeed, both nucleosome structure and histone tails 

have been shown to provide a significant impediment to recombinase activity, which can be relieved 

using nucleosome remodeling complexes and tail modification [251].  Also, mixing RAG proteins 

with isolated B and T nuclei in vitro revealed that pro-B cells could not recombine T cell loci and vice 

versa, implying a method of locus-specific RAG inhibition inherent to the nucleus [252].  Numerous 

DNA elements within TCR and BCR loci have been discovered that are implicated in both chromatin 
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modification and recombinational efficacy as described below [253].  Most importantly, the 

generation of sterile or non-coding transcripts of unrearranged gene segments is common to all 

antigen receptor loci.  Evidence now strongly suggests that the ability of this germ line transcription 

to forcibly remodel chromatin is critical for recombinational accessibility [253-255]. 

1.6.2 Conformational control 

Due to the vast size of the Tcra/d locus, which contains over 160 V, D or J gene segments, 

many promoters and two transcriptional enhancers (E and E), germ line transcription and 

recombination require extensive chromatin reorganization to juxtapose promoters with their 

enhancers and upstream V segments with their more 3’ D or J counterparts (Figure 1.3).  In 2010, 

the Krangel laboratory used 3D fluorescence in situ hybridization (3D-FISH) to characterize the 

distance between four different regions of the locus (distal V, central Vs, d-proximal Vs and E) in B 

cells, DN thymocytes and DP thymocytes [248].  They found dramatic locus contraction during the 

DN stage, consistent with the necessity of  recombination to target distal V segments.  However, 

upon transition to the DP stage and onset of Tcra recombination, the 5’ end of the locus underwent 

a moderate relaxation, rendering the distal Vs less accessible to capture by a recombination 

complex.  This pattern of locus contraction/relaxation correlates well with the observed pattern of 

V rearrangements, where early V-to-J joints involve proximal Vs and the more distal Vs are 

reserved for secondary attempts to rescue out-of-frame primary joints [256].  The Krangel group 

noted in their study that locus contraction is independent of E, but that formation of DNA loops 

that connect E to the J germ line promoters T early alpha [182] and J49 are absolutely 

dependent on CTCF bound to each of the three elements [257].  Loss of DNA looping at the α/δ 

locus negatively impacted J rearrangement [257]. 
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Figure 1.4:  Schematic overview of RAG-mediated DNA rearrangement.  Initiation 

of recombination occurs between a 23-RSS and a 12-RSS.  Binding of the recombinase 

complex to a 12 RSS induces DNA looping and recruitment of a compatible 23-RSS, 

followed by generation of blunt double strand breaks between the gene segment (coding 

ends) and the RSSs (signal ends).  At this point the RAG complex dissociates and action of 

NHEJ DNA repair proteins resolve the breaks into a genomic coding joint between the two 

segments and an extragenomic signal joint which contains the RSSs.  Adapted from [201, 

211, 224]. 
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1.6.3 cis-acting regulatory elements: Enhancers 

As noted above for Tcra, antigen receptor gene enhancers activate germ line promoters 

through “DNA looping”, in which proteins bound to the enhancers interact directly with proteins 

bound to promoters to bring these stretches of DNA into close proximity [258].  Also, enhancers can 

augment chromatin relaxation and remodeling via recruitment of histone-modifying enzymes that 

increase transcription factor access to promoter regulatory elements [259].  Each antigen receptor 

gene contains one or more enhancers positioned at the 3’ end of the locus (Figure 1.3). The first 

critical evidence in support of the recombinational accessibility model came from the demonstration 

that deleting the intronic Ig heavy chain enhancer iE significantly attenuated both germ line 

promoter activity and V(D)J recombination in the heavy chain gene of knockout mice [260] .  

Subsequent knockout experiments in each of the six remaining antigen receptor loci have confirmed 

the central role of antigen receptor enhancers in controlling germline promoter activity and 

recombination [261-268]. 

 In the case of Tcrb, the lone enhancer element (Eβ) is located downstream of both DJβCβ 

cassettes, about 20 kb from Dβ1 and 6 kb from Dβ2 [269].  The Alt laboratory utilized the cre-loxP 

system to analyze the effects of targeted Eβ deletion in chimeric mice.  They found specific deletion 

of Eβ reduced Dβ to Jβ recombination in T cells by 95%, as well as slashing transcription of germline 

Tcrb alleles by over a thousand-fold.  Interestingly, replacement of Eβ with iEμ rescued both 

transcription and recombination in the β locus in T cells, suggesting similar activation potential for 

these two enhancers [265].  However, though this replacement induces transcription of Cβ in 

chimeric B cells as well, Dβ to Jβ recombination was not detected in B lineage cells of the mutant 

mice, indicating that additional cell type-specific mechanisms regulate β recombination in vivo [265].   
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Likewise, replacement of Eα with either iEμ or Eδ in similar experiments failed to rescue Tcra 

recombination [270].   Further studies in mice indicate that a homozygous deletion of Eβ results in a 

complete αβ-specific block in T cell development, as well as a severe attenuation of germline Vβ and 

DJβ transcription, cementing the tremendous importance of Eβ to proper Tcrb recombination [271].   

Activation of Eβ during hematopoietic development follows an interesting pattern.  Utilizing 

a GFP-Eβ transgenic mouse model, along with adoptive transfer to track the eventual fate of cell 

progenitors, Norris and colleagues found that both HSCs and CLPs had a significant population of 

GFP+ Eβ+ cells [272].  In the HSC, Eβ activation did not visibly lead to any developmental bias. 

Surprisingly, in the later CLP stage of hematopoietic development, activation of Eβ was associated 

with a propensity towards a B cell fate rather than a T cell fate [272].  Since both Eβ+ and Eβ- CLPs 

were capable of T cell differentiation when injected into the thymus, Eβ activation can be 

considered part of a broader collection of developmental changes in which fate is determined by the 

local microenvironment [272].   

Differential enhancer activity is also involved in the transcription of recombinase proteins 

RAG-1 and RAG-2.  These proteins are differentially regulated in B and T cells, with one upstream 

enhancer involved in both B and T cell development and another, more proximal enhancer 

restricted to the B cell lineage [273, 274].  Using a transgenic system that expresses a reporter 

protein only after successful recombination of compatible RSSs within the transgene, the Gerstein 

laboratory found evidence that a functional recombinase complex is expressed not only before and 

independent of chromatin remodeling at antigen receptor gene loci, but also that this complex is 

active during the earlier CLP phase of hematopoietic development, which accounts for the 

accumulation of IgH D to J recombinations in NK and dendritic cells [275, 276].   
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 In Tcra/d, the close proximity of Eα and Eδ allows for a kind of cross-activation of the two.  

In the DN3 stage of T cell development, transcription and recombination of the δ locus are frequent 

whereas the α locus remains inaccessible [277, 278].  However, upon transition to DP, transcription 

and recombination of both loci are possible despite a change in protein occupation at Eδ that 

renders it non-functional [264, 278].  Eα activation, contrastingly, appears not to be associated with 

a change in protein occupancy; genomic footprinting assays reveal a similar protein-binding pattern 

at Eα during DN3 and DP development [278].  Rather, epigenetic factors such as nucleosomal 

distortions and permissive histone modifications at Eα and the promoter TEA likely control their 

developmental activity [278].   

1.6.4 cis-acting regulatory elements:  Promoters 

Antigen receptor loci contain a large number of promoters - DNA elements that serve as 

binding sites for factors involved in the initiation of transcription and that exert substantial control 

over gene accessibility to recombinase.  Extensive evidence suggests that antigen receptor 

promoters function in a highly localized fashion [253, 279].  In each antigen receptor gene locus, 

promoter elements located upstream of V segments are responsible for driving transcription of 

novel antigen receptors post-recombination, as well as facilitating access of V segments to 

recombinase during recombination [211, 250, 280].  Promoters are also heavily involved in 

accessibility of D and J segments during rearrangement.  The work of the Sikes and Oltz laboratories 

has revealed a total of three promoters in the D region of Tcrb (Figure 1.3).  One promoter, located 

immediately upstream of Dβ1, initiates transcription of the Dβ1 coding sequences and is required 

for DJβ1 rearrangement while having no effect on DJβ2 or later V to DJ rearrangements [281, 282].  

The Dβ2 region has both an upstream and a downstream promoter:  the germline transcription 
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required for proper recombination of the Dβ2Jβ2Cβ2 cassette is facilitated by the downstream 

promoter, while the upstream promoter is held in check by a repressor located in the spacer 

sequence of the Dβ2 12 RSS [283, 284].  Recombination within this cassette deletes the downstream 

promoter and leads to elimination of repression at the upstream promoter, likely due to a loss in 

binding of the transcription factor USF-1 to Dβ2 12 RSS region caused by the activation of DNA 

repair pathways in response to recombination [284].  This allows the upstream promoter to 

facilitate transcription of Dβ2Jβ2 rearrangements, making them available for future V to Dβ2Jβ2 

recombination [283, 285].   

The Krangel laboratory has defined a relatively similar layout of promoters across the Tcra 

locus.  In addition to each Vα segment having its own upstream promoter, the Jα region is scattered 

with promoters that exist in a 5’-to-3’ directional hierarchy such that the most 5’ [182] is first 

activated upon DP transition. Its deletion during recombination leads to activation of the more 3’ 

J49 promoter, and its deletion in turn leads to activation of yet further 3’ promoters [286, 287].  

This J promoter layout facilitates an “inside-out” method of Vα to Jα recombination that allows for 

multiple attempts at generating an in-frame Tcra rearrangement [288-290].  In Tcrg, V segment 

promoters enforce a developmental bias where fetal recombination favors usage of Vγ3 and adult 

recombination eschews this segment.  This switch is moderated by the promoter region of Vγ3 and 

Vγ4, which contain sequences repressive to adult recombination [249, 291].  A similar fetal to adult 

usage switch can also be found in the Tcrd locus, where TRDV4 is selectively utilized in fetal 

thymocytes and suppressed in adult thymocytes. This switch is moderated by Eδ and 

developmentally regulated histone acetylation that is likely promoter-mediated [286].   
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Promoter regulation of immunoglobulin assembly parallels that described above for the TCR 

genes.  In the heavy chain B cell locus (IgH), there is one promoter per pair of V segments (Figure 

1.3).  These promoters all share a highly conserved octameric sequence that is important for 

germline transcription as well as for facilitating interaction with a downstream enhancer element 

through a looping mechanism mediated by CTCF and promoter-bound TFIID as well as enhancer-

bound OCA-B [211, 292].  Within the D segments of IgH, a germ line promoter (DQ52) associated 

with the 3’most D segment has been identified.  The absence of DQ52 does not dramatically alter 

either germ line transcription or the recombination efficiency of DJH segments, however, suggesting 

the presence of additional promoters or unique regulatory elements [293].  Germ line promoters 

critical for recombination have been identified and characterized in the light-chain Igk and Igl loci as 

well [294, 295]. 

1.6.5 The T Early Alpha Promoter 

Germ line transcription across the J region of Tcra begins at the T early alpha promoter, 

generating transcription in early DP cells that extends across a 75 kb cassette containing the J and 

C gene segments [296].  As noted above, the J49 promoter sits about 15kb downstream of TEA, 

while additional poorly defined promoters are associated with progressively distal J segments [287].  

These germ line promoters exist in a functional hierarchy, such that only the most 5’ promoter is 

active, and J usage correlates with proximity to the active germ line promoter [287].  As such, prior 

to rearrangement only TEA shows significant transcriptional activity.  Following its deletion by V 

rearrangement to one of the first several J segments, PJ49 is activated, and initial secondary 

rearrangements target J segments immediately 3’ of PJ49.  Deletion of PJ49 then allows 

activation of promoter activity 5’ of J37 and recombination of immediately 3’ Js, and so on [287].  
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These usage patterns also coincide with the distribution of H3K4me3 across the J cassette [288].  

Since germline transcription is conserved in all antigen receptor genes as far back as the 

cartilaginous fish where antigen receptors appear to have arisen [297-299], it is reasonable to 

conclude that the programs that govern V(D)J recombination are critically dependent on 

transcription-induced epigenetic changes in the accessibility of antigen receptor gene regions to 

recombinase.   

1.6.6 The role of TEA priming during ES cell development   

 As noted above, TEA is activated in a CTCF-dependent manner upon the transition of 

thymocytes to the DP stage of development, and this activation is essential for normal Tcra 

recombination and development of the  T cell repertoire. The role of CTCF in TEA activation is 

well established now, with separate studies showing that CTCF mediates long-range DNA loops that 

juxtapose TEA with E. Given the precise developmental timing of TEA activation, we were surprised 

in preliminary studies into the developmental regulation of TEA to find that CTCF binding at TEA and 

E is conserved throughout development and differentiation. This unexpected binding pattern 

became the focus of my subsequent thesis research. In this dissertation, I present my findings 

regarding a role for CTCF in embryonic priming of TEA.  I show that (i) TEA maintains CTCF binding in 

ground-state embryonic stem cells equivalent to pre-implantation embryogenesis, (ii) this binding 

does not involve the formation of DNA loops with E that are required for promoter activity in 

Double Positive T cells, (iii) CTCF binding is required to maintain CpG demethylation across the TEA 

regulatory region, and (iv) similar CTCF binding patterns at other demethylated tissue-specific 

promoters in ESCs suggests that CTCF may play a critical role in priming tissue-specific genes across 

the genome of ESCs by protecting them against repressive DNA methylation.  In the appendix to this 
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thesis, I describe a related project I undertook in collaboration with other members of the Sikes 

laboratory to define the role of USF-1 in the feedback regulation of D2 transcription in response to 

RAG-mediated DSBs.   
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CHAPTER 2 

CTCF Constancy and Developmental Progression at the TCRα locus 
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ABSTRACT 

To maintain pluripotency, cells of the early embryo must remain both undifferentiated and 

pluripotent.  To that end, differentiation- or tissue-specific genes must remain silent but capable of 

activation.  Initial investigations into the so-called priming of tissue-specific genes in early embryonic 

cells suggest critical roles for pluripotency factors and epigenetic modifications, particularly 

hypomethylation of DNA within the transcriptional regulatory regions of such genes.  Though not a 

pluripotency factor itself, the multi-faceted transcription factor CTCF is vital for proper 

differentiation and is instrumental in function of many pluripotency factors.  Genome-wide, CTCF 

binding strongly correlates with hypomethylation of its binding site.  However, the functional 

relationship between CTCF and modulations in DNA methylation during development remains 

unknown.  The T early alpha promoter (TEA) is a tissue-specific transcriptional regulatory element 

required for expression of the T cell receptor alpha (Tcra) gene and proper thymopoiesis.  Binding of 

CTCF at TEA is essential for promoter activity in developing thymocytes, coordinating the formation 

of a chromatin loop that juxtaposes TEA with the Tcra enhancer ~100 kb downstream.  To elucidate 

the embryonic mechanisms that prime TEA, we investigated DNA methylation and CTCF binding in 

lineage-restricted and pluripotent cells.  While TEA activity and TEA:E looping appears to be 

restricted to developing thymocytes, we found that CTCF is constitutively bound to TEA, being 

present in every cell type assessed including pluripotent embryonic stem cells (ESCs), and that its 

presence directly correlated with the promoter’s hypomethylation despite constitutive methylation 

of flanking DNA.  Disruption of CTCF binding by RNAi-mediated knockdown or mono-allelic deletion 

of TEA led to hypermethylation of the promoter region on both mutated and wildtype Tcra alleles.  
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Given the generally repressive effect of DNA methylation on transcription, our findings suggest a 

novel role for CTCF in embryonic gene priming as a constitutive protector against promoter 

methylation.  

2.1 Introduction 

  Embryonic stem cells (ESCs) are self-renewing and undifferentiated, representing the 

ground state of development, and at the same time, are pluripotent—competent to give rise to the 

body’s somatic cell lineages. The process of differentiation is one of progressive lineage restriction: 

as a cell develops along one particular lineage, genes that encode products specific to another 

lineage are epigenetically silenced [1].  Consequently, to sustain pluripotency the ESC genome must 

be maintained in a hyperdynamic and relatively open conformation characterized by generally 

reduced DNA methylation [2], widely disseminated binding of RNA polymerase II (RNAP2) [3, 4], and 

high levels of acetylation on lysine 9 of histone H3 (H3K9ac) [5-8].  The functional significance of this 

epigenetic openness is easily seen when cloning by nuclear transfer, where use of nuclei from G1 

ESCs yields a cloning success rate that is 10- to 20-fold higher than that obtained from any type of 

somatic donor cell yet tested [9].  However, the mechanisms that regulate the ESC epigenetic 

landscape, and by extension, the patterning and success of differentiation, are only just coming to 

light.  

 One of the earliest-acting mechanisms for generation and maintenance of the pluripotent 

state involves members of the Polycomb group (PcG) of transcriptional regulators, which interact to 

form chromatin-associated Polycomb Repressive Complexes (PRCs).  PRCs are strongly affiliated with 

“bivalent” gene priming, identified by colocalization of histone marks H3K4me3 and H3K27me3 [5].  

The major PRCs, known as PRC1 and PRC2 have been extensively characterized for their roles in 
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repressing transcriptional elongation [10].  Evidence suggests PRC2 is responsible for recruitment of 

PRC1 and deposition of the repressive histone modification H3K27me3 [11].  Although ESCs that lack 

PRC2 maintain pluripotency, they begin inappropriate expression of a variety of developmental 

regulators [10, 12].  PRC2 is made up of PcG proteins EZH2, EED, SUZ12 and RbAp46/48, which are 

required for its enzymatic activity in vitro, as well as additional proteins identified in vivo that 

function to enhance enzymatic activity and facilitate DNA targeting [13].   

Beyond PRC-mediated repression, a large number of transcription factors have been 

implicated in maintaining the ESC properties of pluripotency and self-renewal. In particular, 

pluripotency is primarily regulated by Oct4, Klf4, Sox2 and Nanog [14, 15].  Indeed, forced 

expression of these four “pluripotency factors” underlies the establishment of induced pluripotent 

stem cells (or iPSCs) from terminally differentiated somatic cells [16].  Instrumental in proper 

functionality of these pluripotency factors is the CCCTC-binding factor (CTCF), a multifaceted 

scaffolding protein [17].  First identified as a transcriptional regulator of c-Myc, CTCF is the only 

known vertebrate insulator protein, acting to properly delineate boundaries between active and 

inactive regions of DNA and to isolate transcriptional control elements like promoters from activity 

at neighboring promoters or enhancers [18].  Widespread incorporation of methods to detect 3-D 

chromatin conformation in vivo have since suggested CTCF may serve as a “master regulator” of 

chromatin fiber organization and interaction [19].  However, because CTCF complexes with a wide 

variety of proteins through its relatively unstructured N and C-terminal tails, as well as with variety 

of DNA sequences through a promiscuous central zinc finger domain, it appears likely that its ever-

expanding portfolio of actions reflects the array of complexes in which it is found [20].  Proper CTCF 

expression is vital for cell growth, survival, proliferation, imprinting, X-chromosome inactivation and 
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differentiation [21].  CTCF is critical to embryogenesis, and its elimination in mouse models results in 

peri-implantation embryonic lethality [22, 23].  CTCF is also implicated in bivalent priming, as it 

interacts with the PRC2 component SUZ12, and drives maternal allele-specific H3K27me3 deposition 

and transcriptional suppression [24].  

DNA methylation patterns are carried by gametes prior to fertilization, and differentially 

methylated regions (DMRs) in paternal or maternal-origin DNA maintain essential imprinted 

developmental controls [25].  Following extensive demethylation in the pre-implantation embryo to 

largely erase the parental epigenetic patterns, a new, embryo-specific methylation pattern is 

established coincident with implantation [26].  As mentioned above, the embryonic genome is 

largely hypomethylated in ESCs, while differentiation correlates with progressive hypermethylation 

[8].  Conversely, successful reprogramming of terminally differentiated somatic cells during iPSC 

derivation correlates with widespread erasure of DNA methylation [27].  Though by no means 

uniform, DNA methylation, particularly at the promoter regions of genes, predominantly correlates 

with transcriptional repression [28].  As such, the dynamism of DNA methylation during 

development would suggest that deposition of methyl marks directly contributes to the epigenetic 

lineage restriction seen during differentiation.  DNA methylation regulates gene expression through 

a variety of mechanisms, including interference with transcription factor-DNA interactions both by 

altering the transcription factor binding site and by recruiting methyl-CpG-binding proteins that 

block access to the transcription factor binding site.  Conversely, DNA methylation has recently been 

implicated as an inhibitor of both PRC2 binding and subsequent H3K27me3 deposition [29], 

suggesting that at some gene targets, DNA methylation may be activating rather than repressive. 

DNA methylation may also be inhibitory to CTCF binding, as most sites occupied by CTCF are 
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unmethylated in the ESC genome [30, 31] and methylation impairs CTCF binding to reporter targets 

in vitro [31, 32].  This is not universal, however, as CTCF does bind to a low percentage of 

methylated sites and CTCF remains unbound from other sites despite an absence of methylation 

[19, 30, 32].   

 Development of lymphocytes from hematopoietic stem cells involves a series of lineage 

restrictions and the carefully orchestrated activation of lymphocyte-specific genes. Most dramatic of 

these are the activation and rearrangement of the antigen receptor genes at discrete stages of B 

and T cell development which are both dependent on and essential for continued differentiation 

[33, 34].  In the case of T cells, lineage commitment in DN thymocytes activates the Tcrb, Tcrg, and 

Tcrd genes, and progression to the DP stage requires signaling through the Pre-TCR complex that 

contains a newly expressed TCR protein [35, 36]. Only then is Tcra activated and rearranged in a 

manner timed precisely to limit the proportion of  T cells and maximize expansion of the  

repertoire [36].  Like other antigen receptor genes, including the IgH gene, activation of Tcra in DP 

cells is dependent upon CTCF [37, 38].  Here the T early alpha promoter (TEA) positioned at the 5’ 

end of the J array facilitates non-coding transcription of TEA-proximal Jα segments during T cell 

development, making them accessible to recombination.  More distal Js are then targeted in 

secondary rearrangements as necessary to generate an in-frame joint.  Their accessibility to 

recombinase following deletion of TEA extends primarily from the proximity of the promoter 

associated with the rearranged V segment, though germline promoters scattered through the J 

array show progressive serial activation in response to deletion of the upstream J promoters [39].  

Proper function of the TEA promoter during T cell development has been well-characterized, and 

requires the involvement of CTCF and binding partner cohesin to generate an intrachromosomal 
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loop, bringing the promoter in close contact with a downstream enhancer [40].  Though TEA activity 

is strictly linked to DP development, initial studies found that even in DN cells the inactive TEA was 

already widely decorated by transcription factors [37] including CTCF and cohesin, and was free of 

DNA methylation, as was its enhancer, E. How then is TEA activity developmentally regulated? 

     To address the nature of TEA developmental regulation and the potential role of CTCF in 

guiding thymopoiesis, we sought to investigate TEA epigenetics in the pluripotent environment of 

the ESC.  By reassessing genome-wide maps of CTCF binding, we show that TEA maintains CTCF 

occupation in the murine embryonic stem cell stage as well as in all other cell types along both 

hematopoietic and non-hematopoietic differentiation pathways.  This constancy of CTCF binding 

does not correspond with local stability of either histone modification patterns or DNA 

intrachromosomal loops.  Bisulfite profiling of TEA in ground state embryonic stem cells (established 

by culturing ESCs in 2i medium, a defined serum-free medium containing inhibitors of the GSK3 

and Mek1/2 kinases [41]) reveals that an unmethylated TEA promoter sits within a narrow band of 

fully methylated DNA, a pattern we see maintained in DN and DP thymocytes.  In contrast, more 

distal sequences including the TRVD5 and BEAD-1 insulator upstream and J61 coding segment 

downstream are hypomethylated in ground-state ESCs, but become hypermethylated in DP 

thymocytes.  Disruption of CTCF binding by global knockdown of CTCF in ground-state ESCs caused 

pronounced methylation along a 3.6 kb region that included TEA.  Likewise, mono-allelic deletion of 

TEA from C57Bl6/129SvEv ESCs showed a pronounced increase in DNA methylation both upstream 

and downstream of TEA across both the mutated and wildtype alleles of ground-state ESCs.  

Together, these findings imply a role for CTCF in protecting the sequence that separates Tcrd from 

the J array, and that contains TEA and the insulator element BEAD-1, against potentially repressive 
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methylation prior to differentiation.  Taken together, our studies of ground-state ESCs reveal a 

dynamic pattern of DNA methylation in the region of Tcra/d containing TEA that requires both CTCF 

and potential allelic cross-talk, and that developmental expansion of DNA methylation across the 

region remains specifically occluded from TEA.  Given the generally repressive impact of promoter 

methylation, primordial epigenetic priming likely ensures that TEA remains ready to respond 

immediately to activating signals upon DP thymocyte transition, a strategy that may well be 

extensible to the regulation of other differentiation-specific genes across the genome.         
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2.2 Materials and Methods 

2.2.1 Cell culture  

All murine cell culture was conducted at 37 °C/5% CO2 in RPMI 1640 medium supplemented 

with 10% fetal calf serum, 2 mM L-glutamine, 0.01% penicillin/streptomycin, and 50 μM β-

mercaptoethanol. EF-1 embryonic stem cells were feeder-independent and supplemented with 1X 

ESGRO (Millipore) to prevent differentiation.  To establish a ground state of naïve pluripotency, cells 

were cultured at 37°C in 2i medium (StemDiff NCell N2B27 supplemented with 1X ESGRO, 3μM 

CHIR99021 and 1 μM PD0325901 (both Selleck Chemicals)) for four-six passages, then returned to 

standard culture condition for two passages of expansion before analysis. 

2.2.2 Bioinformatic analyses 

Raw CTCF ChIP-seq, MeDIP and ChIA-PET datasets were obtained from the NCBI Gene 

Expression Omnibus (GEO). Accession numbers are as follows:  ES Cell – GSM747536, DN 

Thymocytes – GSM1023416, DP Thymocytes – GSM1023418, pro-B – GSM1023421, MEF – 

GSM722663, Cerebellum – GSM722663, MEF MeDIP – GSM678696-GSM678698, ES cell MeDIP – 

GSM678684-GSM678686, ESC ChIA-PET – GSM699169-699171.  When necessary, file conversion 

and manipulation were performed using publicly available tools on Galaxy 

(http://galaxyproject.org/) [42-44].  Visualization was performed using the UCSC Genome Browser 

and Trackster [45, 46] (http://genome.ucsc.edu/).   

2.2.3 Chromatin Preparation 

Approximately 107 cells were resuspended in 10 mL of RPMI containing 10% FBS (vol/vol) 

and cross-linked for 5 minutes with shaking through addition of formaldehyde to 1% final 

concentration.  Cross-linking was stopped through addition of glycine to 125 µM and cells were 

http://genome.ucsc.edu/
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incubated at RT with shaking for an additional 5 minutes.  After centrifugation (4° C, 1100 RPM, 4 

minutes) and aspiration, the cell pellet was washed once in 10 mL PBS, and following a repeat 

centrifugation and aspiration was resuspended in 1 mL Chromatin Lysis Buffer (50 mM Tris-HCl pH 

7.5, 1.5 M NaCl, 10 mM EDTA, 5 mM EGTA, 10% Triton X-100, 1% SDS, 1 mM PMSF, 1X Protease 

Inhibitor Cocktail (PIC, Sigma)) and incubated at 4°C for 30 minutes to lyse cells.  The lysate was then 

subjected to a low-speed spin (4°C 500 RPM, 5 minutes) and after a gentle aspiration was 

resuspended in 135 µL fresh Chromatin Lysis Buffer.  Sonication was conducted using a Covaris S2 

machine within the NCSU Genomic Sciences Laboratory (GSL) with continuous degassing, 

“Frequency Sweeping” power mode. Sonication was performed using a pulsing 200bp shearing 

preset (SonoLAB S-Series software v2.55) for 8 minutes, optimized to yield chromatin fragments 

predominantly of 200 to 600 bp length.  After sonication was complete, the chromatin was diluted 

with Chromatin Lysis Buffer to 105 cell equivalents per 10 µL, aliquotted and stored at -80oC prior to 

chromatin immunoprecipitation. Shearing efficiency was characterized using a Bioanalyzer (Agilent). 

2.2.4 Chromatin Immunoprecipitation 

For one reaction: 5 µl each Protein A- and Protein G-conjugated paramagnetic dynabeads 

(Dynal) were captured on the side of the tube with a bar magnet, and washed twice in RIPA-DNA 

(RD) buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% 

SDS, 2.5 mg/ml denatured sheared salmon sperm DNA) and were then resuspended in 100 µl of RD 

buffer supplemented with 1 mM PMSF and 1X PIC.  After addition of ~1 g antibody, the bead 

mixture was conjugated for 1 hour at 4°C, then washed three times in 100 l RD buffer to remove 

unconjugated antibody.  The antibody-bead complex was then resuspended in 90 µL RD buffer with 

1 mM PMSF and 1X PIC and mixed with 10 µL (105 cell equivalents) of sheared chromatin and 
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incubated at 4°C overnight with rotation.  To remove unbound chromatin, the bead complex was 

washed eight times:  twice each with RIPA buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS), High Salt Wash (500 mM NaCl, 20 mM Tris-HCl pH 

8.0, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), LiCl Wash (250 mM LiCl, 10 mM Tris-HCl pH 8.0, 1 mM 

EDTA, 1% NP-40), and TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA).  The chromatin-antibody complexes 

were eluted from the beads by incubation in 100 µL of 0.1 M NaHCO3/1% SDS with vortexing for 15 

minutes at room temperature.  NaCl was added to the eluate (100 mM final), and cross-links were 

reversed by 15 minute incubation at 95°C.  Proteinase K (1 mg final) was added, and protein 

digested for 60 minutes at 37°C. Protein digestion was stopped with PMSF (2 mM final), and DNA 

was purified using the Qiaquick PCR purification system (Qiagen).  DNA was resuspended in 100 µl of 

H2O and 3 µl of ChIP DNA was used per real-time reaction.     Antibodies used: H3K9ac - Millipore 

(ABE18), H3K4me2 - Abcam (ab32356), H3K4me3 - Active Motif (39139) and Abcam (ab12209), 

H3K27me3 - Abcam (ab6002), CTCF - Millipore (07-729), IgG - Santa Cruz (sc-2027).  QPCR was 

conducted on a MyIQ thermal cycler (Bio-RAD) using 1X SensiMix Plus (BioLine) in triplicate 

reactions.  Primers and annealing temperatures are as indicated (Table S1). 

2.2.5 Chromosome Conformation Capture (3C) 

3C assays were performed by the Krangel laboratory as described previously [37].  In brief, 

106 cells were cross-linked in 8 mL of RPMI containing 10% FBS and 2% paraformaldehyde (both v/v) 

for 10 min at 4°C, and cross-linking was then stopped by addition of glycine to 0.125 M.  Following a 

single PBS wash cells were lysed in 10 mM Tris-HCl pH 8.0, 10 mM NaCl and 0.2% (v/v) NP-40 for 10 

min at 4°C.  Nuclei were pelleted by centrifugation and resuspended in 1.1X NEB Buffer 2 (New 

England BioLabs) overnight with 0.3% (w/v) SDS.  After a 1 h 37°C incubation, Triton-X was added to 
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2% final concentration (v/v) and the mixture was returned to 37°C to neutralize SDS.  Chromatin was 

then digested through addition of 200 U of restriction enzyme HindIII (NEB) at 37°C, followed by a 

second addition of 200 U HindIII for an additional 4 h (Final digestion efficiency ~97%).  Digestion 

was stopped by SDS addition to 0.8% (w/v) and heat inactivation at 68°C for 10 min.  Chromatin was 

purified thorough centrifugation (10°C, 35K RPM, 16 h) through 8 M urea using a Beckman SW40Ti 

rotor.  Purified chromatin was resuspended in buffer TM (30 mM Tris-HCl (pH 7.4) and 10 mM 

MgCl2) and was dialyzed against buffer TM to remove urea and then diluted through addition of 5 

mL of buffer TM supplemented with DTT to 10 mM and ATP to 1 mM.  Chromatin was then ligated 

by addition of 200 U of T4 DNA ligase (NEB) overnight at 16°C, followed by a second addition of 200 

U of T4 ligase for 4 h.  Ligated DNA was collected after overnight incubation at 65°C with 10 µg/mL 

Proteinase K and phenol/chloroform extraction followed by ethanol precipitation.  Products were 

quantified by Taqman-based qPCR assays using a LightCycler 480 probe master kit and a LightCycler 

480 Real-Time PCR system (Roche).  The following PCR program was used:  95°C for 10 min, followed 

by 48 cycles of 95°C for 10 s and 65°C for 30 s.  All reactions were run in duplicate.  Primer 

sequences can be found in Table S1.  Standard curves were generated using an unbiased pool of 3C 

products generated by digestion and relegation of equally mixed bacterial artificial chromosomes 

(BACs) bMQ-440L6 and bMQ-206H21, which span a significant fraction of the TCR α/δ locus, 

including the entire Jα region.  Samples were normalized by setting the 3C signal between Eα and its 

3’ neighbor fragment to one. 

2.2.6 Bisulfite Mapping 

Bisulfite conversion of DNA was performed using the EZ DNA Methylation-Gold Kit (Zymo 

Research) according to the manufacturer’s instructions.  Briefly, 600 ng of genomic DNA was mixed 
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with proprietary conversion reagent, incubated at 98°C for 10 minutes to denature DNA and then 

reduced to 53°C for four hours to facilitate cytosine conversion.  Converted DNA was isolated from 

the conversion mixture using a Zymo-Spin IC Column purification system, and specific 200-400 bp 

target regions were amplified via PCR using KAPA HiFi HotStart Uracil+ ReadyMix 2X (KAPA 

Biosystems) and the indicated primers and melt temps (Table S1), which were designed using the 

BiSearch primer-design algorithm.  Amplification products were purified using the QiaQuick PCR 

Purification Kit (Qiagen) or gel-purified using the QiaQuick Gel Extraction Kit (Qiagen) based on 

necessity and according to manufacturer’s instructions.   Purified fragments were end-

phosphorylated using T4 PNK (Fermentas) and blunt-end cloned into the EcoRV site of pBluescript 

SK (Strategene) using T4 DNA ligase (Fermentas).  After ethanol precipitation in the presence of 

glycogen, ligations were transformed into Thunderbolt GC10 electrocompetent cells and screened 

by PCR.  Individual cloned inserts were sequenced and manually scored for methylation.   

2.2.7 Transduction 

Lentiviral supernatants containing puromycin resistance and anti-CTCF shRNA were 

graciously provided by Dr. Zhe Liu, and construction details can be found in [47].  In brief, lentiviral 

particles were generated through transfection of HEK293T cells with a plasmid containing one of 

two different anti-CTCF shRNA sequences and puromycin resistance, along with third generation 

lentiviral packaging vectors, and mature virus was harvested and concentrated using the Fast-Trap 

Lentivirus Purification and Concentration Kit (Millipore).  Using the provided supernatants, 

transduction of EF-1 ESCs was performed via spinoculation of 105 cells with concentrated virus at 

1500 x RPM for 5 minutes in ES medium containing ESGRO and 12 μg/mL polybrene (Sigma).  24 
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hours after infection media was changed, and 36 hours post-infection cells were treated with 1 

μg/mL puromycin.  Resistant colonies were picked and screened for CTCF knockdown via RT-PCR. 

2.2.8 RT-PCR 

RNA was extracted using RNAzol RT (MRC) according to the manufacturer’s instructions.  

300 ng of RNA was reverse transcribed using Moloney murine leukemia virus (M-mulv, New England 

Biolabs) and oligo d(T) primers. The resultant cDNAs were amplified using intron-spanning primer 

pairs (Supplemental Table 1) by standard or quantitative PCR as described earlier for ChIP. The 

relative abundance of cDNAs was quantified following QPCR by ΔΔ threshold cycle (CT) 

normalization to matched untreated controls and standardized for loading variations by comparison 

with values obtained for β-actin.  Determination of CTCF knockdown levels was performed according 

to Haimes et al. [48].  In brief, CTCF levels for each sample were normalized to β actin and this value 

was exponentially transformed to accurately reflect qPCR amplification efficiency.  At this point, 

triplicate samples were averaged and the averages of knockdown clones were normalized to the 

average of two non-targeting control samples.  This value, expressed as a percentage, reflects the 

effectiveness of CTCF knockdown. 

2.3 Results 

2.3.1 CTCF binding to the J region of Tcra is extremely localized and stable throughout 

development   

Previous studies have demonstrated the importance of CTCF binding at the TEA promoter 

during the double positive (DP) stage of thymocyte development, where it facilitates V(D)J 

recombination of Tcra by tethering TEA to the downstream E enhancer in a long-range DNA loop 

[40].  CTCF is a ubiquitously expressed master regulator of chromatin structure and function from 



88 
 

early embryogenesis on, and has been implicated in the regulation of antigen receptor loci during 

lymphocyte development [49-51].  Previous studies had found that, while TEA and E are inactive 

prior to DP development, both elements are extensively decorated with transcription factors in 

earlier DN cells [37, 52].  To determine if the developmental timing of TEA activity might be linked to 

CTCF binding, we compiled an array of mouse CTCF ChIP-seq datasets from a variety of cell types 

including DN and DP thymocytes, pro-B cells, cerebellum, ESC, embryonic fibroblasts, and placenta 

from published sets archived at the Gene Expression Omnibus (GEO) and analyzed each for CTCF 

binding across a 150 kb stretch of Tcra.  As expected, CTCF binding was strongly enriched in DP cells 

at E and the antiapoptotic Defense against death (Dad1) gene and to a somewhat lesser extent, at 

TEA (Fig. 1).  Weaker CTCF peaks were also observed just downstream of TEA at sequence flanking 

the PJ49 promoter, which is known to activate following TEA deletion [39].  In earlier DN cells, 

CTCF binding was detected at TEA, E and Dad1, but not at J49.  Despite CTCF, Tcra lacks TEA:E 

loops in DN cells, and TEA is transcriptionally inactive [37, 53].  

We found that the CTCF peaks at TEA and E persisted in all tissues examined, including 

closely related pro-B cells, but also cerebellar neurons.  These peaks were also present in ESCs.  In 

the placenta, an extra-embryonic tissue derived from a different blastocyst compartment than the 

ESC progenitor, CTCF binding at Eα and Dad1 was retained, though binding at TEA remained 

undetermined due to lack of sufficient resolution (data not shown).  Global genomic analyses have 

since revealed that around a third of all CTCF binding sites identified in ESCs, many of those in close 

proximity to the promoter or enhancer elements of tissue specific genes, remain stably occupied by 

CTCF in various differentiated tissues [54]. Remarkably, the significance of this seemingly 

constitutive CTCF binding—whether it serves a structural role (e.g. to enhance chromosomal 
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Figure 2.1:  CTCF binding across the Jα locus remains constant throughout stem cell development.  

ChIP-seq datasets compiled from [55] (MEF, Cerebellum),  [37] (DN, DP, Pro-B) and [56] (ESC) were 

analyzed for CTCF enrichment across the murine Tcrα Jα region, spanning from upstream of TEA to 

downstream of the Dad1 gene (reference genome mm9, chr14:  54750000-54879000)  All datasets 

were obtained from the NCBI Gene Expression Omnibus (GEO), and visualization was performed 

using the UCSC Genome Browser (http://genome.ucsc.edu/). 
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integrity) or a functional role (e.g. to prime or sustain the priming of genes), or whether it is simply 

byproduct of ubiquitous CTCF expression—is unknown. However, the rapidly expanding evidence 

that implicates CTCF in an array of developmental programs and pathologies suggests a critical need 

to explore the potential significance of CTCF targeting.   

2.3.2 CTCF binding at TEA correlates with H3K9 acetylation, but not with E looping in ESCs 

 To determine if CTCF plays a role in establishing an open or primed chromatin conformation 

at TEA similar to its role at the chicken -globin gene [18], we first analyzed the distribution of post-

translational histone modifications at TEA in the wildtype C57BL6/129SvEv EF-1 ESC line, along with 

thymocytes freshly isolated from mice deficient for Rag1 (>95% DN thymocytes), deficient for Rag1 

but expressing a rearranged Tcrb transgene (termed Rx [57], >98% DP thymocytes) and from Rx 

mice that also carried a homozygous deletion of E (>98% DP thymocytes).  As shown in Figure 2, 

significant alterations in histone H3 marks proximal to TEA accompany hematopoietic development.  

The most defined mark of open chromatin [58], H3K9 acetylation (grey bars), is already established 

at TEA in ground state ESCs, persists in DN and DP cells, and is not sensitive to the presence of E, 

which is required for H3K9ac of more 3’ J segments [59].  In contrast, two marks strongly 

associated with transcriptional activation, H3K4 dimethylation (white bars) and H3K4 trimethylation 

(black bars), are strongly induced in E-containing DP cells (though more modest induction at TEA 

was retained in the E-deficient DP cells).  Finally, H3K27 trimethylation (hatched bars), which 

correlates strongly with transcriptionally silent chromatin, was highest in ESCs, and reduced >8-fold 

in DN and DP cells that retained E. Enhancer deletion in the E-Rx DP cells led to elevated 

H3K27me3 levels, suggesting that while E is required to fully induce transcription-associated H3K4 
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methylation at TEA, it also blocks trimethylation of H3K27 at the promoter upon the DP transition.  

This sensitivity of TEA histone methylation to E in DP cells correlates with the developmental stage 

in which CTCF acts with the protein complex cohesin to induce TEA:E chromatin loops [40].  

Though no studies have directly assessed TEA histone modifications in DP cells deficient for CTCF, 

Seitan et al. found a 3-fold reduction in H3K4me3 levels in DP cells deficient for the cohesin protein 

Rad21. Taken together, these ChIP data suggest that persistent CTCF binding at TEA coincides with 

stable H3K9 acetylation, but is not sufficient in itself to maintain other histone markers of 

transcriptional competency, which are instead dependent upon developmental progression and E 

interaction.  

As has been mentioned, CTCF:cohesin complexes facilitate an intrachromosomal interaction 

between TEA and Eα that is required for transcriptional accessibility, and therefore recombinational 

accessibility, of TEA-proximal Jα segments [37, 60, 61].  To determine if cohesin colocalizes with 

CTCF at TEA and E in ESCs, we compiled ChIP-seq experiments on the genomic distribution of the 

cohesin subunits Rad21 and Smc1 (data not shown).  Indeed, strong binding of the cohesin subunits 

overlaps CTCF at both elements.  However, quite unlike findings in DP cells [37, 40], chromosome 

conformation capture (3C) demonstrated no significant interaction between TEA and Eα in ESCs (Fig. 

3A).  These data corroborate more recent findings in DN cells [37], and suggest that while the 

proteins most associated with intrachromosomal looping are preassembled at TEA and E early in 

pluripotency, other unknown factors must restrict loop formation to DP development.  One 

possibility is that TEA or E (or both) are sequestered from one another in earlier staged cells by 

association with alternative cis elements. To test this possibility, we measured genome-wide 

interactions involving TEA or E in recently published ESC datasets of CTCF-mediated chromatin 
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Figure 2.2:  CTCF binding at TEA correlates with early establishment of H3K9 acetylation.  

Chromatin from the B6/129 embryonic stem cell line EF1, Rag1-deficient DN thymocytes (Rag -/-), 

DP Rag-deficient thymocytes that express a stably transfected β transgene (Rxβ) and Rxβ 

thymocytes that harbor a homozygous deletion of the downstream α enhancer (Eα- Rxβ) was 

immunoprecipitated with the indicated antibodies against covalently modified histone H3 or 

isotype-matched IgG.  Resultant DNAs were analyzed by qPCR at the TEA promoter.  Enrichment 

(∆∆CT) was calculated relative to pre-IP input control levels and was normalized against signals 

obtained for an intergenic region of chromosome 1.  Bars indicate means ( SD, n = 3), and are 

representative of 2 independent assays.   



93 
 

 

 

Figure 2.3: TEA:Eα looping is not present in embryonic stem cells.  (A) 3C was conducted on 

chromatin from ESCs, double-negative thymocytes from mice that carry a homozygous deletion of 

Eα (Eα-/- DN) and Rxβ double-positive (DP) thymocytes.  Following cross-linking, DNA isolation, 

restriction endonuclease digestion and ligation, interactions between HindIII fragments containing 

Eα and TEA or Eα and Eδ were assessed by real-time PCR.  All reactions were run in duplicate, and 

samples were normalized to Eα internal interaction (set to 1.0).  (B) Graphical representation of 3C 

and ChIA-PET analyses of intrachromosomal interactions involving either TEA or Eα at the 

indicated developmental stages [37, 62].  Width of boxes indicates frequency of sequencing reads, 

dashed lines and arrows indicated upstream or downstream intrachromosomal interactions.  ESC 

CTCF ChIP-Seq [56] is shown for reference.  
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interaction analysis with paired-end tag sequencing (ChIA-PET) [62].  As with 3C our analyses of the 

ChIA-PET datasets failed to detect any TEA:E interactions in ESCs, but did reveal a number of 

alterative intrachromosomal interactions, including associations between E and Dad1, and 

between either E or TEA and distal genes (Fig. 3B). ChIA-PET analyses do not yet exist for either DN 

or DP cells.  Consequently, the developmental conservation or potential significance of these 

interactions remains to be determined.  

2.3.3 The TEA promoter remains unmethylated throughout hematopoietic development 

 Methylation of CpG dinucleotides, while dispensable for division and longevity of embryonic 

stem cells, is required for their differentiation to early hematopoietic progenitors [63, 64].  CTCF has 

been linked to the methylation-dependent transcriptional regulation of multiple genes, and its 

binding is strongly inversely correlated at most sites with DNA methylation [31, 54, 65-67].  

Moreover, like the developmental persistence of CTCF, methylation patterns at CTCF binding sites 

largely remain constant throughout differentiation [54].  The CTCF binding site at TEA 

(CAGCGCCCCCTGCTGC) contains an internal CpG.  TEA contains two other CpGs, positioned roughly 

120 bp 5’ and 140 bp 3’ of the CTCF site.  The methylation status of TEA has not been previously 

reported for any stage of murine thymocyte development.  Given the prominence of a CpG 

dinucleotide within the TEA CTCF binding site, we used bisulfite conversion to determine how TEA 

methylation correlated with CTCF binding during development (Fig. 4).  Consistent with CTCF 

binding, we found that the CpG contained within the CTCF binding site of TEA was unmethylated in 

every clone analyzed for the ground state EF1 ESC line, Rag1-deficient DN thymocytes, and Rx DP 

thymocytes (Fig. 4A).  Both the upstream and downstream flanking CpGs were methylated slightly 

more frequently in ESCs, but both were devoid of methylation in DN and DP thymocytes.  
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Figure 2.4: The TEA promoter is unmethylated throughout hematopoietic development and is 

contained within a distinct island of hypermethylation.  Methylation of the TEA promoter is 

shown in the embryonic stem cell line EF1, DN thymocytes and Rxβ thymocytes as determined by 

bisulfite mapping (A).  Bisulfite survey of EF-1 for the region surrounding TEA was conducted using 

a series of discrete primer sets (B) – the top number represents genomic distance from the TEA 

transcription start site while the bottom represents the % of DNA methylation as seen over 5-15 

clones (for ratios, see Table S2).   Methylation levels are represented in a gradation of colors:  light 

green (0-20%), dark green (21-40%), yellow (41-60%), orange (61-80%) and red (81-100%).  

Methylation results in EF-1 compared to genetic elements Vδ5, BEAD-1, TEA, Jα61 and Eα are 

shown in a graphical for reference (C).  ND – not determined.  Breaks in the line indicate regions 

between primer sets.  
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We expanded bisulfite analyses of our ground state EF1 ESC line to encompass most of the 

CpGs within a 6 kb region from just upstream of the 3’ most V segment (V5) to just downstream of 

the 5’ most J segment (J61). As expected in ground state cells, the majority of CpGs in the vicinity 

of TEA and within a CpG-rich region proximal to E were hypomethylated, with a limited but 

reproducible increase in methylation across a ~150 bp CpG-rich region of V5 (Fig. 4B-C).  

Unexpectedly though, narrow bands of fully methylated CpGs were detected less than 1 kb 

upstream and downstream of TEA. Regions only 350 bp 5’ of the upstream methylation peak and 1.5 

kb 3’ of the downstream peak were again generally hypomethylated, suggesting that the bands of 

methylated DNA are tightly centered around TEA.  MeDIP-seq analyses of murine embryonic stem 

cells heterozygous for the DNA repair enzyme Thymine DNA glycosylase (TDG) [68] corroborate 

peaks in methylation immediately upstream and downstream of the TEA CTCF (data not shown). 

These peaks of hypermethylated DNA do not correlate with any known regulatory element in the 

region, including the BEAD-1 DNA insulator element [69]. Indeed, CpGs across BEAD-1 were strongly 

hypomethylated. 

2.3.4 CTCF is required to maintain TEA hypomethylation in ESCs 

 Although CTCF binding is strongly correlated genome-wide with binding site 

hypomethylation [30], we wished to determine if CTCF’s presence at TEA directly contributed to 

maintaining the promoter’s methylation status.  To that end, we used two independent lentivirus-

mediated shRNAs to stably knock down CTCF expression in EF1 cells (Fig. 5A), and then assessed TEA 

histone modification and methylation in response to the CTCF knockdown (Fig. 5B-C).  Though no 

significant changes in histone modification patterns were observed, all three CpGs contained within 

TEA showed a marked increase in methylation in stable lines isolated from each of the two shRNAs.  
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Figure 2.5: Knockdown of CTCF results in increased DNA methylation at the TEA promoter without 

effecting local histone modifications.   Lentivirus-mediated transduction of CTCF shRNA templates 

was used to generate EF1 clones with diminished CTCF expression relative to a lentiviral 

scrambled control shRNA.  (A) Knockdown of CTCF was assessed by qRT-PCR and normalized to β 

actin.  Bars represent mean CTCF expression ± SD (n=3 technical replicates) and are representative 

of 3 independent experiments.  Successful clones 1-15 (shRNA-A) and 2-12 (shRNA-B) were 

isolated and used for all further experiments.  (B) Histone modifications at TEA following CTCF 

knockdown.  Chromatin from control and CTCF knockdown clones was immunoprecipitated with 

antibodies against the indicated histone post-translational modification.  Resultant DNAs were 

analyzed by qPCR at the TEA promoter.  Enrichment was calculated relative to pre-IP input control 

levels and was normalized against signals obtained for an intergenic region of chromosome 1.  

Bars indicate mean (± SD, n = 3) and are representative of 2 immunoprecipitations.  (C) DNA 

methylation of the TEA promoter following CTCF knockdown.  Genomic distance of each CpG 

dinucleotide from the TEA transcription start site is indicated above the percent DNA methylation 

in 7-10 independent clones as shown.  (D) Tabular and graphical representation of a broader 

analysis of DNA methylation across the TEA region following CTCF knockdown.  Genomic distance 

of each CpG dinucleotide from the TEA transcription start site is indicated above the percent DNA 

methylation in 3-9 independent clones as shown (ND – methylation status of intervening CpGs not 

determined). 
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Additional analysis of one clone (CTCF shRNA B) revealed that full methylation of the sequence 

immediately surrounding TEA was unaffected by CTCF knock down, while BEAD-1 and J61 

sequences outside of the hypermethylation peaks mirrored the strong increase in methylation 

shown for TEA.  As such, our findings suggest that CTCF is required to prevent the peaks of 

hypermethylation that flank TEA in ESCs from spreading not only across the promoter, but also 

across the region that separates Tcrd from the J array.   

2.3.5 Monoallelic TEA knockout induces biallelic ground-state hypermethylation of the Jα region. 

CTCF binds a wide array of targets across the ESC genome [70], and its knockdown would be 

predicted to impact a variety of genes.  To test whether CTCF acts directly to protect against 

hypermethylation across the BEAD-1-J61 region, we assessed the impact on DNA methylation from 

deleting TEA in ground-state ESCs.  Cre-loxP targeting was previously used to remove the J49 

promoter from the 129 allele of the EF1 ES line, and then to retarget a 668 bp fragment that 

includes TEA (-514 to +154, relative to the TEA TSS), while leaving the C57BL6 allele unaltered [39].  

Using these cells, we isolated Cre-transfectants that carried a TEA deletion from the 129 allele (Fig. 

6) and carried them through 6-10 passages in 2i medium to restore ground-state epigenetic 

patterning [71].  

We used single-nucleotide polymorphisms (SNPs) between the 129 and B6 sequence of Tcra 

to determine the effects of TEA deletion on DNA methylation and histone marker deposition across 

the BEAD-1-Jα61 region.  As with CTCF K/D, we found no significant differences in H3K9 acetylation 

or H3K4 or K27 methylation between the 129 and B6 alleles of either parental EF1 cells or TEA+/- 

cells (data not shown).  DNA methylation analysis of the region, however, revealed significant 

differences between the wildtype B6 allele and the mutated 129 allele (Fig. 7).  Beyond the peaks of 
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Figure 2.6: Generation of monoallelic TEA knockout ESC lines.   A)  Schematic 

representation of strategy for Cre-lox-mediated deletion of TEA on the 129 Sv allele of EF1 ESCs.  

Single nucleotide polymorphisms exploited for allele-specific analyses of DNA methylation are 

indicated (red arrows).  Deletion of the 650 bp TEA promoter from the 129Sv allele of EF1 cells 

was confirmed by PCR (B) and sequencing (C).  Initial bisulfite analysis revealed that deletion of 

TEA did not affect DNA methylation in the vicinity of Eα, regardless of TEA:Eα intrachromosomal 

interactions (D).  
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heavy methylation flanking the wildtype promoter (and which remain heavily methylated in TEA+/-), 

upstream BEAD-1 and downstream J61 sequences show significant hypermethylation on both the 

mutated and wildtype alleles.  Despite this biallelic hypermethylation of flanking sequences, which 

mirrored the hypermethylation observed in CTCF K/D cells, the promoter itself remained 

hypomethylated on the wildtype B6 allele of TEA+/- cells (data not shown), and downstream Eα 

sequences remained hypomethylated on both alleles (Fig. 6D).  Together with data from the K/D 

lines, these analyses suggest that: (a) CTCF binding likely directly protects a narrow window 

containing the 300 bp TEA promoter against hypermethylation targeted to the promoter’s flanking 

sequences, while (b) protection of more distal sequences in the BEAD-1-J61 region of ground-state 

ESCs may require promoter-dependent interactions between the two Tcra alleles. The role of CTCF 

in maintaining hypomethylation across the region remains to be determined.  However, since BEAD-

1 and J61 are more heavily methylated in DP thymocytes despite CTCF binding at TEA, interallelic 

protection against methylation appears limited to earlier stages of development. 

2.3.6 CTCF knockdown results in increased DNA methylation at the Ptcra enhancer. 

Previous work by Smale and colleagues showed that the enhancer for the PreT gene (Ptcra), 

another gene specifically activated in early thymocytes and required for progression to the DP cell 

stage, also remained hypomethylated throughout hematopoietic development [72, 73].  In their 

studies, the authors found that premethylation of the Ptcra enhancer silenced reporter genes stably 

introduced into DN cells, while methylation marks were erased when reporter genes were 

introduced into ES cells [74]. We analyzed ChIP-seq data from the Schübeler laboratory [56] to 

assess CTCF binding in the vicinity of the Ptcra enhancer (Fig. 8A).  Though we observed no direct 

CTCF binding at the Ptcra enhancer, a strong CTCF binding was found about 4 kb upstream in ESCs, 
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DN and DP cells.  We also noted that additional CTCF peaks at both the Ptcra enhancer and 

promoter were induced in DP cells, where PreT expression is downregulated [75]. MeDIP-seq 

analysis corroborated the window of unmethylated CpGs over the Ptcra enhancer in ESCs, but 

revealed strong methylation of the Ptcra promoter (Fig. 8B).  In contrast, little methylation was 

observed across the Ptcra regulatory region in mouse embryonic fibroblasts. 

Though CTCF did not appear to bind the Ptcra enhancer, we wished to determine if CTCF 

might play an indirect role in methylation protection.  Smale and colleagues proposed that Sp1 acts 

as a pioneer factor to promote the ESC-specific priming of the Ptcra enhancer through unknown 

mechanisms [72].  As CTCF is noted to collaborate with Sp1 at a number of genes [76, 77] and has 

been implicated in regulating other pioneer factors [31, 56, 65, 78, 79], we determined the effect of 

CTCF K/D at the Ptcra. As seen at TEA, knockdown of CTCF significantly increased methylation across 

the Ptcra enhancer (Fig. 8C).  The increase in methylation varied widely across the enhancer region, 

suggesting perhaps that CTCF may not play as central a role in protecting Ptcra against methylation 

as it does at TEA.  Indeed, targeted mutagenesis of the Ptcra reporter also suggested a potential role 

for an unidentified E protein in methylation protection [72, 74].  Using ChIA-PET, we also identified 

multiple CTCF-mediated interchromosomal interactions involving the Prcra enhancer (data not 

shown).  Whether methylation protection of the Ptcra enhancer requires CTCF binding distal to the 

enhancer, or requires CTCF-mediated formation of a larger protein:DNA complex remains to be 

determined. Regardless, our findings at TEA and Ptcra, coupled with the genome-wide correlation 

between CTCF binding and local hypomethylation, suggest that the novel role of CTCF in ESC priming 

of differentiation-specific genes may be a more general mechanism of epigenetic developmental 

regulation. 
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Figure 2.7:  Allele-specific knockout of TEA results in a biallelic increase in localized DNA 

methylation immediately outside of the promoter.   A)  Bisulfite mapping was performed using 

allele-specific primers to identify the effects of TEA deletion.  For ratios, see Table S2.  nd – not 

determined, xx – contained within deletion.  B)  A graphical representation of DNA methylation 

patterns of EF1 and both the knockout and wild-type allele of a TEAKO clone, roughly aligned to 

the genetic landmarks BEAD-1, TEA and Jα61 (ND – methylation status of intervening CpGs not 

determined, X – CpG deleted from TEA∆ 129 allele).   CpGs are identified based on distance from 

the TEA transcription start site.  
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Figure 2.8:  Knockout of TEA results in increased DNA methylation at an unmethylated window in 

the Ptcra enhancer .   A)  CTCF binding analysis performed using ChIP-Seq datasets compiled from 

the Torkamani lab (DN, DP [37]) and the Schuebeler lab (ESC [56]) and analyzed for the Ptcra 

region (reference genome mm9, chr17:46,900,500-46,908,500).  B)  DNA methylation analysis 

performed using MeDIP-Seq datasets compiled from the Beck lab [68] and analyzed for the Ptrca 

region (same coordinates as in Fig. 8A).  Shown MEF/ESC are representative of triplicate MeDIP-

seq experiments.  All datasets are freely available from GEO and visualization was performed 

using the UCSC Genome Browser. (http://genome.ucsc.edu/)  C)  Bisulfite mapping of the Ptcra 

enhancer in wild-type EF1 cells and upon stable integration of anti-CTCF or scrambled shRNA 

constructs.   

 

http://genome.ucsc.edu/
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2.4 Discussion 

Though Tcra is not transcriptionally or recombinationally active until the DP stage of 

thymocyte development, our findings suggest that Tcra regulatory elements are primed for 

activation in very early embryonic stem cells, and that CTCF specifically protects the T early alpha 

promoter in ESCs against repressive methylation. Specifically, we found that the CTCF binding 

pattern at TEA and E that is critical for Tcra germline transcription and recombination in DP cells is 

present in early epiblast ground-state cells, and correlates with strong hypomethylation of DNA 

surrounding both regions throughout development. Indeed, the only cell type analyzed that shows 

hypermethylation of CpGs directly over TEA is murine sperm, which lacks CTCF expression [80] (Fig. 

S1).  Loss of either CTCF or its cis target resulted in hypermethylation of the BEAD-1-TEA-J61 

region, and in the case of heterozygous TEA deletion this hypomethylation was not confined to the 

targeted allele, strongly suggesting that CTCF binding protects the TEA region against methylation, 

perhaps through formation of a biallelic regulatory complex. We also report evidence of a similar 

protective role for CTCF at the Ptcra gene, suggesting CTCF’s role as a protector of differentiation-

specific genes against methylation during early embryonic development may be more widespread.  

While >85% of all CpG dinucleotides are methylated in the genome of terminally 

differentiated mammalian cells [81], >90% of CpGs within so-called CpG islands are hypomethylated 

[82].  This hypomethylation at CpG islands, which are predominantly found in the promoter regions 

of genes - particularly housekeeping genes - has long been known to be essential for promoter 

activity [28, 83, 84]. However, much less is known about the regulatory impact of CpG methylation 

on genes that are not associated with CpG islands.  Tcra does not have sufficient GC content or CpG 

dinucleotide percentage to be considered either a CpG island or a CpG island shore [82, 85-87].  In 
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fact, the nearest CpG island identified by the UCSC Genome Browser to the TEA promoter is located 

far downstream, at the transcription start site of Dad1, and there are no CpG islands upstream of 

TEA for over a megabase (http://genome.ucsc.edu/cgi-bin/hgTracks).  Outside of CpG islands, low 

levels of methylation at promoters correlate with transcriptional activation and developmental 

potency [88, 89], while within gene bodies, high levels of DNA methylation correlate with active 

transcription [89, 90].  Consistent with this pattern, we find that the Jα region appears 

hypomethylated in the EF-1 cell line (where it is not transcribed), but is heavily methylated in Rxβ 

thymocytes (where it is transcribed), while TEA remains hypomethylated throughout development.  

Genome-wide, CTCF binding inversely correlates with CpG methylation.  A causal 

relationship between the two remains unclear, though the ability of CTCF to direct demethylation of 

premethylated reporter transgenes argues that CTCF binding can initiate local demethylation [56].  

In this study, we illustrate that CTCF binding at TEA, in a manner independent from its recently 

discovered role in Tcra recombination, is retained in a variety of differentiated embryonic and 

extraembryonic tissues.  The embryo begins in a globally demethylated state as a result of gamete 

fusion and goes through a process of de novo methylation soon after uterine implantation [26, 29, 

91, 92].  Detection of similar CTCF binding patterns in the TEA region of cells isolated from different 

compartments of the early blastocyst (placenta from the trophectoderm and fetal tissues from the 

epiblast) suggests that CTCF binding occurs prior to the peri-implantation global methylation event.  

Ground-state ESC culture (i.e., minimal defined serum-free medium supplemented with LIF and 

inhibitors of MEK and GSK3) supports the development of a totipotent state similar to pre-

implantation embryonic cells [93].  So-called 2i cultures are also marked by dramatic genome-wide 

hypomethylation relative to traditional serum-cultured ESCs [94].  Yet, loss of either CTCF or the TEA 

http://genome.ucsc.edu/cgi-bin/hgTracks
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promoter led the methylation domains that normally flank TEA to expand across the promoter 

region in our 2i cultures, suggesting that CTCF binding is essential to maintain the promoter’s 

hypomethylation from the ground state of embryonic development onward. 

Irrespective of the role played by CTCF in protecting TEA from methylation, it is noteworthy 

that this protective role may be necessitated by the hypermethylated environment that surrounds 

TEA. Though DNA methylation patterns are reversible between 2i and serum ESCs [94], 

hypermethylation of the 3 kb stretch that separates BEAD-1 from J61 (which includes the TEA 

promoter) remains relatively constant in both our 2i ESCs and in 2i ESCs examined by Habibi et al. 

([94], Fig. S1).  Indeed, only in the genome of oocytes was the TEA flanking region entirely 

unmethylated [95], suggesting that it is targeted for methylation in the earliest stages of 

embryogenesis.  In contrast, analysis of the methylome in naturally CTCF-repressed sperm [80] 

reveals full methylation of the entire region, including the normally unmethylated TEA promoter 

itself (Fig. S1), further affirming a role for CTCF in this protection.  What might be the functional 

significance of this hypermethylation? One possibility is suggested by the positioning of Tcrd 

between the V and J segments of Tcra. Given that TEA sits less than 10 kb downstream of the Tcrd 

enhancer and less than 4 kb downstream of the TRVD5 promoter, constitutive hypermethylation of 

the intervening region may aid in segregating the J gene segments from Tcrd gene regulation.  

Such a role might explain why mice deficient for the BEAD-1 insulator element originally 

hypothesized to play that role showed no apparent perturbation in either Tcrd or Tcra gene 

regulation [96].  The 2 kb differentially methylated region (DMR) that governs H19/Igf2 imprinting is 

similarly hypermethylated in 2i and serum ESCs [94, 97], though unlike the region at TEA, the DMR is 

CpG-rich, is only methylated on the paternal allele, and this methylation includes 4 unoccupied CTCF 
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binding sites [98].  Notably however, loss of CTCF leads to hypermethylation of the maternal DMR 

similar to the effect we observe at TEA [99].  Alternatively, hypermethylation of the TEA region, 

together with the equally stable binding of CTCF at TEA, may play a more structural role in 

chromosomal organization or maintenance.  At present, the functional significance of the 

methylated sequence surrounding TEA as well as the factors responsible for its establishment and 

maintenance remain to be determined. 

The density of SNPs between the 129 and B6 alleles of Tcra/d in EF-1 ESCs allowed us to 

observe that while TEA itself remained unmethylated on wildtype B6 alleles of heterozygous 2i 

TEA+/- cells, methylation was dramatically increased across more distal BEAD-1 and Jα61 sequences 

on both the B6 and mutant 129 alleles. Hypomethylation of the B6 TEA and homozygous 

hypomethylation of E in these cells precluded an indirect effect of TEA deletion on Tcra 

methylation in general. At the same time, the J region shows increasing methylation in RAG-

deficient DN thymocytes, and full methylation in RAG-deficient DP thymocytes, despite the presence 

of CTCF bound to TEA (data not shown). As such, the biallelic impact of TEA deletion that we observe 

on flanking sequence methylation in 2i cells may indicate an inter-allelic interaction that is limited to 

early development. Homologous pairing of chromosomes has been noted previously in embryonic 

stem cells, where transient association of the two X chromosomes leads to monoallelic X 

inactivation [100].  CTCF is vital to X-inactivation, as CTCF knockdown precludes endogenous 

homologous association and impairs the efficiency of X inactivation [101]. Similarly, biallelic 

methylation protection across the BEAD-1-J61 region of 2i ESCs may contribute to establishing the 

functional boundary that separates Tcra and Tcrd, and is eventually replaced by activities that do 

not require hypomethylation. Further analysis will be necessary to determine the molecular nature 
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of the biallelic impact on BEAD-1-J61 methylation we observe in TEA+/- cells, and its significance to 

developmental regulation of Tcra/d. 

In summation, our findings illustrate that a defined DNA methylation phenotype for the 

BEAD-1-TEA-Jα region is established in ground-state embryonic cells, long before commitment to 

the hematopoietic lineage.  This methylation phenotype is dependent on CTCF expression as well as 

a CTCF site located within the TEA promoter, and monoallelic elimination of TEA appears to 

dramatically alter proximal DNA methylation patterns in ground-state ESCs in a biallelic fashion.  

How this alteration correlates with nuclear association of chromosomes and transcriptional 

competence in ESCs, as well as the effect of this deletion on hematopoietic lineage commitment and 

subsequent antigen receptor assembly potential, will increasingly shed light on the complex 

epigenetic regulation of this and other differentiation-specific genes in early development.   
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Table 2.S1.  PCR primer sets 

Amplicon Strand Sequence Tm 

KO Screen    

B6 Allele S CTA AAA ACC AGG CCT GAC TTT CC 63°C 
 A AGG AGT CAG TCA CAG TCC CAT CAA  

129 Allele S CTA AAA ACC AGG ACT GGC TTT CT 63°C 
 A AGG AGT CAG TCA CAG TCC CAT CGC  

ChIP    

TEApro2 S TCT GTC TCC ATT CCC CAT CAT CC 63°C 
 A TCT CTT ATC CTT GAA GCC CGT CC  

Chr1 S GTG GAT AGG GGG TCT GAG G 63°C 
 A CCA CTA ACC TGA CTA TCA AGC C  

3C    
 Eα anchor AAG TCA AGG CAC AGA CAG TC  
 TEA probe TCC GCA AGG TCT TTC TTC AAA GCA GGA  
 Eδ 

probe(Test1) 
TCG ACC CTG CTA TAG TCA TC  

RT-qPCR    

actin S AGA GCT ATG AGC TGC CTG ACG GCC 59°C 

 A AGT AAT CTC CTT CTG CAT CCT GTC  

CTCF rtPCR S CCT GCT GTA GAA ATT GAA CCT GAG CC 66°C 
 A ATA GTC CTG GTG CCG AGC AAG GCC CC  

Bisulfite    

5’Vδ5bsf S TTT TGT TGG TTT TGT TGT GT 57°C 
 A TCT CTA CAC ACT TAA ATT TC  

3’Vδ5bsf S TTT AAA AGT AGA GGT GGG GT 55°C 
 A AAC CCT ATC RAA CAT TAC AAT AAA C  

3’BEADbsf S TGG GTG TAA TAG TTT TTT TTG 56°C 
 A TAT TCT TTT ACT ACA CAT CTA TTT AC  

5’TEAab3bsf S AAA GGG TAT TTT TGA GAA GGT TA 57°C 
 A AAA CTA CTT ACT ACA CAC AA  

5’TEA-Bbsf S GGT TTT TAG TTT AGT TTT AG 53°C 
 A CAA CCA TTT TTT CCT ATT TAA C  

5’TEA-a1bsf S ATT TGG GGA TAA AAT TTT GG 53°C 
 A AAA CTT TAA ACT CAC TCA ATC  

TEAbsf S AGG TAA AGT GAA GGA AAT TAG AA 53°C 
 A AAC TCA TAA AAC CAA TAC AAA AA  

3’TEAbsf S TTT TTG TTT TTT TGT GGT ATT TT 53°C 
 A AAT TCT TCA TCC TTA TTC TTA CC  

Jα61bsf S TGG AAG TGT TTT TTT AGG AAT AG 53°C 
 A ACA CAT TTT TTC TTT CTA AAA C  

Eαbsf S AGG GGG TAT TGT TTR TTT AG 59°C 
 A RAA TTC CAA ACC CTT ATT CT  

TEAKObsf S GTT GTA GTT GTT TGT AAT GAG TTT 56°C 
 A CTT TAC ATT ATC TCT ACC TA  

PreTαEbsf S GGT ATG GGT TAT TAA GTT AGT A 55°C 
 A CAA TTT TAA TAA CCA CTT TCC  
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Table 2.S2.  Percent methylation of CpG dinucleotides surrounding the TEA promoter 

Cell line 
CpG positions* 

-4388 -4352 -4309 -4278 -4269 -4243 -4206 -4154 -4110 #### -3598 -3507 -2568 -2523 -2501 -2463 -1635 -1607 

                  
  

EF-1 
0% 

(0:7) 
42.9% 
(3:7) 

28.6% 
(2:7) 

28.6% 
(2:7) 

0% 
(0:7) 

28.6% 
(2:7) 

28.6% 
(2:7) 

0% 
(0:7) 

0% 
(0:7) 

28.6% 
(2:7) 

10% 
(1:10) 

10% 
(1:10) 

40% 
(2:5) 

0% 
(0:5) 

0% 
(0:5) 

20% 
(1:5) 

9.1% 
(1:14) 

0% 
(0:14) 

CTCF RNAi 
2-12 - - - - - - - - - - - - - - - - 

100% 
(4:4) 

100% 
(4:4) 

*numbering relative to the first base of the TEA transcription start site 

Table 2.S2.  Percent methylation of CpG dinucleotides surrounding the TEA promoter       

Cell line 
CpG positions* 

-1506 -1462 -1288 
-1097 

or  
-1073 

-1024 -240 -118 22 335 349 420 2069 2084 2103 2153 2173 75251 75295 75347 75364 75452 

EF-1 
9.1% 
(1:14) 

0% 
(0:14) 

- 
100% 
(9:9) 

100% 
(9:9) 

12.5% 
(2:16) 

0% 
(0:16) 

31% 
(4:13) 

100% 
(7:7) 

100% 
(7:7) 

100% 
(6:6) 

13% 
(2:15) 

27% 
(4:15) 

13% 
(2:15) 

13% 
(2:15) 

13% 
(2:15) 

20% 
(1:5) 

0% 
(0:5) 

20% 
(1:5) 

40% 
(2:5) 

20% 
(1:5) 

CTCF 
RNAi  
2-12 

75% 
(3:4) 

100% 
(4:4) 

- 
60%  
(3:5) 

100% 
(5:5) 

50% 
(4:8) 

75% 
(6:8) 

87.5% 
(7:8) 

89% 
(8:9) 

100% 
(9:9) 

100% 
(9:9) 

67% 
(2:3) 

67% 
(2:3) 

67% 
(2:3) 

100% 
(3:3) 

67% 
(3:3) 

- - - - - 

CTCF 
RNAi  
1-15 

- - - - - 
28.6% 
(2:7) 

25% 
(2:8) 

71.4% 
(5:7) 

- - - - - - - - - - - - - 

siRNA 
Control 

- - - - - 
10% 

(1:10) 
0% 

(0:10) 
56% 
(5:9) 

- - - - - - - - - - - - - 

TEAKO 
(B6) 

33% 
(2:6) 

67% 
(4:6) 

83% 
(5:6) 

100% 
(6:6) 

100% 
(6:6) 

16.7% 
(1:6) 

0% 
(0:6) 

33.3% 
(2:6) 

88% 
(7:8) 

50% 
(4:8) 

100% 
(8:8) 

80% 
(4:5) 

40% 
(2:5) 

80% 
(4:5) 

80% 
(4:5) 

100% 
(5:5) 

0% 
(0:4)* 

0% 
(0:4)* 

0% 
(0:4)* 

50% 
(2:4)* 

0% 
(0:4)* TEAKO 

(129) 
82% 

(9:11) 
36% 

(4:11) 

91% 
(10:11

) 

64% 
(7:11) 

91% 
(10:11

) 
xx xx xx 

100% 
(5:5) 

100% 
(5:5) 

- 
80% 
(4:5) 

80% 
(4:5) 

100% 
(5:5) 

80% 
(4:5) 

80% 
(4:5) 

TEAKO 
DP 

- - - 
83.3% 
(5:6) 

100% 
(6:6) 

xx xx xx 
100% 
(10:10

) 

100% 
(10:10

) 

100% 
(6:6) 

100% 
(7:7) 

100% 
(7:7) 

100% 
(7:7) 

100% 
(7:7) 

100% 
(7:7) 

0% 
(0:5) 

0% 
(0:5) 

80% 
(4:5) 

80% 
(4:5) 

40% 
(2:5) 

RxB - - - 
100% 
(5:5) 

80% 
(4:5) 

0% 
(0:3) 

0% 
(0:3) 

0% 
(0:2) 

75% 
(3:4) 

75% 
(3:4) 

100% 
(4:4) 

100% 
(3:3) 

100% 
(3:3) 

100% 
(3:3) 

67% 
(2:3) 

33% 
(1:3) 

0% 
(0:4) 

0% 
(0:4) 

50% 
(2:4) 

75% 
(3:4) 

25% 
(1:4) 

*numbering relative to the first base of the TEA transcription start site 

   

% Methylation (# times CpG was methylated : # times CpG was sequenced).  Example cell:  42.9% (3:7)  42.9% methylation, 7 clones analyzed, CpG was methylated 3 times and unmethylated 4 times 

         *: unable to differentiate B6 allele from 129 allele                                                       -:  Not tested   xx:  CpG deleted in knockout formation 
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Figure 2.S1:  Regions upstream and downstream of TEA remain relatively hypermethylated in both 

serum and 2i conditions.  Global CpG methylation analyses performed using MethylC-seq (sperm) 

and whole-genome bisulfite sequencing (ESCs) were compiled from the Kono lab (sperm [95]) and 

the Marks lab (ESCs [94]) were examined in the vicinity of TEA (reference genome mm9, 

chr14:54,768,400-54,776,110).
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Figure 2.S2: CpG dinucleotides inserted during creation of TEAKO are fully methylated in both 

embryonic stem cells and DP thymocytes. Bisulfite mapping was performed using an upstream 

primer within the deleted region and a downstream primer within the germline sequence to 

selectively amplify alleles containing the TEA knockout for both the embryonic stem cell line 

TEAKO and DP thymocytes from a biallelic knockout mouse.  The sequence information below 

identifies the location of each CpG within the inserted sequence.
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CONCLUSION 

In this study we shed light on powerful and novel regulatory mechanisms governing 

rearrangement of the murine T cell receptor gene loci.   Within Tcra, we have identified a stable 

region of DNA hypomethylation at the TEA promoter during embryonic and hematopoietic 

development resulting from stable binding of the transcription factor CTCF at a site ~100 bp 

upstream of the TEA transcription start site.  Removal of CTCF from this site via CTCF knockdown or 

monoallelic deletion of TEA resulted in a dramatic increase in DNA methylation over 1 kb both 

upstream and downstream of TEA, while stable fully methylated DNA regions located 800 bp 

upstream and 300 bp downstream of TEA were unaffected.  In addition, the TEA-distal increases in 

DNA methylation upstream and downstream of TEA occurred on both alleles, suggesting protection 

from DNA methylation at these regions may involve CTCF-mediated allelic cross-talk.    

 Recombination of Tcra and Tcrd loci occur during different stages of thymocytes 

development (DP and DN, respectively) despite their location in the same genomic region, with less 

than 4 kb separating the TEA promoter from the upstream TRDV5 gene segment.  The Eδ enhancer, 

which lies 10 kb upstream of TRDV5, activates TRDV5 transcription during the DN stage and is 

capable of supporting promoter activity up to 55 kb away, an insulation mechanism between these 

two regions seems a likely necessity.  As insulation mechanisms that keep transcription from Tcra-

associated promoters silent during DN T cell development remain elusive, we propose that our 

extended region of hypermethylation surrounding the TEA promoter, which stretches from 400 bp 

downstream of purported insulator BEAD-1 to 600 bp upstream of proximal Jα subunit Jα61, may 

help segregate Jα promoters from Tcrd transcription control elements.  Further studies regarding 

functional significance of the hypermethylated region to Jα transcriptional control are underway, 
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using transgenic reporters that harbor targeted deletions within this region, and assessing reporter 

activity using an in vitro thymocyte differentiation system.   

 Vertebrate development requires lineage-specific restriction of a wide swath of genes.  

Recent findings from the ENCODE project powerfully illustrate the roles of noncoding regulatory 

elements and their epigenetic modulation in orchestrating developmental gene regulation.  

Harnessing the power of the epigenome to develop novel therapies will require a much better 

understanding of how it contributes to both development and disease.  Much focus has centered of 

late on generation of pluripotent cell lines from established somatic cell types through reversion 

(induced pluripotent stem cells or iPSCs) or somatic cell nucleus transfer into oocytes.  Such cells 

offer astounding medical implications, from growing new organs in vitro to providing fundamental 

insights on cancer establishment and progression.  However, both of these techniques remain 

problematic due in part to partial retention of somatic epigenetic features in the resultant stem 

cells. 

In this study, we’ve identified a defined and stable epigenetic signature established during 

early embryonic development and maintained through terminal differentiation.  Whether CTCF 

binding post-fertilization serves to demethylate TEA or binds prior to genome methylation and 

insulates the promoter remains to be seen.   Likewise, future studies will be necessary to determine 

the extensibility of this priming mechanism to the regulation of other tissue-specific genes, though 

preliminary analyses of the Ptcra enhancer already suggest a similar role for CTCF-mediated 

insulation there.  Our ongoing characterization of the Ptcra enhancer, as well as analyses of other 

CTCF-bound tissue-specific elements, is expected to shed new light on the epigenetic regulation of 

tissue-specific genes in early development.  
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  Beyond gene priming, my research has generated a new tool for analysis of recombination 

patterns during thymocytes development, in the form of a battery of T cell lines that have stably 

generated collections of Dβ-Jβ and Vβ-DJ recombinations.  Indeed, these cell lines have helped our 

laboratory characterize a novel mechanism for promoter regulation within the TCRβ locus, in which 

repression of the 5’PDβ2 promoter is removed through sufficient accumulation of dsDNA breaks 

specifically at the DJ2 gene segment cassette.  Recombinase-dependent DNA breaks trigger de-

repression by inducing loss of the stress-response factor USF-1 from its binding site within the 12-

RSS of Dβ2.  Both USF-1 binding and transcriptional repression can be restored through inhibition of 

DNA-PKcs, an essential component of the DNA repair machinery that completes V(D)J 

recombination, and a known regulator of USF-1.  The physiological ramifications of 5’PD2 de-

repression have yet to be demonstrated, though work to that end is underway in the laboratory.  

However, our previous research has shown that promoter location relative to D1 has a dramatic 

effect on the ability to form DJ1 joints.  Specifically, when promoter activity was redirected 

downstream of D1 in transgenic reporters, DJ1 recombination was severely attenuated.  We 

expect a reversal of this phenomenon at endogenous D2.  We believe the slow accumulation of 

DJ2 joints in mouse and human thymocytes forces initial V-to-DJ recombination to target more 

rapidly accumulating DJ1 joints, likely stemming from DJ2 promoter activity that is located 

downstream of D2. Since the ability of DNA-PKcs recruited to DJ2 breaks to redirect promoter 

activity upstream of D2 would be expected to enhance DJ2 recombinational accessibility for V 

assembly, our findings suggest a novel positive feedback loop in which recombination activity 

augments recombinational accessibility and subsequent usage of D2 in the repertoire.  Further 



125 
 

characterization of USF-1 function at Tcrb and formal testing of this hypothesis is underway in the 

laboratory.  Additionally, USF-1 has previously been shown to regulate transcription in Tcrd and in 

IgH.  We have also begun projects in the laboratory to more carefully assess the potential impact of 

recombination-mediated USF-1 feedback at each of the other antigen receptor loci.  These studies 

are expected to clarify the mechanics and generalizability of USF-1-mediated dsDNA break response 

to development of the antigen receptor repertoire. 

 Antigen receptor gene recombination and expression is a fundamental part of our capacity 

to respond to colonization by pathogenic organisms.  The highly orchestrated manner in which 

antigen receptor genes are developmentally regulated, and the diverse array of genetic tools 

already amassed to study lymphocyte development, make the antigen receptor genes powerful 

models for dissecting the epigenetic programs that govern gene activation during embryogenesis 

and differentiation.  This document presents evidence supporting two novel regulatory mechanisms: 

gene priming by CTCF-mediated hypomethylation, and DNA damage-mediated feedback of 

chromatin accessibility to further enzymatic targeting.  It is our hope that these exciting findings will 

help shed light specifically on antigen receptor gene assembly and, more broadly, on the epigenetic 

programs that govern developmental gene regulation.   
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CHAPTER A1 

RAG-DSB Feedback Control of D2 Germline Transcription in a CD4/CD8 Double Negative T cell line 

acts through USF-1-mediated Promoter Repression 
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ABSTRACT 

The adaptive immune repertoire is generated through somatic rearrangement of the genes 

that encode our antigen receptor proteins.  This rearrangement process, termed V(D)J 

recombination, occurs in a stepwise manner during lymphogenesis, and is rigorously controlled 

through transcriptional modulation of each antigen receptor gene’s chromatin conformation, 

increasing or reducing the accessibility of discrete intragenic regions to recombinase.  During αβ T 

cell development, Tcrb assembly involves simultaneous recombination of two DJ cassettes, 

followed closely by recombination of a more distal upstream V segment to the first assembled DJ 

joint.  Initial V-to-DJ joints predominantly involve the upstream DJ (DJ1) cassette.  However, 

usage of DJ1 and downstream DJ2 in the circulating repertoire is roughly equal, as secondary V-

to-DJ2 rearrangements serve to rescue frameshifted primary joints involving DJ1.  We previously 

showed that recombinational accessibility of DJ1 is governed by transcriptional activation at the 

PD1 promoter positioned immediately 5’ of D1, while D2 is flanked by a downstream promoter 

(3’PD2) and a 5’PD2 that is repressed prior to recombination.  As part of a larger study to define 

the molecular mechanism of 5’PD2 repression and its release upon recombination, I constructed a 

series of T cell lines with distinct DJβ recombination profiles.  I found that transcriptional activity of 

5’PD2 increased in cells that specifically harbored DJ2 rearrangements.  This increase correlated 

with reduced binding by the stress-response transcription factor USF-1 at the 5’PDβ2 repressor site 

localized to the D2 12-RSS.  Finally, USF-1 binding and 5’PD2 repression was restored in the 

rearranged cell lines upon addition of the DNA-PKcs inhibitor, Nu7026, mirroring results our 

laboratory obtained in gamma-irradiated thymocytes.  Together, these data elucidate a novel 
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feedback response whereby DJ2 rearrangement that is initially delayed due to transcriptional 

activity 3’ of D2 triggers derepression of 5’PD2.  This mechanism allows DJ2 to rescue 

nonfunctional primary rearrangements and maximize the diversity of the  T cell repertoire.  
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A1.1 Introduction 

Adaptive immunity requires antigen receptor gene assembly through a somatic 

rearrangement process called V(D)J recombination.  The recombinase holoenzyme contains an array 

of ubiquitous DNA repair proteins, together with the lymphocyte-specific recombination activating 

gene proteins 1 and 2 (RAG 1 and RAG2), which target conserved recombination signal sequences 

(RSSs) that flank each V, D or J coding segment [1].  Each antigen receptor gene is assembled in a 

regulated, stepwise manner that is intrinsically linked to lymphocyte developmental progression [2].  

Hierarchical regulation of V(D)J recombination is achieved through the combined impact of enzyme-

substrate specificity provided by RAG-1/2 and their target RSSs and by regulating the chromatin 

accessibility of individual RSSs.  So-called recombinational accessibility remains poorly understood 

[3].  However, evidence to date suggests that transcriptional promoters interspersed among antigen 

receptor gene segment clusters, complexed with distal enhancers, modulate local chromatin 

architecture and accessibility to recombinase via transcription of germline or unrearranged gene 

segments [3-5]. 

αβ T lymphocytes require sequential recombination of Tcrb then Tcra genes during CD4/CD8 

double negative (DN) and double positive (DP) stages, respectively.  Tcrb assembly proceeds in a 

stepwise manner involving independent D-to-J recombination at two D-Jβ cassettes, followed by Vβ 

segment recombination to the newly-formed DJ joint.  Recombinational accessibility of the 

upstream DJβ1 cassette is governed in part by the promoter PDβ1, located upstream of Dβ1 [6]; 

when this promoter is deleted, nucleosomal phasing across the Dβ1 RSS is altered and 

recombination involving this cassette is impaired [7-9].  Accessibility of the downstream DJβ2 
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cassette involves a more complex array of genetic elements, containing promoters both upstream 

and downstream of Dβ2 and a putative repressor element centered on the Dβ2 12RSS [4, 10, 11].   

Germline transcription also differs significantly between the two DJβ cassettes.  While PDβ1 

drives Dβ1 transcription in the presence or absence of DJβ1 recombination, evidence suggests 

transcription at DJβ2 is initiated from the downstream PDβ2 in the absence of DJ2 recombination 

but begins from the upstream PDβ2 upon deletion of the downstream promoter by excision during 

DJβ2 rearrangement [4, 11].  However, efforts to demonstrate the sensitivity of D2 promoter usage 

to locus recombination have been limited in our laboratory by the transient nature of DJ joints in 

developing thymocytes (functional DJ joints are rapidly resolved by V-to-DJ recombination).  

Toward this end, we have constructed a series of RAG-deficient T cell lines that possess stable 

profiles of Dβ-Jβ recombinations.  These cell lines, confirmed by both PCR and sequencing, were 

used to clarify the role of recombination in the differential activation of D2 germline promoters. 
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A1.2 Materials and Methods 

A1.2.1 Cells and Antibodies. 

The Rag1-/- P53-/- pro-T cell line, P5424, was originally derived from C57BL/6 mice [12]. 

P5424 cells were cultured at 37°C, 5% CO2 in RPMI 1640 medium supplemented with 10% fetal calf 

serum, 2 mM L-glutamine, penicillin/streptomycin (50 units/ml), and 50 μM β-mercaptoethanol.  

Balb 3T3 fibroblasts were maintained in DMEM supplemented with 10% fetal calf serum, HEPES (N-

2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), 2 mM L-glutamine, and penicillin/streptomycin 

(50 units/ml). Antibodies used in the following studies included: H3K9ac (Ab10812; Abcam), 

H3K4me2 (07-030; Millipore), H3K4me3 (39159; Active Motif), USF-1 (sc-229; Santa Cruz 

Biotechnology) and isotype-matched rabbit IgG (10-4102; Rockland Immunochemicals). 

A1.2.2 Stable recombination through transient transfection. 

7 x 106 cells were electroporated (300 l serum free RPMI, 260 V/950 mF) with 5 μg p-

phosphoglycerate kinase (PGK)–RAG1, PGK-RAG2 and 5 μg pMACS4.1 (Miltenyi Biotech) and allowed 

to recover overnight. Transfectants were enriched using Dynabeads FlowComp Mouse CD4 

magnetic beads (Invitrogen) and retransfected as above prior to subcloning.  Successfully rearranged 

subclones were screened by PCR.  The integrity of all constructs and DJ rearrangement profiles of 

all transfectants were confirmed by sequencing (Eton Biosciences). 

A1.2.3 Ionizing radiation treatments. 

  To model RAG-induced DSBs, P5424 cells (106/ml RPMI growth medium) were exposed to 

increasing doses of ionizing radiation using a Gammacell 220 cobalt-60 irradiator (MDS Nordion) or 

plated in RPMI supplemented with 3 M etoposide for 4 h.  After genotoxic insult, cells were 

washed in PBS, replated in normal medium, and allowed to recover for 18–24 h prior to chromatin 
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and RNA extraction.  For kinase inhibition studies, cells were pretreated with 0.1% DMSO, SB203508 

(10 M; Calbiochem), Nu7026 (10 M; Cayman Chemical), or Ku55933 (15 M; Selleck Chemicals) 

for 40 min at 37°C before genotoxic insult. 

A1.2.4 CpG methylation. 

Sodium bisulfite modification of DNA was performed using EpiTect Bisulfite Kits (Qiagen) 

according to the manufacturer’s instructions.  Methylation was quantitated by the Sequenom 

MassARRAY platform with EpiTYPER analysis software (Sequenom).  EpiDesigner software 

(Sequenom) was used to design T7-tagged and matched primers to CpG-deficient targets across 

Dβ2.  PCR was performed using HotStarTaq (Qiagen) and products were processed using 

MassCLEAVE as per the manufacturer’s protocol (Sequenom).  Resulting fragmented transcripts 

were spotted onto SpectroCHIPS for mass spectrometry analysis on a MassARRAY instrument 

(Sequenom) to quantify the methylated fraction in each amplicon.   

A1.2.5 Chromatin immunoprecipitation. 

Chromatin was prepared from formaldehyde cross-linked P5424 as described [13].  

Specifically, protein-DNA complexes were cross-linked using formaldehyde (Sigma, 1% final 

concentration) added drop-wise to cells in growth medium followed by gentle shaking for 10 

minutes at room temperature.  Drop-wise addition of glycine (125 mM final concentration) followed 

by gentle shaking for 5 minutes at room temperature served to stop cross-linking.  Cross-linked cells 

were pelleted (1100 RPM, 4oC, 5 minutes), washed with 10 mL PBS, and final cell pellets were 

supplemented with 5 l PMSF (100 mM stock) and 5 l 100X protease inhibitor cocktail (PIC, Sigma 

P8340) and resuspended in 1 mL of lysis buffer (10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 3 mM MgCl2, 

0.5% NP-40).  Cells were lysed for 30 minutes on ice and then dounce homogenized for 10 strokes.  
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Nuclei were pelleted by microcentrifugation (5000 x G, 10 minutes, 4oC), and gently but thoroughly 

resuspended in 500 uL MNase digestion buffer (50 mM Tris-HCl (pH 7.5), 1 mM CaCl2, 4 mM MgCl2, 

0.33 M Sucrose, 5 mM Sodium Butyrate) supplemented with 1 M PMSF and 1X PIC (1.04 mM 

AEBSF, 800 nm aprotinin, 40 µm bestatin, 14 µm E-64, 20 µm leupeptin, 15 µm pepstatin A).  DNA 

content in the preparation was assessed in a 1:10 dilution of nuclei resuspension in 0.1% SDS using a 

Nanodrop 1000 Spectrophotometer (ThermoScientific).   

Nuclei were resuspended in MNase digestion buffer at a concentration of 500 g/mL and 

incubated at 37oC for 5 minutes followed by addition of Micrococcal Nuclease (Sigma) at a 

concentration of 10 U/200 g nuclei.  Digestion proceeded for 7 minutes at 37oC following MNase 

addition, with periodic quick vortexing to facilitate homogenous digestion.  Digestion was stopped 

through addition of EDTA (10mM final) and incubation on ice for 10 minutes. Nuclear debris were 

pelleted by centrifugation (10 minutes at 13,000 RPM in a microcentrifuge), and supernatant 

containing sheared chromatin was stored at -20 or -80oC       

Chromatin was subsequently assayed by chromatin immunoprecipitation (ChIP) as described 

[13].  To elaborate, paramagnetic Dynabeads (Dynal) coupled to recombinant Staphylococcal Protein 

A (5 L/IP) were added to a 1.5 mL microcentrifuge tube, and washed twice using 1x RD buffer, 

consisting of 1x RIPA (10 mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton 

X-100, 0.1 % SDS, and 0.1% NaDeoxycholate) with supplementary addition of sheared salmon sperm 

DNA (ssDNA) (2.5 mg/mL) and BSA (50 mg/mL).  During washes, beads were agitated via alternating 

placement against a strong magnet.  Beads were resuspended in RD (50 L/IP) containing PMSF and 

PIC, transferred to sterile PCR strip tubes, and incubated 1 hr to overnight with antibody of interest 

(1-5 g) with rotation at 4oC.  Conjugated antibody-bead complexes were washed twice in RD, 
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resuspended in 90 l RD containing PMSF/PIC and mixed with 10 L of sheared chromatin (~10^6 

cell equivalents).  Immunoprecipitations were incubated at 4oC with rotation overnight and 

complexes were captured using a strong magnet and washed (via rapid movement of the strip tubes 

back and forth across a bar magnet to ensure bead agitation) as follows:  2 washes with 1x RIPA, 2 

washes with a high salt wash (500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-

HCl at pH 8.0), 2 washes with 250 mM LiCl, 1% NP40, 1% NaDeoxycholate, 1 mM EDTA, 10 mM Tris-

HCl at pH 8.0, and 2 washes with TE (Tris HCl-EDTA) at pH 8.0.  Note:  Washes were conducted using 

180 L of the respective wash buffer per tube.   

To elute protein-DNA complexes after washing, beads were resuspended in 100 L of 100 

mM NaHCO3 (37oC) and mixed by gentle vortex for 15 min at room temperature.  After magnetic 

capture, protein-DNA eluates were transferred to fresh PCR strip tubes containing 2 L 5 M NaCl for 

crosslink reversal (15 min at 95oC).  Untreated input controls were prepared as follows:  10 L of 

input chromatin was diluted in 90 L 100 mM NaHCO3, 2 L 5 M NaCl, and carried through the 

remainder of the process starting with crosslink reversal.  Following crosslink reversal, Proteinase K 

(Ambion, 10 g/mL final) was added to each sample and protein digestion was carried for 60 

minutes at 37oC.  Proteinase K digestion was then stopped through the addition of PMSF (2 mM 

final) and DNA was purified using UPrep columns (Genesee) according to the manufacturer’s 

instructions, with subsequent elution in 100 L H20.    

Samples (4 l) were subjected to QPCR in a MyIQ real-time thermal cycler (Bio-RAD) using 

1x SensiMix Plus (Quantace) in triplicate reactions.  Primers and annealing temperatures for 

chromatin immunoprecipitation are shown (Table I).  Cycling parameters for 20 l reactions were 
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95°C for 10 min, followed by 50 cycles of 95°C for 20 s; annealing for 30 s; and 72°C for 30 s, 

followed by a final 3 minutes at 72°C and melt curve analysis.  Average fold enrichment in bound 

fractions was calculated for triplicate amplifications as previously described [14].  To elaborate:  

during amplification, fluorescence signal intensity was plotted as a function of cycle number.  

Threshold cycle (Ct) was automatically determined and Ct values were screened for reproducibility 

across triplicate reactions using 1-cycle fluctuations as an appropriate cutoff.  Assuming a 

polymerase amplification rate of 100%, fold enrichment was then determined using the following 

equation:  enrichment = 2(Ctinput- CtIP).  Enrichment signals were further normalized to that obtained 

for isotype-matched control antisera. 

A1.2.6 RNA extraction and RT-PCR. 

RNA was extracted using RNAzol RT (MRC) according to the manufacturer’s instructions.  1–

3 μg RNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase 

(MMuLV RT, New England Biolabs) and oligo d(T) primers (2 M).  The resultant cDNAs were 

amplified using intron-spanning primer pairs and melting temperatures described in Table 1 by 

quantitative PCR (as described above).  The relative abundance of cDNAs was quantified following 

QPCR by ΔΔCT normalization to matched untreated controls and standardized for loading variations 

by comparison with values obtained for β-actin.  
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A1.3 Results 

A1.3.1 Isolation of mouse T cell lines possessing an array of Dβ-to-Jβ recombination patterns.   

To determine the effect of different recombination profiles on transcription across the TCRβ 

DβJβ cassettes, we utilized a CD4/CD8 double negative T cell line called P5424.  P5424 was derived 

from a mouse (C57Bl6) pro-T cell with both recombinase subunit RAG-1 and tumor suppressor gene 

p53 removed by homologous transformation, which renders these cells both immortal and 

incapable of independent recombination [12].  To generate different stable patterns of Dβ-Jβ 

recombination, it was necessary to transiently provide the missing recombinase subunit.  The 

natural properties of P5424 and lymphocytes in general (small, non-adherent, and round) make 

them inherently difficult to transfect.  To overcome these issues, we used a transient transfection 

and selection methodology that temporarily provided RAG-1 along with CD4 (Figure 1).  Transfection 

efficiencies proved to be very low.  However, since our goal was to isolate cells with only a minimum 

number of recombinations, the relative inefficiency worked in our favor.  After nine rounds of serial 

transfection, the enriched population was subcloned and screened for D-Jβ recombination by PCR.  

Using primers located upstream of both Dβ segments and downstream primers within Jβ clusters of 

each cassette, we identified a number of stable recombination patterns, including cells that carried 

monoallelic rearrangements of Dβ1Jβ1 but not D2J2, Dβ2Jβ2 but not D1J1, or both Dβ1Jβ1 and 

Dβ2Jβ2 (Figure 2).  A single clone was identified that carried biallelic Dβ1Jβ1 rearrangements in the 

absence of any D2J2 joints.  Further PCR analysis revealed that many of these clones also carried 

TCRγ and TCRδ recombinations as well (summarized in Table 2).  Finally, DJ joints were confirmed 

by sequence analysis (representative sequences for clones c-20 and c-22 are shown in Table 3).  
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Figure A1.1:  Serial transfection and selection of RAG-competent P5424. P5424 cells were 

transiently transfected with plasmids containing full-length RAG-1 and RAG-2, along with an 

expression vector for human CD4 and allowed to recover overnight.  Magnetic anti-hCD4 beads 

were used to enrich for transfected cells.  After 2-4 days, cells were again transfected and selected 

for hCD4 expression. 
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Table A1.1 PCR primer sets. 

 

Amplicon Strand Sequence Tm 

D1 S GAT CCA GAA TGC TTT CAC G 63°C 

 A CTG CAT CCT TTG CTG CTA  

D2 S CCC TCT CAG TCA GAC AAA CCT CTC  63°C 

 A (gl) CTT CCA GTT GAA TCA TTG TGG CCC C  

 A (DJ2.5) CAA AGT ACT GGG TGT CTT GGT TAC  

J2.2 S CAG GAC TGT GCA AAC ACC GGG CAG 63°C 

 A TCC CAG CAT CCA ATC CAG AAA TCC  

J2.4 S GCA TTT CCC AGG CTA AGG 56°C 

 A CCC CAG AAC CCA ACA CAA  

3’D1 

RNA 

S GGC TAC CTC ACT TTG ATG 63°C 

 A CCC CAG GCC TCT GCA TG ATG TTC TGT GTG  

3’D2 

RNA 

S GGT CTT ATA ACA TCT ATG CAT C 63°C 

 A CTG TGT GAC AGG TTT GGG TGA GCC CTC TG  

actin S GTG GGC CGC CCT AGG CAC CAG 56°C 

 A CTC TTT GAT GTC ACC CAC GAT TTC  

DJ2 REC S GTA GAC ACC TGT GGA GAA GAA ACT 63°C 

 A TGA GAG CTG TCT CCT ACT ATC GAT  

USF-1 

RNA 

S ACAAAGTCCTCCGAAAAAAGACCG 63°C 

 A GGGTCCTCTCCAGTAGCCACTGCGC  
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Figure A1.2:  Tcrb rearrangements in individual RAG-P5424 clones.  Using forward PCR primers 

located upstream of Dβ1 and Dβ2 and reverse primers downstream of the final associated J for 

each cassette (illustrated in top panel), we were able to identify each possible Dβ1-Jβ1 and Dβ2-

Jβ2 rearrangement in P5424 subclones following serial transient transfection with RAG expression 

plasmids.  Rearrangement profiles of the D1J1 (upper panel) and the D2J2 cassettes (lower panel) 

in each of the indicated clones are shown.  Results were confirmed by sequence analysis. 
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Table A1.2. Tcr rearrangements in P5424-RAG clones. 

 

Clone Tcrb rearrangements D1 D2 Tcrd rearrangements Tcrg rearrangements 

P5424 D1gl D2gl Gl gl gl gl 

O2 D1gl D2gl Gl gl gl gl 

36 D1gl D2gl Gl gl gl gl 

      

13 D1rec D2gl J1.2/J1.6 gl V1:J1 V5:J1 

19 D1rec D2gl J1.4 gl V4:J1, V4:J2 gl 

c20 D1rec D2gl J1.2/J1.4 gl gl gl 

      

17 D1gl D2rec Gl J2.4 V1:J1 V3:J1, V5:J1 

      

32 D1rec D2rec J1.1 J2.2 V4:J1 gl 

20 D1rec D2rec J1.5/J1.6 J2.4 gl V2:J1 

29 D1rec D2rec J1.3 J2.1 V4:J1, V4:J2 V2:J1, V3:J1, V5:J1 

11 D1rec D2rec  J1.3 J2.3 gl gl 

23 D1rec D2rec J1.1/J1.2 J2.1 V4:J2 V2:J1, V3:J1 

c22 D1rec D2rec J1.2/J1.3 J2.5 gl gl 
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D1J1 cluster: 

P5424      D1—GGGACAGGGGGCCACGGTGATTCAATTCTATGG 

P5424-c20 a) D1—GGGACAGGGGG* ---t--- TTTCCAACGAAA—J1.4 

   b) D1—GG********** ------- **AACTCCGACT—J1.2 

P5424-c22 a) D1—GGGACAGGG*** --agg-- ***ACTCCGACT—J1.2 

   b) D1—GGGACAGGGG** ---tc-- TTCTGGAAATAC—J1.3 
 

D2J2 cluster: 

P5424      D2—GGGACTGGGGGGGCCACAATGATTCAACTGGAA 

P5424-c20 a) D2—GGGACTGGGGGGGCCACAATGATTCAACTGGAA 

   b) D2—GGGACTGGGGGGGCCACAATGATTCAACTGGAA 

P5424-c22 a) D2—GGGACTGGGGGGGCCACAATGATTCAACTGGAA 

b) D2—GGGACTGGGG** ---t---

AACCAAGACACC— J2.5 
*D coding sequence in parental P5424 is underlined.  

Table A1.3.  D-to-J recombinant sequence in clones c20 and c22. 

 



143 
 

A1.3.2 Transcriptional activation of 5’PDβ2 is upregulated on both germline and rearranged alleles 

in cells possessing at least one Dβ2-Jβ2 joint.  

After confirming and characterizing the DJ recombination pattern of each RAG-P5424 

clone via PCR and sequencing, we prepared RNA samples to examine D2 germline transcription.  As 

noted above, D2 is flanked by two promoters: one immediately upstream (5’PD2) and one 

downstream between D2 and J2.1 (3’PD2) [4].  Prior to Tcrb recombination, only 3’PD2 is 

active, while analyses of DP thymocytes that carry DJ2 joints (and consequently have deleted 

3’PD2) show strong activation of 5’PD2 [4].  This led us to speculate that repression of 5’PD2 is 

mediated by elements deleted by D-to-J joining.  However, luciferase reporter assays and EMSA 

analyses both pointed to a single repressor element that binds the pleiotropic stress-response 

protein Upstream Stimulatory Factor-1 (USF-1) within the 5’ D2 12-RSS (used for V-to-DJ 

recombination, and not deleted by D-to-J joining) [11].  Previous studies have shown that USF-1 

activity in skin keratinocytes is modulated in response to UV light-induced DNA lesions.  We 

speculated that a similar response to RAG-mediated DNA damage might underlie the association 

between DJ2 recombination and 5’PD2 activation.  If so, we would expect to find in our panel of 

differentially rearranged P5424 clones that 5’PD2 activation could be uncoupled from DJ2 

recombination of the same allele. To that end, we designed an RT-PCR strategy that would only 

amplify message that read across the unrearranged D2 coding segment and its flanking RSSs. 

As shown in Figure 3, transcription initiating immediately 5’ of Dβ2 dramatically increased 

upon accumulation of a single Dβ2 recombination in clone 17 (50- and 100-fold over levels observed 

for constant regions 2 (Cβ2) and 1(Cβ1), respectively, neither of which was significantly affected by  
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Figure A1.3:  Transcription upstream of Dβ2 increases upon D2J2 recombination.  Quantitative RT-

PCR of germline transcripts initiating immediately 5’ of Dβ2 (black bars) was compared with levels 

of total (germline and rearranged) transcription across C1 (white bars) and Cβ2 (gray bars) in 

wild-type thymocytes, parental P5424 and the RAG-P5424 clones.  The rearrangement status of 

each clone is indicated in parentheses.  Amplification signals for each target are normalized to β-

actin, and expressed relative to that in parental P5424. Bars represent mean relative expression (± 

SEM), n = 3.   
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Tcrb assembly).  In sharp contrast, 5’D2 transcription was not induced by either mono- (clone 19) 

or bi-allelic (clone 13) generation of DJβ1.  Likewise, the presence of DJ1 joints in addition to DJ2 

joints did not significantly augment 5’D2 transcription levels beyond that obtained in the presence 

of DJ2 joints alone (compare clone 17 to clones 32, 11, 29, 23 and sub22), suggesting that 

recombination outside of the DJ2 cassette may in and of itself be insufficient to remove repression  

of the 5’PD2 promoter [4, 11].  Cells from wild-type C57Bl6 thymii showed an intermediate (20-

fold) increase in transcription 5’ of Dβ2, consistent with a mixed population in which some 

percentage of the cells have not undergone Dβ2-Jβ2 recombination.  Clone O2, a cell subcloned 

from the same transfection repeat as the others but lacking Tcrb recombination, displayed a pattern 

of transcription similar to parental P5424.  This confirmed that 5’D2 transcription was unlikely to 

derive from the process of repeated transient transfections and selections we employed to isolate 

the rearranged clones.   

A1.3.3 Differences in transcription at Dβ2 are not due to epigenetic alterations. 

Previous reports from our laboratory showed that 5’Dβ2 is bound by a variety of transcription 

factors in its repressed state in DN thymocytes and P5424, which suggests at least some level of 

accessibility prior to promoter activation [10].  To measure the effect of recombination on 

epigenetic modifications associated with accessibility, we used bisulfite conversion to map the 

methylation of CpG dinucleotides in the vicinity of Dβ2 for P5424 clones c20 and Sub22 (c22).   Both 

of these clones carry bi-allelic DJ1 joints; while c20 lacks any DJ2 rearrangements, c22 harbors 

one germline DJ2 and one D2-J2.5 joint (Table 3).  Of eight CpGs within 600 bp of Dβ2, all were 

largely unmethylated (<15% methylation) in parental P5424, c20 and c22 (Table 4).  In contrast, 

methylation levels were significantly elevated in Balb 3T3 fibroblasts at all but the 2 CpGs most 
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proximal to Dβ2, which remained unmethylated.  Protection of the D2 CpGs in such divergent cell 

lineages suggests that, unlike surrounding sequence, the D2 coding segment may be universally 

protected against DNA methylation, consistent with its critical regulatory role. Regardless, the data 

clearly demonstrate that, unlike 5’D2 transcription, CpG methylation patterns upstream of D2 are 

fixed prior to locus assembly and consequently do not contribute to 5’PD2 induction upon DJ2 

recombination. 

Beyond CpG methylation, covalent histone modifications have been tightly linked to the 

chromatin opening and transcriptional status of genes. In particular, acetylation of histone H3 at 

lysine 9 (H3K9ac) and di and tri-methylation of H3 lysine 4 (H3K4me2 and H3K4me3) strongly 

correlate with chromatin opening and transcriptional activity, respectively, while tri-methylation of 

H3 lysine 27 (H3K27me3) strongly correlates with transcriptional silencing [15].  Allele-specific PCR 

analyses of c22, with one rearranged Dβ2 joint and an unrearranged Dβ2 cassette, presented a 

unique opportunity to look at histone modification patterns upon Dβ2 recombination.  Using 

chromatin immunoprecipitation (ChIP) and primer sets that selectively amplified either germline 

Dβ2 or the Dβ2-Jβ2.5 joint, we assessed c22 for levels of H3K9ac, H3K4me and H3K27me 

enrichment at D2 of each Tcrb allele (Fig. 4).  As with CpG methylation levels, histone modifications 

did not differ significantly at D2 between the two alleles, which both showed elevated levels of 

H3K9ac, H3K4me2 and me3, but lacked detectable tri-methylation of H3K27. The “transcriptionally 

active” pattern of high H3K4 methylation and low H3K27 methylation even on the germline allele 

appears at first blush to be inconsistent with our transcriptional findings.  However, we note that 

low levels of 5’D2 transcription are indeed detected in parental cells (Fig. 3).  Additionally, because 

ChIP resolution is limited to the shearing size of the chromatin template, and repressed 5’PD2 
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Table A1.4.  Percent methylation of CpG dinucleotides surrounding D2. 

 

Cell line 
CpG positions* 

-453 -374 -15 +178 +251 +422 +464 +529 

B3T3 0.33 0.48 0.07 0.05 0.18 0.44 0.80 0.21 

P5424 0.07 0.04 0 0.02 0.04 0 0.08 0.04 

P5424-c20 0.09 0.05 0.08 0.02 0.02 0.02 0.07 0.01 

P5424-c22 0.14 0.05 0 0.01 0.05 0.05 0.13 0.05 

*numbering relative to the first coding nucleotide of D2 
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Figure A1.4:  Repression does not impact histone modifications at D2.  Chromatin from the c22 

subclone of P5424 was immunoprecipitated with the indicated antibodies against covalently 

modified histone H3. Resultant DNAs were analyzed by QPCR for histone modifications at 

proximal to D2 on the germline (gl, black) allele or the allele that carries a D2J2.5 

recombination (rec, grey).  Enrichment was calculated relative to pre-IP input control levels and 

was normalized against signals obtained with non-specific IgG control antibodies.  Bars indicate 

means ( SD, n = 3), and are representative of 2 experiments with independent chromatin 

preparations.  
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sits only 600 bp upstream of transcriptionally active 3’PD2 in the germline cassette, our ChIP 

analyses at D2 likely reflect the modification patterns at both promoters.  Taken together, our 

findings provide strong evidence that repression of 5’PD2 in germline DJ2 cassettes is not 

mediated by epigenetic silencing. 

A1.3.4 USF-1 binding at the 5’PDβ2 repressor element is eliminated upon Dβ2 recombination 

Work of others in our laboratory revealed that the element of 5’PDβ2 repression localized to 

an E-box within the Dβ2 12-RSS spacer (bases -17 to -8, relative to the start of the D2 coding 

sequence) and that the protein Upstream Stimulatory Factor – 1 (USF-1) bound strongly and 

specifically to this E-box in vitro and in vivo [11].  To determine if USF-1 binding correlates with Dβ2 

recombination, we conducted ChIP on both parental P5424 and c22 (Fig. 5).  While pronounced USF-

1 enrichment at 5’PDβ2 was present in P5424, this enrichment was completely absent from the 

D2J2.5 joint (data not shown), as well as from the germline D2 segment of c22 (Fig. 5A).  To 

exclude the possibility that reduced USF-1 binding in c22 stems from a downregulation in USF-1 

expression, we assessed USF-1 transcription levels in P5424, c20 and c22 by RT-qPCR (Fig. 5B).  

Unlike our ChIP findings, we observed no significant difference in USF-1 mRNA levels between P5424 

and the c20 and c22 subclones.  This observation is consistent with USF’s ubiquitous distribution in 

mammalian tissues [16] and provides evidence against down-regulation of USF-1 expression as a 

factor in 5’Dβ2 repression or removal thereof. 

A1.3.5 Inhibition of DNA-PKcs restores USF-1 binding and 5’Dβ2 repression in c22 

USF-1 is best known for gene regulation in response to stresses such as UV radiation and 

starvation [17].  In lipogenesis, USF-mediated activation of the fatty acid synthase promoter is 

dependent on USF-1 phosphorylation by DNA-dependent protein kinase (DNA-PK).  Phosphorylation  
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Figure A1.5:  USF-1 binding at germline D2 is diminished in c22 despite abundant USF-1 

transcription.  (Left panel) USF-1 binding at D2 was analyzed by ChIP of chromatin from the 

P5424 and P5424-c22 cell lines. Antibody-dependent enrichment over input control is expressed 

relative to nonspecific IgG as mean  SD (n = 3), and is representative of 2 independent 

experiments. (Right panel) QRT-PCR of USF-1 mRNA in RAG-P5424 subclones.  Bars represent 

means (± SD, n = 3).  Relative signals were calculated by ΔΔCT and normalized to  actin controls. 
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allows USF-1 to recruit a variety of binding partners including p300 [18].  The catalytic subunit of 

DNA-PK, called DNA-PKcs, also plays an instrumental role in coding joint formation and protein 

phosphorylation during V(D)J recombination, to the extent that absence of DNA-PKcs leads to 

severe combined immunodeficiency (scid) [19].  Work by others in our laboratory demonstrated 

that DNA-PKcs-deficient mice show persistent USF-1 binding at D2, despite an accumulation of 

RAG-mediated double stranded DNA breaks (DSBs) in the Tcr loci [11].  Conversely, DSBs induced by 

ionizing radiation treatment of either freshly isolated thymocytes or P5424 cells induced loss of USF-

1 binding from the D2 repressor sequence in these cells, and relieved repression of transcription at 

5’PDβ2 [11].  Both USF-1 binding and 5’PDβ2 repression were restored by addition of the DNA-PKcs 

inhibitor Nu7026, directly implicating DNA-PKcs in regulation of 5’PD2 repression [11].   

DNA-PKcs activity is downregulated following DSB repair; however, we found that USF-1 

displacement and 5’PD2 activation persist in the rearranged P5424 clones long after transient RAG 

expression has been lost.  If loss of repression is regulated in trans by DNA-PKcs-induced USF-1 

phosphorylation, then the possibility remains that c22’s constitutive de-repression of 5’PDβ2 is due 

to long-term recruitment of DNA-PKcs initiated by recombinational accumulation and/or the 

repeated transfection cycle. To determine if DNA-PKcs-mediated relief of 5’PDβ2 repression was 

reversible, we treated c22 with a variety of kinase inhibitors and assayed 5’PDβ2 for transcription 

and USF-1 enrichment.  While treatment with inhibitors for alternate kinases p38 MAPK and ATM as 

well as a DMSO-only control had no effect, inhibition of DNA-PKcs by Nu7026 both restored USF-1 

binding and dramatically reduced transcription at 5’PDβ2.  This ability to restore repression suggests 

that our cloning process may have led to the enrichment of persistent DNA breaks or otherwise 

aberrantly regulated DNA-PKcs activity.  Either case illustrates the limits to which we can exploit  
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Figure A1.6:  5’PD2 repression is restored in c22 by inhibition of DNA-PKcs.  Shown are 

representative ChIP QPCR of USF-1 binding at D2 (A) and D2 mRNA levels (B) in P5424-c22 one 

day after treatment with the indicated kinase inhibitors.  Bars represent means  SD (n = 3) for 

each sample.  Fold enrichment of USF-1 and relative gene expression were calculated as described 

in Fig. A1.5.  
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transformed cell lines in our analyses of 5’PDβ2 regulation.  Nonetheless, our data collectively 

support a model in which Dβ2 expression (and likely its recombinational accessibility) is regulated by 

DSB-sensitive binding of USF-1 at the D2 12-RSS.   

A1.4 Discussion 

Transcription is required for recombinational accessibility in all studied immunoglobulin and 

T cell receptor loci, allowing interaction between the restriction signal sequences (RSS) associated 

with these gene segments and the recombinase complex.  Our data suggest that in Tcrb, 

recombination between Dβ2 and an associated J serves as a trigger for transcriptional activation of 

the 5’Dβ2 promoter.  Alternation of promoter usage during recombination would not be unique to 

Tcrb; the Tcra locus is a well-characterized case of such alternation.  It has also been shown that Jα 

usage generally coincides with proximity to an active promoter and the distribution of activating 

histone mark H3K4me3, deposited by transcription [20].  In the unrearranged Tcra, transcription 

across the Jα region proceeds from the T early alpha (TEA) promoter, located immediately upstream 

of the foremost Jα segment.  Tcra rearrangements, like most AgR rearrangements, are deletional, 

meaning that DNA like the TEA promoter that sits between the upstream V segments and 

downstream J segments are excised from the genome during V-to-J joining. In the case of 

frameshifted primary joints, Tcra assembly is rescued by secondary rearrangements between 

progressively more distal V and J segments, each of which must also have promoter activity to 

ensure their recombinational accessibility. A host of other promoters have been identified within 

the Jα array that are derepressed by the elimination of TEA transcription across the region, including 

those located around Jα49, Jα47, Jα45, Jα42 and Jα37 [21-23].  Since all known antigen receptor 
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genes engage in non-coding transcription in a highly conserved way, it is possible most D or J gene 

segments are flanked by such germline promoters.   

Promoter regulation of rearrangement at Dβ1 depends on promoter activity immediately 

upstream of the D1 coding sequence, but does not require that this activity be mediated by a 

specific promoter or its binding factors [5, 7].  During transcriptional elongation, RNA polymerase 

tracking requires transient histone displacement from the transcription bubble.  Occlusion, 

displacement and repositioning of nucleosomes by polymerase-associated factors also induces RAG 

accessibility to the transcribed RSS [8].  Presumably then, 5’PD2 de-repression would indirectly 

regulate D2 recombination by shifting transcriptional elongation through the D2 segment and its 

flanking RSSs. Work is underway in the laboratory to directly test this indirect regulatory 

mechanism. 

Previous studies of the DJβ2 cassette of Tcrb revealed interaction between this upstream 

promoter, a downstream repressor and a downstream promoter that facilitates Jβ2 transcription in 

the absence of Dβ2 recombination [4].  This downstream promoter appears to be largely regulated 

by transcription factor NFκB, but the upstream Dβ2 promoter involves a complex interplay between 

Runx1, GATA-3 and E47 as well as repressive effects from an element located in the upstream 12-

RSS of Dβ2 and a 110 bp distally homopurine stretch [4, 10].  The greater complexity of Dβ2 

regulation likely leads to the canonized observation that while both DJβ cassettes are amenable to 

recombination simultaneously, DJβ1 is prone to greater recombinational accumulation than DJβ2 

[24].  Control of the repressor proximal to Dβ2 has recently been linked with binding of Upstream 

Stimulatory Factor 1 (USF-1), which is displaced from the D2 repressor upon DSB-induced 

activation of DNA-PKcs.  Non-specific DSBs generated through high but sub-lethal doses of chemical 
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or ionizing radiation of cultured RAG-deficient thymocytes were sufficient to induce such de-

repression [11].  However, I found that a single recombination at Dβ2, as identified in clone 17, was 

enough to dramatically increase transcription from 5’PDβ2 despite the continued presence of both 

repressive elements and little apparent recombination within Tcrg or Tcrd, suggesting that de-

repression of 5’PD2 need not involve extensive DSB induction in trans, but can instead involve very 

limited DSBs targeted to the D2 cassette.  Given that DNA-PKcs is directly recruited to RAG synaptic 

complexes, its presence at D2 in response to D-to-J recombination would be expected to 

dramatically enhance its likelihood to find and phosphorylate USF-1 bound less than 30 bp upstream 

of the 3’D2 cleavage site than DNA-PKcs activated by randomized genome-wide DSBs following 

irradiation. 

USF-1 has been linked to immune system development, regulating β2-microglobulin, Igh and 

Igλ expression as well as germline Dδ2 promoter activity in Tcrd [17, 25].  We have also observed 

USF-1 regulation of TEA in Tcra (Bradshaw, Stone and Sikes, unpublished data).  In ChIP-seq studies 

in human HepG2 cells, USF-1 was found to bind in excess of 2000 genomic targets, and has been 

linked to the stress-response transcriptional regulation of a wide array of genes associated with 

metabolic, immunologic, neurologic, and DNA damage response pathways [17].  Though much work 

has gone into dissecting its regulation by the MAP kinase P38, considerably less is known about its 

regulation by DNA-PKcs beyond that found for lipogenesis [18, 26, 27] and for D2 transcriptional 

regulation [11].  Given its wide array of potential genomic targets and the unique demands on 

lymphocytes to accommodate RAG-induced DSBs as normal physiological events, dissecting the 

mechanism by which USF-1 regulates lymphocyte development in general and Tcrb assembly in 

particular will be of critical importance.  
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RAG-mediated double-stranded DNA breaks are thought to regulate a range of genes in 

developing lymphocytes, primarily through the kinase Ataxia Telangiectasia Mutated (ATM) which 

can up- or down-regulate a variety of transcription factors through tyrosine phosphorylation [28, 

29].  Likewise, DSBs generated as recombinational intermediates have long been proposed to impact 

lymphocyte progression.  Whereas most cells only encounter DSBs as a consequence of replication 

aberrations or environmental insult, RAG-DSBs are generated as part of the normal physiology of 

developing lymphocytes.  As such, these cells must be uniquely programmed such that RAG-DSBs do 

not induce the overriding stress-response/apoptosis pathways seen in other cells.  Microarray 

analyses of developing B lymphocytes found that the generation of RAG-DSBs correlated with 

altered expression in 364 genes (of which less than 20% were dependent on ATM:NFB regulation) 

[30].  How these additional genes are regulated by DSBs and their roles in lymphocyte homeostasis, 

DNA repair, and development are unknown. 

Our finding that DSBs induce an alteration in promoter activity at D2 suggests the 

possibility that initial recombination events could trigger responses that influence subsequent steps 

in antigen receptor assembly.  Specifically, the role of germline transcription in augmenting the 

recombinational accessibility of transcribed gene segments is now well established [3, 7, 23, 31].  In 

both Tcra and Tcrb, cell-promoter proximity directly correlates with recombinational frequency of a 

given gene segment (particularly when upstream of the targeted gene segment) [5, 21, 23].  By 

extension, it is predicted that while initially poor D2 rearrangement efficiency stems from the 3’ 

positioning of its germline promoter (3’PD2), de-repression of the upstream promoter in response 

to DSBs strongly enhances D2 recombinational efficiency.  In the preceding experiments, we have 

provided evidence of such a positive feedback system.  In vivo, both DJ1 and DJ2 joining of Tcrb 
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begins in DN1 cells and continues until Tcrb recombination is completed in the DN3 stage of 

development.  While the delayed activation of 5’PD2 would limit initial D2-J rearrangement, the 

consequence of this delay is that initial V rearrangements (which are limited to recombined DJ 

segments) would preferentially target the upstream DJ1 cassette.  Since individual V-to-DJ 

rearrangements have only a 1-in-3 chance of resulting in an in-frame joint, and since the DJ1 

cassette is deleted when V segments target the DJ2 cassette, limiting the initial recombinational 

accessibility of the DJ2 cassette is advantageous in that it allows for a secondary V-to-DJ2 joint 

per allele should the primary V-to-DJ1 joint be frame-shifted. This not only dramatically increases 

the probability that an individual cell will generate an in-frame Tcrb assembly (increasing probability 

from 56% to near >90%), but it also ensures that both DJ cassettes (which code for the CDR3 loop 

of the antigen binding domain) are relatively equally represented in the final Tcrb repertoire to 

maximize TCR diversity.   

Because the USF-1 binding site at D2 sits within the 5’D2 12-RSS spacer, its binding during 

initial repression of 5’PDβ2 may not only indirectly limit D2 recombinational accessibility by 

repressing transcriptional read-through of the D2 coding sequence, it may also directly hinder 

recruitment of RAG-1/2 to the D2 12-RSS. Such a steric hindrance may contribute to the absence of 

V-D2 rearrangement, and may also explain the absence of D1-to-D2 recombination in wild-type 

cells. In contrast, the D1 23-RSS does support rearrangement to both the J1 and J2 12-RSSs with 

roughly equal efficiency [32], while significant D-to-D and V-to-D joining has been reported in mice 

lacking the non-core domain of RAG2, a mutation that disturbs the ordered use of RSSs throughout 

the antigen receptor genes [33].  Given the variety of ways in which DSB-mediated regulation of 
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USF-1 binding at D2 may contribute to proper Tcrb assembly, deciphering the mechanism of this 

novel feedback response will be critical to our understanding of lymphocyte and repertoire 

development.  
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