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Abstract 

As members of the adaptive immune response, T- and B- cells express unique 

antigen receptors generated from antigen receptor loci to recognize pathogens.  To 

generate diversity, these loci encode multiple Variable (V), Diversity (D), and Joining (J) 

gene segments.  Through a process known as V(D)J recombination, genomic 

rearrangements occur to generate unique antigen receptor proteins.  During each stage 

of lymphocyte development, antigen receptor loci are epigenetically regulated to restrict 

which antigen receptor locus recombines.  The epigenetic regulation promotes and 

inhibits V(D)J recombination through different mechanisms.  To generate an antigen 

receptor protein, the substrates for rearrangement (recombination signal sequences, 

RSSs) must be made accessible to the recombination machinery.  Moreover, once an 

antigen receptor locus has rearranged and produced a successful in-frame protein, a 

mechanism known as allelic exclusion prevents further recombination. 

The nucleosome can positively and negatively regulate V(D)J recombination, 

although no extensive analysis has been performed in vivo.  Therefore, we defined the in 

vivo nucleosome organization of accessible and inaccessible RSSs on the Tcr loci.  We 

used Tcrb and Tcra alleles which lack various cis-elements (e.g. enhancers and 

promoters) or terminate transcription through RSSs.  By comparing nucleosome 

organization and histone octamer occupancy, we found that accessible alleles are 
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characterized by lower histone octamer occupancy and in some cases movement of 

nucleosomes.  Also, we found that a portion of these changes are mediated by 

transcription through the RSS.  We concluded that cis-elements epigenetically regulate 

RSS accessibility is by histone octamer loss and nucleosome repositioning and that most 

of these changes are mediated by transcription. 

In addition, we further investigated how allelic exclusion prevents Tcrb locus 

recombination in CD4, CD8 double positive (DP) thymocytes.  A previous study had 

introduced the Tcra enhancer (E) into the middle of the Tcrb locus to test if allelic 

exclusion was mediated solely by RSS accessibility.  That study found that E could 

force RSS accessibility in DP thymocytes, but V RSS accessibility did not overcome 

additional mechanisms involved in allelic exclusion.  One potential mechanism that has 

been suggested in the literature is changes in locus conformation.  Thus, we tested if RSS 

accessibility and locus conformation together mediate allelic exclusion.   We generated 

two alleles that overcome changes in RSS accessibility and that overcome changes in 

locus conformation. Changes in RSS accessibility was overcome by the presence of 

Eand changes in locus conformation was overcome by decreasing in distance between 

V and DJ RSSs.  We found that both alleles are accessible in DP thymocytes and we 

detected V to DJ recombination in DP thymocytes.  Therefore, the epigenetic 

mechanisms that regulate Tcrb allelic exclusion consists of changes in RSS accessibility 

and changes in locus conformation.
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1. Introduction 

1.1 Overview 

The adaptive immune system is composed of two important cell types (T- and B- 

lymphocytes) that express receptors involved in pathogen recognition.  Each T- and B-

cell expresses a unique receptor to a specific antigen, known as a T-cell receptor (TCR) or 

B-cell receptor (BCR) respectively.  To achieve this goal, each antigen receptor locus is 

comprised of multiple variable (V), diversity (D), and joining (J) gene segments that are 

assembled in the molecular process known as V(D)J recombination.   

The recombination reaction is mediated by proteins encoded by the 

Recombination Activating Genes 1 and 2 (Rag1 and Rag2) (Figure 1) (Bassing, Swat et al. 

2002; Schatz and Spanopoulou 2005; Swanson, Kumar et al. 2009).  The RAG1/2 protein 

complex binds to Recombination Signal Sequences (RSSs) via a DNA binding motif 

found within RAG1 and a histone binding motif found within RAG2.  RSSs are 

composed of a conserved sequence defined by a nonamer and heptamer sequence 

separated by either a 12 or 23 base pair (bp) spacer (12 and 23 RSSs respectively).  V and 

J gene segments have one RSS, while D gene segments have an RSS on each side.  For 

the recombination reaction to proceed, a 12 and 23 RSS must be brought into the same 

RAG1/2 complex to form the synaptic complex.  Coupled cleavage generates two double 

strand break (DSB) products: hairpin-sealed coding ends (CEs) and blunt signal ends 

(SEs).  The CEs are opened primarily by the Artemis endonuclease, and the CEs and SEs 
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are subsequently joined by the Non-Homologous End Joining (NHEJ) pathway to form 

coding joints (CJ) and signal joints (SJ), respectively (Bassing, Swat et al. 2002).   Only CJs 

that maintain the open reading frame will lead to expression of the antigen receptor 

protein chain. 

 

Figure 1:  V(D)J Recombination 

Diagram of V(D)J recombination from RAG1/2 binding to the repaired products of the reaction.  

Triangles represent RSSs. 

 

Generation of DSBs by V(D)J recombination can be dangerous and lead to 

potential oncogenic translocations; thus rearrangement is tightly regulated by multiple 
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mechanisms (Bassing and Alt 2004; Oettinger 2004; Cobb, Oestreich et al. 2006).  Rag1/2 

gene expression is limited to developing lymphocytes, and RAG1/2 complex binding is 

restricted to genomic locations that contain both an accessible RSS and histone 3 lysine 4 

tri-methylated (H3K4Me3) nucleosomes (Matthews and Oettinger 2009; Ji, Resch et al. 

2010).  RSS accessibility to RAG1/2 is regulated by cis-elements (e.g. enhancers and 

promoters) found within the antigen receptor loci.  This accessibility correlates with 

active transcription, low DNA methylation, histone hyper-acetylation, and endonuclease 

sensitivity (Cobb, Oestreich et al. 2006).  In addition to accessibility, a rearranging locus 

adopts a contracted conformation and moves away from suppressive nuclear 

compartments (e.g. nuclear periphery) (Skok, Brown et al. 2001; Kosak, Skok et al. 2002; 

Roldan, Fuxa et al. 2005; Schlimgen, Reddy et al. 2008; Degner-Leisso and Feeney 2010).  

The contracted locus conformation may facilitate the function of cis-elements and/or 

synapsis of the 12/23 RSSs within the RAG1/2 complex.   

Three loci encode BCR proteins (Igh, Igk and Igl) and four loci encode TCR 

proteins (Tcrb, Tcra, Tcrd and Tcrg) (a generic representation is diagrammed in Figure 2).  

Each locus has a unique organization of its gene segments, and contains multiple cis-

regulatory elements (Cobb, Oestreich et al. 2006).  During lymphocyte development each 

locus undergoes V(D)J recombination in a lineage- and stage-specific manner.  During B-

cell development, Igh recombination occurs in pro B-cells to generate the 

Immunoglobulin (Ig) heavy chain, which is followed by Igk and Igl recombination in pre 
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B-cells to generate the Ig light chain (Cobb, Oestreich et al. 2006).  The heavy and light 

chains pair to form the Ig receptor.  During thymocyte development, the Tcrb, Tcrd, and 

Tcrg loci recombine in CD4, CD8 double negative (DN) thymocytes (Krangel 2009).  If 

successful TCR and TCR chains are generated, the thymocyte develops into a  T-cell.  

If a successful TCR chain is generated, the thymocyte differentiates into a CD4, CD8 

double positive (DP) thymocyte.  DP thymocytes then undergo Tcra locus 

recombination, and when a TCR chain is made, it pairs with the TCR chain leading to 

further differentiation to become an  T-cell.  

 

 

 

 

To ensure that each developing lymphocyte expresses a single unique receptor, 

recombination of the Igh and Tcrb loci are regulated to generate a single functional 

protein and to prevent further recombination from occurring later in lymphocyte 

development.  This phenomenon, known as allelic exclusion, can be separated into two 

Figure 2:  Generic Representation of an Antigen Receptor Locus and the Outcome of 

V(D)J Recombination 

Schematic of the organization of an antigen receptor locus and of the rearranged product after 

V(D)J recombination. 
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phases (Krangel 2009).  The first phase ensures that V to DJ recombination occurs one 

allele at a time for the Igh and Tcrb loci.  The second phase, known as feedback 

inhibition, prevents further recombination to occur on both alleles.  Feedback inhibition 

initiates once a functional protein is generated in pro B-cells and DN thymocytes from 

the Igh and Tcrb alleles respectively, and continues in pre B-cells and DP thymocytes 

when RAG1/2 is re-expressed.   

Currently the mechanism of feedback inhibition has yet to be elucidated, 

although multiple observations have been made concerning chromatin and 

conformational changes of the Igh and Tcrb loci (Fuxa, Skok et al. 2004; Bertolino, Reddy 

et al. 2005; Roldan, Fuxa et al. 2005; Sayegh, Jhunjhunwala et al. 2005; Yang, Riblet et al. 

2005; Skok, Gisler et al. 2007; Schlimgen, Reddy et al. 2008).  The V gene segments of the 

Igh and Tcrb loci are accessible in pro B-cells and DN thymocytes respectively, and this 

accessibility decreases in pre B-cells and DP thymocytes (Haines and Brodeur 1998; 

Tripathi, Jackson et al. 2002).  The decrease in accessibility is marked by the loss of active 

histone modifications (histone acetylation and H3 K4 methylation), decreased 

transcription, increased DNA methylation, and decreased sensitivity to endonuclease 

digestion (Cobb, Oestreich et al. 2006).  These epigenetic changes would be expected to 

reduce the ability of RAG1/2 to bind to RSSs.  Additionally, the Igh and Tcrb loci adopt a 

contracted locus conformation in pro B-cells and DN thymocytes, when recombination is 

permitted, but a decontracted conformation in pre B-cells and DP thymocytes (Roldan, 
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Fuxa et al. 2005; Skok, Gisler et al. 2007).  This would be expected to decrease the 

frequency of synapsis, which is necessary for the RAG1/2 coupled cleavage reaction.   

In the following sections I will describe the mechanics of V(D)J recombination 

and lymphocyte development in greater detail.  I will describe aspects of epigenetic 

regulation that are involved in V(D)J recombination.  In addition, I will address the 

current models proposed for allelic exclusion of the Tcrb locus.   

1.2 Mechanics of V(D)J Recombination 

V(D)J recombination is a molecular process that couples the combinatorial 

diversity of the antigen receptor gene segments with imprecise repair to generate the 

vast array of mature antigen receptors.  The recombination reaction is carried out by the 

RAG1/2 protein complex (Oettinger, Schatz et al. 1990).  The Rag1 and Rag2 genes are 

located within the same locus, are co-regulated and are convergently transcribed (Schatz 

and Spanopoulou 2005).  The two proteins contain minimal core domains which are 

sufficient to carry out the recombination reaction in vitro and in vivo (Akamatsu, Monroe 

et al. 2003; Talukder, Dudley et al. 2004; Curry and Schlissel 2008; Jones and Simkus 

2009).  Core RAG1 (amino acids 384-1008) contains the only known DNA binding 

sequence and the catalytic site that carries out the cleavage and hairpin formation 

reaction (De and Rodgers 2004).   Outside of the core RAG1 elements, the protein also 

contains a RING domain (amino acids 264-389) which functions as an E3 ligase (Maitra 

and Sadofsky 2009; Grazini, Zanardi et al. 2010).  Core RAG2 (amino acids 1-387) acts as 
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a cofactor for RAG1.  Outside of the core domain, RAG2 contains a plant homeodomain 

(PHD) finger (amino acids 414-487) which has been shown to bind H3K4me3 and, in 

doing so, to alter RAG1/2 catalytic activity (Liu, Subrahmanyam et al. 2007; Matthews, 

Kuo et al. 2007; Ramon-Maiques, Kuo et al. 2007; Shimazaki, Tsai et al. 2009).  The C-

terminus of RAG2 also contains an autoinhibitory domain which has been shown to be 

regulated by H3K3me3 binding in vitro (Grundy, Yang et al. 2010). 

The RAG1 and RAG2 proteins bind to recombination signal sequences (RSSs) 

that flank V, D, and J gene segments (Swanson 2004; Schatz and Spanopoulou 2005).  

The RSS is organized into a palindromic heptamer, followed by a less conserved but 

non-random spacer of 12 or 23 bp, and an AT-rich nonamer (12 or 23 RSS, respectively).  

Recombination occurs when a 12 bp RSS is brought into a synaptic complex with a 23 bp 

RSS by RAG1 and RAG2 (Hiom and Gellert 1998).  The synaptic complex can 

theoretically be formed in two ways.  The capture model suggests that RAG1/2 first 

binds to one RSS and then captures the second RSS.  A second model suggests that each 

RSS assembles a RAG1/2 complex, and the synaptic complex forms through protein-

protein interactions.  In vivo and in vitro experiments initially revealed that 12 RSSs are 

nicked by and bind RAG1/2 better than 23 RSSs (Jones and Gellert 2002; Curry, Geier et 

al. 2005; Drejer-Teel, Fugmann et al. 2007).  More recently, RAG1/2 binding was readily 

detected in vivo at D and J gene segments (Ji, Little et al. 2010; Ji, Resch et al. 2010).  

RAG1/2 binding correlated with RNA PolII binding and transcription but not with the 
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type of gene segment or RSS.   In addition, RAG1 and RAG2 bound to chromatin 

independently of one another.  Although previous reports supported the capture model 

(Curry, Geier et al. 2005; Drejer-Teel, Fugmann et al. 2007), the in vivo binding of RAG1/2 

suggests RAG1 and RAG2 can assemble independently and the complex does not 

preferentially load onto one type of RSS over the other (Ji, Little et al. 2010; Ji, Resch et al. 

2010) . 

Once a synaptic complex forms, RAG1 generates a 3’OH nick in one strand 

between the coding sequence and the RSS; the 3’OH then attacks the second strand to 

generate a hairpin loop at the end of the coding sequence to create a CE.  After the DSB 

is generated, the blunt SE retains RAG1/2.  The 12 and 23 SEs are ligated by the NHEJ 

pathway to form a SJ (as reviewed in (Lieber 2010)).  Depending on the orientation of the 

RSSs, the intervening sequence between the 12 and 23 RSSs is either excised from the 

chromosome as an excision circle or retained on the chromosome in an inverted 

orientation.  A unique protein, Artemis, is required to resolve the CEs (Rooney, 

Sekiguchi et al. 2002).  Artemis imprecisely opens the hairpin loop of the CEs.  At this 

point the CEs are processed by terminal deoxynucleotidyl transferase that randomly add 

nucleotides to the open CE, and the two CEs are joined through the NHEJ pathway to 

form a CJ that completes the recombination reaction.   
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1.3 Lymphocyte Development 

1.3.1 Hematopoisis 

On the road to lymphocyte development, murine hematopoietic stem cells (HSCs) 

progress through multiple lineage commitment steps to become mature B- and T-cells.  

Initially, both lineages share a common developmental program as HSCs lose their 

undifferentiated state and self-renewing capabilities in the bone marrow (Ichii, Shimazu 

et al. 2010; Ramirez, Lukin et al. 2010).  Long lived HSCs continue to maintain an 

undifferentiated and self-renewing state.  Short lived HSCs lose their self-renewing 

capabilities and differentiate into multipotent progenitors (MPPs).  These MPPs can 

diverge into myeloid, erythroid, or lymphoid cells.  If lymphoid specific transcription 

factors are expressed, the MPPs develop into lymphoid-primed multipotent progenitors 

and further into common lymphoid progenitors (CLPs).  Key transcription factors such 

as PU.1, Ikaros, and E2A are activated and expressed as hematopoetic stem cells commit 

to the lymphoid lineage (Laslo, Pongubala et al. 2008).  These factors suppress myeloid 

promoting genes, while activating lymphoid specific genes.  Two prevailing models 

exist as to when the B- and T-cell lineages diverge.  The first model suggests that early 

thymic progenitors (ETPs) and pre-pro B-cells differentiate from CLPs (Kondo, 

Weissman et al. 1997), while the second model suggests MPPs are the main source of 

ETPs in vivo and CLPs give rise to B-cells (Lai and Kondo 2007).  Although both 

populations have been used in adoptive transfer experiments, it is unclear if MPPs 
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directly become ETPs or if they go through a CLP intermediate.  Not only do B- and T-

cell lineages diverge, but the location of further differentiation also differs.   

1.3.2 B-Cell Development 

In the bone marrow, B-cell development continues from the CLP to the pre-pro 

B-cell.  At this point RAG1/2 is expressed and the Ig receptor loci initiate V(D)J 

recombination (Cobb, Oestreich et al. 2006).  The Ig loci adhere to an ordered activation 

and recombination program.  The Igh gene segments are activated in pre-pro B-cells 

when RAG1/2 is first expressed.  DH- to JH-recombination precedes VH- to DJH- 

recombination (Johnson, Reddy et al. 2009).  Due to the organization of the Igh locus, 

each allele has only one chance to generate an in-frame Igh rearrangement since the 

remaining D gene segments are excised.  Once an in-frame Igh protein is expressed on 

the cell surface, the pro-B cells proliferate and then stop cycling and differentiate into 

pre-B cells.  During the pre-B cell stage RAG1 and RAG2 are then re-expressed, and the 

Igk and Igl loci undergo V-J rearrangement to form a functional IgL receptor (Figure 3).  

Once a complete BCR is assembled on the cell surface, the immature B-cell undergoes 

selection events to delete autoreactive B-cells (Monroe, Bannish et al. 2003). 
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Figure 3:  Diagram of B-Cell Development 

Schematic of B-cell development highlighting lineage progression, RAG1/2 expression and 

recombination events. 

 

1.3.3 T-Cell Development 

ETPs seed the thymus and continue to develop and differentiate (Starr, Jameson 

et al. 2003; Takahama 2006; Schlenner and Rodewald 2010).  Thymocyte developmental 

stages are distinguished by the expression of CD4 and CD8.  The most immature cell 

population is CD4, CD8 double negative (DN) thymocytes (Figure 4).  This population 

can be further subdivided by surface expression of CD44 and CD25 into DN1 to DN4 

(DN1: CD44+ CD25-, DN2: CD44+CD25+, DN3: CD44-CD25+, DN4: CD44-CD25-).  DN1 

thymocytes can be further subdivided into subpopulations and contains ETPs.  One key 

attribute of the DN1 subpopulations is the loss of B-cell and macrophage potential as the 

ETP commits to the T-cell lineage.  The thymic stroma contributes to T-lineage 
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commitment by providing key cytokines such as IL-7 and key signaling molecules such 

as Notch ligands.   

 





and  T-cells develop in the thymus and share a common developmental 

pathway until the DN3 stage.  The Tcrb, Tcrd and Tcrg loci recombine in DN3 

thymocytes.  In DN1/2 thymocytes, RAG1 and RAG2 are expressed and the Tcrb locus 

initiates V(D)J recombination.  If a DN3 thymocyte can express a complete  TCR, then 

a “strong” TCR signal instructs the cell to differentiate into a mature  T-cell 

(Kreslavsky, Gleimer et al. 2010).  If a DN3 thymocyte expresses a TCRprotein, the 

TCR chain pairs with pre-Ta and creates a “weak” TCR signal.  This weak signal 

instructs the cell to proliferate and differentiate into a DN4 thymocyte and continue with 

 T-cell development. To prevent the generation of DSBs during replication, RAG1 

expression is reduced and RAG2 protein is rapidly degraded in DN4 thymocytes.   

Figure 4:  Thymocyte Development. 

Schematic of thymocyte development highlighting lineage progression, RAG1/2 expression 

and recombination events. 
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RAG1 and RAG2 are re-expressed in DP thymocytes allowing for the Tcra locus to 

rearrange (Michie and Zuniga-Pflucker 2002). 

The murine Tcrb locus is organized in a unique fashion to allow two potential 

recombination events to occur on each allele (Figure 5) (Oltz 2001).  At the 3’ end of the 

locus, there are two DJC clusters that contain one D, up to six functional J and a 

constant (C) domain and the TCR enhancer (E).  Each cluster can recombine 

independently to form up to four DJ rearrangement products.  V to DJ 

recombination occurs after DJ recombination has taken place (Bassing, Alt et al. 2000; 

Khor and Sleckman 2005).  The majority of the V gene segments are found 

approximately 250 kb 5’ of the DJC clusters. They are separated by a group of 

trypsionogen genes that are inactive in T-cells.  Of the two V gene segments not found 

within the main cluster, V2 is the most 5’ gene segment and separated from the main 

V gene cluster by 100 kb while V14 is 3’ of E.  Of the 31 V gene segments, only 25 

can be used to generate a functional TCR.  Once a successful in-frame rearrangement 

occurs to produce a TCR chain, the cell proliferates and differentiates into a CD4, CD8 

double positive (DP).     

The Tcra/d locus contains V, D, J and J gene segments (Figure 5).  TCR gene 

segments and TCR enhancer (E) are nested within TCR gene segments and 

recombine in DN thymocytes.  In DP thymocytes V to J recombination removes the 

Tcrd locus from the chromosome.  The TCRenhancer (E) is found at the extreme 3’ 
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end of the locus.  Initially, relatively 3’V preferentially rearrange to the most 5’ J.  If a 

successful in-frame rearrangement does not occur, the alleles continue to rearrange 

using more 5’ Vs and more 3’ Js (Krangel, Carabana et al. 2004).  Once an in-frame 

TCR chain is generated, DP thymocytes are subjected to both positive and negative 

selection to promote self-recognition and to limit autoreactivity respectively (Starr, 

Jameson et al. 2003).  After selection occurs, the CD8 or CD4 single positive (SP) 

thymocytes are now mature and can exit into the periphery (Figure 4). 

  

 

Figure 5: Diagrams of the TCR loci 

Schematic of the Tcrb and Tcra/d loci.  Arrows indicate promoters and direction of 

transcription.   
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1.4 Regulation of V(D)J Recombination  

1.4.1 The Chromatin Barrier  

The recombination reaction in its basic form is only regulated at the level of 

RAG1/2 expression.  For example, transient transfection of RSS-containing “naked” 

DNA plasmids into RAG1/2-expressing fibroblast cell lines is sufficient for carrying out 

the recombination reaction (Oettinger, Schatz et al. 1990; McBlane, van Gent et al. 1995).  

In addition the efficiency of in vitro recombination reactions decreases when RSSs are 

assembled into nucleosomes (Kwon, Imbalzano et al. 1998; Golding, Chandler et al. 

1999; Kwon, Morshead et al. 2000).  To overcome the inhibition of the recombination 

reaction, researchers modified the in vitro reaction by adding acetylated nucleosomes or 

chromatin remodeling complexes (Kwon, Imbalzano et al. 1998; Golding, Chandler et al. 

1999; Kwon, Morshead et al. 2000; Patenge, Elkin et al. 2004).  H3Ac and transcription 

had been observed to correlate with RSS accessibility (Yancopoulos and Alt 1986).  The 

addition of modified nucleosomes or chromatin remodeling complexes increased the 

efficiency of the in vitro recombination reactions (Patenge, Elkin et al. 2004).  These data 

suggest that chromatin itself is a barrier that has to be modified to allow RAG1/2 

binding.   

The basic unit of chromatin is the nucleosome, approximately 149 base pairs of 

double stranded DNA wrapped around the histone octamer.  Recent research has 

highlighted the role of the nucleosome not only in overall genome organization, but also 
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in regulating gene expression.  In all genomes from yeast to human, nucleosomes are 

positioned based on the underlying DNA sequence and neighboring DNA binding 

proteins (Segal, Fondufe-Mittendorf et al. 2006; Peckham, Thurman et al. 2007; Kaplan, 

Moore et al. 2009).  By mapping the in vivo positioning of nucleosomes genome-wide 

and by mapping the positions of nucleosomes assembled in vitro, it has been possible to 

define the rules for nucleosome positioning and to develop algorithms that can predict 

nucleosome positioning.  These algorithms have been developed in attempt to 

understand the basic organization before the influence of protein binding and epigenetic 

chromatin regulation.  By comparing the predicted to the experimental organization one 

can determine how regulatory elements influence the nucleosome organization.  

Multiple groups have determined the organization of nucleosomes in vivo at 

genes in their active and inactive states and have determined how transcription factor 

binding alters nucleosome positioning (Segal, Fondufe-Mittendorf et al. 2006; Peckham, 

Thurman et al. 2007; Kaplan, Moore et al. 2009; Takahata, Yu et al. 2009).  Some general 

trends have been observed.  Nucleosome-free regions are created by DNA sequence that 

is incompatible with bending around the histone octamer, by protein binding or by the 

activity of ATP-dependent chromatin remodeling complexes (e.g. SWI/SNF) (Yuan, Liu 

et al. 2005; Hartley and Madhani 2009; Takahata, Yu et al. 2009; Xin, Takahata et al. 

2009).  DNA sequences that are incompatible with histone octamer binding tend to be 

polyAT stretches (Field, Kaplan et al. 2008).  In addition many DNA sequences that bind 
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proteins exclude histone octamer (Field, Kaplan et al. 2008; Kaplan, Moore et al. 2009).  

The binding of transcription factors, such as CTCF, tend to displace nucleosomes and 

organize nucleosomes directly around the binding site (Fu, Sinha et al. 2008).  When 

multiple factors are binding a region of DNA, for example at a promoter or enhancer, 

there is a larger displacement of nucleosomes creating larger nucleosome-free regions.  

While some transcription factors bind to their target sequence while assembled on a 

nucleosome, other transcription factors cannot bind to DNA in the context of 

nucleosomes; therefore chromatin remodeling complexes are necessary to move or 

remove nucleosomes before transcription factors can bind (Lefevre, Witham et al. 2008; 

Shivaswamy, Bhinge et al. 2008).  An additional trend is that nucleosomes tend to be 

more highly organized around the transcription start sites, and this organization is 

maintained into the gene body (Schones, Cui et al. 2008; Zhang, Moqtaderi et al. 2009).  

The high organization around the transcription start site correlated with the presence of 

RNA Pol II and active transcription through the gene body.   

Limited in vivo experiments have investigated the role of nucleosome 

organization at antigen receptor loci.  Genome-wide nucleosome positioning analysis 

has been limited to peripheral T-cells which have heterogeneously recombined TCR loci 

(Schones, Cui et al. 2008).  Because the TCR loci are recombined, the analysis could not 

be used to determine the nucleosome organization.  Experiments have determined the 

nucleosome organization directly 5’ and 3’ of Igk locus RSSs, but did not address 
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changes in nucleosome positioning and density during B-cell development (Maes, 

Chappaz et al. 2006).  Therefore, we lack a basic understanding of the fundamental unit 

of chromatin and how nucleosome organization changes as the TCR RSSs become 

accessible to RAG1/2. 

1.4.2 Epigenetics and Transcription 

Each antigen receptor locus contains cis-regulatory elements that alter the 

epigenetic environment of the locus (Yancopoulos and Alt 1986; Stanhope-Baker, 

Hudson et al. 1996; Cobb, Oestreich et al. 2006).  Epigenetic regulation of chromatin 

leads to the formation of heterochromatin or euchromatin (Delcuve, Rastegar et al. 2009).  

Heterochromatin is characterized by condensation of the chromatin fiber, histone 

modifications that negatively regulate transcription (e.g. H3K9me2, H3K27me3, and 

suppressed transcription).  To allow for transcription, epigenetic changes “open” the 

chromatin to allow protein binding at cis-elements and transcription (Li, Carey et al. 

2007).  Euchromatin is characterized by decondensation of the chromatin fiber and 

histone modifications that positively regulate transcription (H3Ac, H4Ac, H3K4me3).  

Enhancers, promoters, heterochromatin barriers, nuclear matrix binding elements and 

locus control regions are among some of the cis-elements found within a locus that 

contribute to proper remodeling of the chromatin to allow transcription (Li, Carey et al. 

2007).  Two key cis-elements are enhancers and promoters; together these elements 

recruit transcription factors, alter histone modifications, and drive transcription.  In the 
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following paragraphs I will briefly provide a general description of how promoters and 

enhancers alter chromatin; this will be followed by specific examples found at TCR loci. 

RNA polymerase II (RNA PolII) binds to promoters and initiates transcription.  

Promoters can regulate transcription at every step from removing nucleosomes to allow 

transcription factor binding to releasing a paused RNA PolII for transcriptional 

elongation (Li, Carey et al. 2007).  Promoter activity leads to multiple epigenetic changes 

at the promoter itself and through the body of the gene.  At the promoter, chromatin 

remodeling complexes and histone modifying proteins alter the region to allow proper 

transcription factor and RNA PolII binding.  Proteins also bind to promtoers by 

recognizing specific histone modifications (Gardner, Allis et al. 2011).  Histone 

modifying proteins decorate histones with post-translational modifications, and these 

modifications promote transcription factor binding via protein domains specific for 

histone acetylation (e.g. bromodomain), methylation (e.g. PHD, chromodomain, tudor 

domain), and phosphorylation (e.g. 14-3-3).  Once the histone modifying proteins create 

new docking sites, additional proteins can bind to the promoter and regulate 

transcription. 

RNA PolII and transcription elongation continues to remodel chromatin after 

transcription initiation (Belotserkovskaya, Oh et al. 2003; Li, Carey et al. 2007).   The 

chromatin itself is disrupted as nucleosomes are removed and reassembled ahead of and 

behind RNA PolII (Schwabish and Struhl 2004; Schwabish and Struhl 2006; Kim, Seol et 
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al. 2007; Schwabish and Struhl 2007).  RNA PolII also carries histone modifying proteins 

through interactions with the C-terminal domain (CTD) (Egloff and Murphy 2008).  

Once the CTD becomes phosphorylated during transcription initiation and elongation, 

histone modifying proteins can dock and act on reassembled nucleosomes as RNA PolII 

transcribes.  Two histone modifications that correlate with transcription are H3K4me3 

and H3K36me2/3 (Barski, Cuddapah et al. 2007).  H3K4me3 deposition peaks at the 

promoter and decreases as one moves 3’ into the gene body.  To facilitate chromatin 

reassembly after RNA PolII, H3K36me2/3 is deposited behind PolII (Kizer, Phatnani et 

al. 2005).  This modification recruits proteins through methyl binding domains, such as 

components of histone deacetylase complexes (HDACs).  H3K36me deposition is low at 

the transcription start site and peaks at the 3’ end of the gene body.  Therefore, promoter 

activity not only creates “open” chromatin at the transcription start site, but also 

promotes deposition of other histone modifications in the gene body.  

Enhancers are cis-elements that can be found from 1 kb to up to 500 kb away 

from the promoters they regulate (as reviewed in (Bulger and Groudine 2010)).  

Enhancers can promote transcription by multiple mechanisms. Enhancers can create 

open chromatin by initiating the propagation of active histone modifications such as 

histone acetylation.  Enhancers can also contribute additional co-factors that can 

complete the transcription factor complex assembled at a promoter.  The additional co-

factors (e.g. transcription factors, RNA Pol II) can be delivered by the enhancer tracking 
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along the DNA strand until it reaches its promoter or through protein-protein mediated 

loops between proteins that bind independently at the enhancer and at the promoter.   

The Tcra and Tcrb loci have two known enhancers (Krangel 2009).  The TCR 

enhancer (E) is found at the 3’ end of the Tcra locus (Figure 5) and regulates a region 

up to 500 kb upstream.  Although E is preloaded with transcription factors in DN 

thymocytes, it only enhances transcription and creates open chromatin in DP 

thymocytes once the complete enhancer complex is formed.  E regulates the J array 

and the 3’ portion of the V array.  E deficient alleles have decreased or abolished 

transcription, reduced the abundance of active histone modifications (eg H3Ac) 

throughout this region, and are unable to undergo recombination.  E deficient mice 

have a complete block at the DP stage, and cannot generate a TCR protein or mature T-

cells.  

The Tcra locus contains multiple, well described promoters found in the J array 

and they regulate J RSS accessibility in DP thymocytes.  The most 5’ promoter, the TEA 

promoter (TEA), is responsible for generating accessibility of the most 5’J (J 61 to 53), 

for promoting transcription from promoters at J58 to J56 and for suppressing 

transcription from promoters located between J47 and J2 (Hawwari, Bock et al. 2005).  

TEA and other J array promoters generate accessible RSSs through mechanisms that 

depend on transcription (Abarrategui and Krangel 2006; Abarrategui and Krangel 2007; 

Abarrategui and Krangel 2009).  When transcription terminators were introduced 
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downstream of TEA or J56, there were significant decreases in transcripts running 

through RSSs, decreases in active histone modifications that are deposited during 

elongation, and reduced recombination.  Specifically, when transcripts are terminated 

downstream of J56, the only histone modification significantly reduced at the affected 

J RSSs is H3K4me3 (Abarrategui and Krangel 2006).  This observation suggests that 

enhancers and promoters work together to initiate transcription which leads to 

deposition of H3K4me3.   

The TCR enhancer (E) is found at the 3’ end of the Tcrb locus (Figure 5) but 

only regulates transcription and chromatin changes of the DJC clusters (Mathieu, 

Hempel et al. 2000; Spicuglia, Kumar et al. 2002).  Without a functional enhancer, Tcrb 

alleles do not transcribe both DJCs clusters and are unable to support D to J 

recombination.  Moreover, V transcription is unaffected.  Without E, thymocytes 

cannot generate TCRprotein and therefore development is blocked at DNIII.  If 

hypersensitive sites 1-4 are deleted from E (E 169 alleles), the remaining 

hypersensitive sites (5-7) can support a minimal amount of V(D)J recombination and 

thymocyte development (Bonnet, Huang et al. 2009).  However, E 169 alleles lose TCR 

expression in SP thymocytes and peripheral T-cells.  Therefore, E can be separated into 

different functional domains.  One domain is necessary for gene expression in the 

periphery while the other domain is necessary for gene expression and recombination in 

DN thymocytes.   
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E is required for transcription from two key promoters (PD1 and PD2) in the 

Tcrb locus that initiate transcription and open chromatin from the D gene segments 

(D1 and D2) to their respective constant regions (C1 and C2) (Figure 5) (Sikes, 

Suarez et al. 1999; Whitehurst, Schlissel et al. 2000; McMillan and Sikes 2008).  Without 

E, PD1 is able to bind limited transcription factors and displays open chromatin at the 

promoter, but not at the gene segments and RSSs.  E physically interacts with PD1 and 

PD2, and this interaction is dependent on the binding of RUNX1/3 transcription factors 

at E (Oestreich, Cobb et al. 2006; Osipovich, Cobb et al. 2007).  If this physical 

interaction is disrupted by deleting the binding sites for RUNX1/3, E is unable to 

activate transcription from the two promoters.   

Each D promoter initiates transcription and opens chromatin for its respective 

DJC cluster.  For instance, deletion of PD1 abolishes D1 to J recombination and 

Vto DJ1 recombination yet D2 recombination is left unaffected (Whitehurst, 

Chattopadhyay et al. 1999).  PD1 not only promotes transcription but also recruits 

chromatin remodeling complexes that may alter RSS accessibility (Morshead, Ciccone et 

al. 2003; Osipovich, Cobb et al. 2007).  Brg1, the catalytic component of the SWI/SNF 

complex, is found at accessible RSSs and can be found at PD1 in DN thymocytes.  

When Brg1 is depleted in vivo, transcription and D to J recombination are reduced.  

Moreover, the function of PDin promoting recombination and RSS accessibility can 

be replaced by artificial recruitment of Brg1 on a promoter-deficient allele. 
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In addition to the D gene segment promoters, each V and V has its own 

promoter (Figure 5) to regulate accessibility of V RSSs.  Deletion of a V promoter only 

decreases RSS accessibility and rearrangement of that particular V gene segment (Ryu, 

Haines et al. 2004).  While some of the V promoters are dependent upon E for 

transcription, the Vs and most of the Vs have no known enhancer to regulate their 

function (Ryu, Haines et al. 2004; Hawwari and Krangel 2005).  There may be 

undiscovered cis-elements that regulate V transcription and thus V RSS accessibility.   

1.4.3 RAG1/2 Recruitment  

Recent data has advanced our understanding of RAG1/2 binding in vivo and in 

turn confirmed why accessible chromatin is necessary for V(D)J recombination.  The first 

insight to how RAG1/2 is recruited to RSSs came from comparing the RAG2 full length 

protein to the core protein.  While RAG1 is known to contain the DNA binding motif 

and the catalytic site, RAG2 lacks such elements (Schatz and Spanopoulou 2005).  Yet, 

addition of full length RAG2 increased RAG1/2 cleavage on chromatinized RSS 

substrates as compared to core RAG2.  Core RAG2 lacks the PHD finger (Liu, 

Subrahmanyam et al. 2007; Matthews, Kuo et al. 2007).  PHD fingers have been shown to 

bind chromatin through a specific interaction with H3K4me3, a histone modification 

added during active transcription (Mellor 2006; Wang, Lin et al. 2009).  Indeed, the 

RAG2 PHD finger binds H3K4me3 in vivo and in vitro (Matthews, Kuo et al. 2007; 

Ramon-Maiques, Kuo et al. 2007).  Additionally, experiments have shown that the PHD-
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H3K4me3 interaction increased catalytic activity of RAG1 (Shimazaki, Tsai et al. 2009).  

These data connect RSS accessibility (active histone modifications and transcription) to 

actual binding properties of RAG2. 

The in vivo binding patterns of RAG1 and RAG2 have recently been 

characterized (Ji, Little et al. 2010; Ji, Resch et al. 2010).  Using antibodies against RAG1 

or RAG2, chromatin immunoprecipitations (ChIPs) were coupled with quantitative PCR 

(qPCR) or high throughput sequencing to identify where each protein bound in the 

genome.  While RAG1 showed proper cell specific and antigen receptor locus binding at 

RSSs, RAG2 binding correlated with actively transcribing genes and the presence of 

H3K4me3 genome-wide.  The binding pattern of RAG2 confirms that RAG2 binds 

broadly to H3K4me3 chromatin.  Notably, both proteins exhibit binding activity to 

chromatin independent of the other (e.g. RAG1 can bind to DNA in Rag2 deficient cells).  

When RAG1 and RAG2 ChIPs were conducted using a catalytically inactive RAG1 and 

wild type RAG2 so that synaptic complexes could form but not cleave, at most loci the 

binding pattern of RAG1 or RAG2 did not change from the binding pattern determined 

when only one RAG was present.  This suggests that the RAG proteins can assemble on 

the chromatin independent of each other, and that the RAG1/2 complex may form when 

there is an accessible RSS and neighboring H3K4me3 modified nucleosomes.  Therefore, 

the binding of RAG1/2 proteins to chromatin is regulated by making an RSS accessible to 

RAG1 and creating H3K4me3 modified nucleosomes by active transcription.  In DN 
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thymocytes, RAG1 and RAG2 binding at the Tcrb locus was restricted to DJgene 

segments.  In DP thymocytes, RAG1 and RAG2 binding was restricted to the most 5’ J 

gene segments.   RAG1/2 binding may reflect specific targeting of the proteins to 

promote certain recombination events.  For instance at the Tcrb locus, primary targeting 

of RAG1/2 to DJ gene segments may aid ordered recombination.  For the Tcra locus, 

targeting of RAG1/2 to the 5’J gene segments may promote 5’ to 3’ usage of the J 

array.   Mutations of TCR locus cis-elements that decrease chromatin accessibility also 

decrease RAG1 binding (Ji, Little et al. 2010).  While it is clear that the PHD finger of 

RAG2 recruits it to chromatin, it remains unclear what aspects of accessible chromatin 

recruit RAG1 to an RSS beyond DNA binding.   

At the Tcrb locus, RAG1/2 recruitment to RSSs is further modulated through 

interactions with c-Fos (Wang, Xiao et al. 2008).  c-Fos, a component of the AP-1 

transcription factor heterodimer, is dynamically regulated in DN thymocytes with the 

highest expression in DNII and DNIII.  c-Fos binds in the 3’D RSSs (a 23 RSS) at highly 

conserved AP-1 binding sites.  Of the AP-1 components, only c-Fos can interact with 

core RAG1 and RAG2 in vitro with the dominant interaction between c-Fos and RAG2.  

The addition of c-Fos to in vitro recombination experiments increased the binding of 

RAG1/2 to a plasmid substrate.  Without c-Fos in vivo, recombination of the Tcrb locus, 

but not the Tcrd locus, was altered.  As previously mentioned, the Tcrb locus follows 

strictly ordered recombination with D to J rearrangements preceding V to DThis 
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is in contrast to the Tcrd locus, which does not follow any restriction as to which RSS 

pairs recombine first.  In the absence of c-Fos, V to D recombination events occurred 

without prior D to J recombination.  These data suggest a novel role for c-Fos in 

targeting RAG1/2 to the 3’ D1 RSS and promoting D to J recombination.  How this 

occurs remains unclear.  One could imagine that c-Fos targets RAG1/2 to the 3’D1 RSS 

to promote its usage as opposed to the 5’D1 RSS, thus enhancing D to J 

recombination.  However, in vivo RAG1/2 binding was higher at J gene segments than 

D gene segments (Ji, Resch et al. 2010).  Therefore, additional mechanisms might be in 

place to enforce ordered recombination.   

In developing B-cells, Pax5 has also been shown to interact with RAG1/2 in vitro 

(Zhang, Espinoza et al. 2006).  The interaction is mediated though the PRD domain, and 

Pax5 binds to the RAG1/2 complex and not to the RAG proteins individually.  Notably, 

forced expression of RAG1, RAG2, E2A and Pax5 allowed VH to DJH recombination in 

293T cells.  It is unclear if the physical interaction between Pax5 and RAG1/2 is necessary 

for recombination under these conditions.  Pax5 is also involved in distal VH gene 

segment recombination; these results could reflect changes in chromatin conformation 

and not the recruitment of RAG1/2 by Pax5 (Fuxa, Skok et al. 2004). 

1.4.4 Locus Contraction 

Observations have been made using 3-dimensional fluorescence in situ 

hybridization (3D FISH) and the chromatin conformation capture (3C) assay that reveal 
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the conformation of accessible antigen receptor loci (Oestreich, Cobb et al. 2006; Ju, Volpi 

et al. 2007; Skok, Gisler et al. 2007; Jhunjhunwala, van Zelm et al. 2008; Schlimgen, 

Reddy et al. 2008; Shih and Krangel 2010; Deriano, Chaumeil et al. 2011).  All antigen 

receptor loci adopt a “contracted” conformation in which the 5’ and 3’ ends of the locus 

are closer in 3 dimensional space in the correct developmental stage as compared to the 

same loci in a control cell type (Jhunjhunwala, van Zelm et al. 2009).  The decrease in 

distance between the 5’ and 3’ ends of antigen receptor loci is not due to 

heterochromatization, but instead is thought to be a result of large loops that form 

within the locus.  Thus this new locus structure brings distal euchromatic regions in 

close proximity.  For a normal gene locus, these loops enable distal cis-elements to 

interact at a higher frequency (Kurukuti, Tiwari et al. 2006; de Laat, Klous et al. 2008; 

Aune, Collins et al. 2009).  For antigen receptor loci it is possible that novel structures 

enable cis-elements to make loci accessible, as well as to increase the frequency with 

which two distal RSSs (eg V and D1 RSSs) are found in the same synaptic complex.  

While some RSSs are in relatively close proximity (e.g. 3’D1 RSS and J1 RSSs are less 

than 1.5 kb apart) other RSSs are quite distant (e.g. 5’D1 RSS and V2 RSS are more 

than 600 kb apart).  One could assume that epigenetic changes not only involve RSS 

accessibility, but also may increase the frequency of these long range RSS interactions 

through changes in locus conformation.   
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Indeed the TCR loci all undergo developmental contraction depending on the 

developmental stage in which the locus rearranges.  By 3D FISH, the Tcrb locus contracts 

in DN thymocytes, while the Tcra/d locus is contracted in both DN and DP thymocytes 

(Skok, Gisler et al. 2007; Shih and Krangel 2010).  Because the Tcra/d locus contains both 

the Tcrd locus that recombines in DN and the Tcra locus that recombines in DP, the 

Tcra/d locus contracts to facilitate V usage in DN and DP thymocytes.  These large scale 

contraction events of the Tcra locus seem to be independent of known cis-elements such 

as E and E(Shih and Krangel 2010).  However, smaller loops have been identified by 

3C that are dependent upon cis-elements.  For instance, 3C has been used to show that in 

the Tcrb locus E and the D promoters (PD1 and PD2) physically interact (Oestreich, 

Cobb et al. 2006).  As mentioned previously, this interaction is RUNX1/3 dependent, and 

when the protein is missing the physical interactions between E and D promoters are 

lost.  This is one example of how the loop structures that form within an antigen 

receptor locus alter transcription and the generation of accessible chromatin.  One could 

also imagine that these loop structures facilitate RSS synapsis, and that this function 

could be independent of any effects on transcription or activation of the chromatin.  

Currently the only example of this is in the Igh locus.  Pax5, a key transcription factor in 

B-cell development, is required for contraction of the 5’ distal VH gene segments (Fuxa, 

Skok et al. 2004).  Without Pax5 the 5’ distal VH gene segments do not recombine to the 

DH gene segments.  It has yet to be confirmed if the contraction is mediated by Pax5 or 
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one of the many genes products it regulates, but this is a clear example of how RSSs 

must be brought together in three dimensional space to form synaptic complexes and 

allow for recombination.  Recently, a conserved sequence has been identified that 

contains Pax5, E2A and CTCF binding sites (Ebert, McManus et al. 2011).  The PAIR sites 

are found near distal VH gene segments.  The authors propose a model in which CTCF 

mediates long distance interactions that are regulated by Pax5, although there is no 

evidence for the PAIR CTCF sites to function in mediating locus contraction.  Further 

analysis is needed to clarify if the CTCF sites mediate long range interactions and if Pax5 

regulates CTCF function.   

1.4.5 Nuclear Localization 

Antigen receptor loci reside in different nuclear compartments during 

development (Kosak, Skok et al. 2002; Schlimgen, Reddy et al. 2008).  The nucleus is 

highly organized into compartments and domains that are optimized for performing 

specific tasks (Cremer and Cremer 2001).  For instance, the nuclear periphery can be 

separated into two domains.  One domain contains nuclear pore complexes that recruit 

highly transcribed genes (Luna, Gonzalez-Aguilera et al. 2009).  This recruitment allows 

for efficient export of transcripts.  However, the majority of the nuclear periphery is 

thought to repress transcription.  Artificial recruitment of an active gene to the nuclear 

periphery decreased its ability to transcribe (Reddy, Zullo et al. 2008).  In addition to the 

nuclear periphery, pericentric heterochromatin is also a known repressive compartment 
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and a nuclear location enriched for inactive genes (Brown, Guest et al. 1997; Hewitt, 

High et al. 2004; Merkenschlager, Amoils et al. 2004).  The majority of antigen receptor 

alleles are found at the nuclear periphery in cell types other than lymphocytes and in 

developing lymphocytes prior to recombination (Skok, Brown et al. 2001; Kosak, Skok et 

al. 2002; Roldan, Fuxa et al. 2005; Yang, Riblet et al. 2005; Hewitt, Farmer et al. 2008; 

Schlimgen, Reddy et al. 2008).  All analyzed antigen receptor loci, except for the Tcrb 

locus, move away from repressive nuclear compartments when accessible and 

rearranging (Schlimgen, Reddy et al. 2008).  The movement away from the repressive 

nuclear compartments may be a consequence of transcription or an active process to 

alleviate repression.  Although this movement has been observed, it is unknown if these 

repressive compartments have a negative effect on recombination.  The Tcrb locus is 

frequently associated with repressive compartments in DN thymocytes that are active 

for Tcrb recombination (Schlimgen, Reddy et al. 2008).  Further analysis is needed to 

clarify how repressive compartments impact recombination.   

1.5 Regulation of Allelic Exclusion 

As mentioned in the overview, allelic exclusion prevents the expression of two 

functional BCRs or TCRs on mature lymphocyte (Jackson and Krangel 2006; Krangel 

2009).  Allelic exclusion can be separated into parts: 1) initiation and 2) feedback 

inhibition.  Of the antigen receptor loci, Igh and Tcrb alleles are allelically excluded and 

generate only one functional IgH or TCR chain in pro B-cells or DN thymocytes 
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respectively.  Further, Igh and Tcrb rearrangement is suppressed when RAG1/2 is re-

expressed in pre B-cells or DP thymocytes.  This is in contrast to Igk, Igl and Tcra alleles, 

which do not endure a re-expression of RAG1/2.  Therefore, Igh and Tcrb alleles must 

have additional layers of regulation to ensure that allelic exclusion remains intact.  The 

following will review our current understanding and potential mechanisms that 

regulate Tcrb allelic exclusion. 

1.5.1 Initiation 

Igh and Tcrb alleles undergo ordered recombination where D to J recombination 

occurs first, followed by V to DJ (Olaru, Petrie et al. 2005; Drejer-Teel, Fugmann et al. 

2007).  While D to J recombination occurs on both alleles in a given cell, V to DJ 

recombination is restricted so that two in-frame rearrangements occur very rarely in the 

same cell.  For example, expression of a pre-rearranged IgH or TCRfrom a transgene 

(tg) inhibits normal V to DJ recombination from occurring at the endogenous locus in 

pro B-cells and DN thymocytes respectively (von Boehmer, Kishi et al. 1988; Rath, 

Durdik et al. 1989).    

The exact mechanism of why two in-frame rearrangements occur infrequently 

has not been elucidated.  Some potential mechanisms have been proposed leading to 

two models (Khor and Sleckman 2002; Mostoslavsky, Alt et al. 2004; Jackson, Kondilis et 

al. 2005; Jung, Giallourakis et al. 2006).  The deterministic model proposes that one allele 

is marked to rearrange first (Mostoslavsky, Singh et al. 2001).  The stochastic model 
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proposes that each allele has the same potential to rearrange but due to the low 

frequency of recombination, rearrangement occurs one allele at a time (Khor and 

Sleckman 2002; Schlissel 2002; Jackson, Kondilis et al. 2005).  Any one of multiple 

mechanisms could reduce the frequency of recombination, including low transcription, 

low RAG1/2 abundance, or poor access of RAG1/2 to the antigen receptor locus.  There is 

evidence to suggest that reduced RAG1/2 abundance or access may account for the 

reduced frequency of Tcrb locus recombination (B. Hao, A. Watanabe personal 

communication).  The transcription of Rag1 and Rag2 is lower in DN than DP 

thymocytes, which could limit the amount of RAG1/2 available to mediate the reaction.  

There is a clear difference in RAG1/2 binding at the D and J vs the V gene segments.  

In vivo, RAG1/2 binding was undetectable at V gene segments, while it was robustly 

detected at D and J gene segments in DN thymocytes (Ji, Resch et al. 2010).  Potential 

explanations for this difference in RAG1/2 binding could be: RSS sequence variation that 

reduces RAG1 binding, a difference in RAG1/2 cofactors that recruit the complex, or 

simply a difference in the number of RAG1 targets.  RAG1/2 binding at the 3’ D RSSs is 

stabilized through interactions with c-Fos (Wang, Xiao et al. 2008), while there is no 

known protein to mediate a similar interaction at the VRSSs.  The low enrichment of 

RAG1 and RAG2 at V gene segments may indicate that V RSSs are infrequently 

accessible.  Although the Tcrb alleles biallelically transcribe V gene segments, it is 

unknown if the transcription is constant or in pulses (Jia, Kondo et al. 2007).  In addition, 
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the nuclear location of the Vs may decrease RAG1/2 accessibility (Schlimgen, Reddy et 

al. 2008).  It could be imagined that in these locations, transcription of the V is at a 

lower frequency, leading to decreased RAG1/2 accessibility.  Therefore current data 

support the stochastic model of initiating allelic exclusion. 

1.5.2 Feedback Inhibition 

Once a functional Tcrb rearrangement occurs, the TCR chain pairs with pre-

TCR and is expressed on the cell surface.  Our current understanding is that two pre-

TCRs dimerize and initiate a signaling cascade to drive proliferation and differentiation 

to become a DP thymocyte (Pang, Berry et al. 2010).  During the DN to DP transition, the 

Tcrb locus undergoes well characterized epigenetic (Cobb, Oestreich et al. 2006) and 

locus conformational changes (Skok, Gisler et al. 2007).  As mentioned, the Tcrb locus is 

euchromatic in DN thymocytes, for example it actively transcribes and has active 

histone modifications (McMurry and Krangel 2000; Tripathi, Jackson et al. 2002).  In DP 

thymocytes the DJ gene segments remain euchromatic while V gene segments do not.  

V gene segments lose active histone modifications, decreased transcription, gain DNA 

methylation, and have decreased endonuclease sensitivity, and are characterized as 

having closed chromatin (Tripathi, Jackson et al. 2002).  The loss of accessible chromatin 

correlates with an inhibition of recombination, and therefore epigenetic changes have 

been proposed as a mechanism to prevent V to DJ recombination in DP thymocytes.   
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In addition to epigenetic changes, unrearranged Tcrb alleles adopt a different 

conformation in DP thymocytes (Skok, Gisler et al. 2007).  By 3D FISH, the 3’ and 5’ ends 

of the Tcrb locus are in close proximity in DN thymocytes, while the two ends separate 

in DP thymocytes.  If contraction facilitates and increases the frequency of the synaptic 

complex, then de-contraction prevents the formation of the synaptic complex and could 

potentially regulate feedback inhibition.  In support of this hypothesis, unrearranged Igh 

alleles also de-contract as B-cells differentiate from pro to pre B-cells. 

1.5.3 Breaking Feedback Inhibition 

Attempts have been made to decrease the distance between the V and the DJ 

clusters to address if the distance between the gene segments contributes to feedback 

inhibition.  Two large scale deletions have been generated and characterized.  The large 

deleted Tcrb (LD) allele deletes the region between V10 and the DJ1 cluster (Senoo, 

Wang et al. 2003).  Of the remaining 4 V gene segments, V4, 16, and 10 have similar 

transcript amounts in DP as in DN thymocytes.  Although the 4 V gene segments 

remained accessible in DP and were close to the DJ2 cluster in DP thymocytes, allelic 

exclusion remained intact.  A similar deletion has also been generated using nuclear 

transfer (NT) from peripheral  T-cells to generate mice that have a pre-rearranged 

VDJ at the endogenous locus (Brady, Oropallo et al. 2010).  The V1 NT allele contains 

a pre-rearranged V1 to DJ1.4 which deletes a similar region as the LD allele.  Like the 

LD allele, the upstream V gene segments remain accessible in DP thymocytes.  But 



 

36 

unlike the LD mice, homozygous V1 NT mice have peripheral T-cells that express two 

surface TCRchains (V1 and V10).  The V10 rearrangements used DJ2 and replaced 

the V1 NT rearrangement.  However, it remains unclear if rearrangement occurred in 

DN or DP thymocytes since the authors did not analyze the presence of recombination 

intermediates from sorted DN and DP thymocyte populations.  It is possible that dual 

TCR expressing T-cells were generated in DN thymocytes, and that there was a 

perturbation of the initiation of allelic exclusion while feedback inhibition remained 

intact.  If further analysis recombination intermediates from sorted DN and DP 

thymocyte populations were conducted, the V1 NT allele could address feedback 

inhibition to the DJ2 cluster.  Because the mechanism preventing secondary 

recombination events to DJ2 on a rearranged allele may be different from the 

mechanisms preventing primary recombination events using DJ1, the deletion studies 

do not evaluate the roles of chromatin accessibility and distance on an unrearranged 

allele. 

Instead of deleting portions of the Tcrb locus, Sieh and Chen generated a Tcrb 

allele that relocatedV13 (V13i) 6.8 kb upstream of the DJ1 cluster (Sieh and Chen 

2001).  The V13i allele could recombine in the presence of a TCR tg as demonstrated 

by the presence of dual TCRexpressing (V13+, TCR tg+) peripheral T-cells.  

Although increases in dual expressing T-cells suggested a break in allelic exclusion, 

there was no transcription from V13i in DP thymocytes and no evidence provided that 
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V13i rearranged in DP thymocytes.  Unlike the deletion alleles that maintain a similar 

accessibility in DN and DP thymocytes, the transcription of V13i decreased between 

DN and DP thymocytes.  Although there was a short distance between V13i and DJ1 

in DP thymocytes, the V13i RSS could be inaccessible.  The decrease in V13i 

accessibility may have been sufficient to enforce feedback inhibition and prevent 

recombination to DJ1.  Thus, it remains unclear if changes accessibility and distance 

contribute to feedback inhibition.    

If epigenetic changes alone are responsible to enforce feedback inhibition, then 

forced accessibility would overcome feedback inhibition and allow for V recombination 

in DP thymocytes.  The only known enhancer elements within the Tcrb locus, E,  

regulates accessibility and transcription of the DJC clusters (Cobb, Oestreich et al. 2006).  

As mentioned, V genes segments remain accessible on E deficient alleles (Mathieu, 

Hempel et al. 2000; Spicuglia, Kumar et al. 2002).  Therefore instead of manipulating an 

existing cis-element, Jackson et al altered accessibility of Vs by introducing the Tcra 

enhancer (E) enhancer into the middle of the V array (EKI allele) (Jackson, Kondilis 

et al. 2005).  EKI alleles have similar accessibility of V RSSs in DN and DP thymocytes 

as measured by transcription, presence of active histone modifications, and sensitivity to 

endonuclease digestion.  EKI alleles did display increased frequency of dual TCR 

expressing peripheral T-cells.  To address if feedback inhibition was broken, the 

presence of DSBs at V and D RSSs were assayed in sorted DN and DP thymocytes.  
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Robust DSBs were detected from wild type DN thymocytes, and as expected the 

frequency of DSBs decreased in wild type DP thymocytes as compared to wild type DN 

thymocytes.  However, there was a similar decrease in DSBs found between EKI DN 

and DP thymocytes.  And the abundance of DSBs for V and D RSSs was similar 

between wild type and EKI DP thymocytes.  Although E was able to force 

accessibility of the V array in DP thymocytes, the EKI allele was unable to support V 

to DJ recombination in DP thymocytes.  Therefore, the increase in dual TCR T-cells 

did not arise from ongoing TCRrecombination in DP thymocytes, but perhaps the 

introduction of E increases the frequency of V to DJ recombination and the 

probability that both alleles recombine in DN thymocytes.   

E2A, with its dimerization partner HEB, functions to regulate gene expression 

involved in differentiation and proliferation during lymphocyte development (Jones and 

Zhuang 2009).   In particular, V promoters are targets of E2A activity, and evidence 

suggests they are direct targets of E2A (Agata, Tamaki et al. 2007; Jia, Dai et al. 2008).  In 

mice containing a single copy of  the E2A gene, V gene segments displayed reduced 

transcription and reduced deposition of active histone modifications in DN thymocytes 

(Agata, Tamaki et al. 2007).  Thus, E2A can positively regulate V accessibility in DN 

thymocytes.  Overexpressed E2A caused SJ formation in DN and DP thymocytes.  The 

expression of a TCR tg also did not suppress the formation of SJ in DP thymocytes.  SJ 

formation was analyzed as a measure of ongoing recombination because normally SJs 
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formed in DN thymocytes are not replicated as thymocytes proliferate and differentiate 

to DP and are therefore undetectable in DP thymocytes.  Therefore the presence of SJs in 

DP thymocytes can be interpreted as ongoing recombination in DP thymocytes and a 

perturbed feedback inhibition.  However, the authors did not address if forced E2A 

expressing altered the proliferation of thymocytes between the DN and DP stage.  The 

presence of SJ in DP thymocytes could increase if there were fewer divisions between 

DN and DP.  Although these data suggest continuing recombination of Tcrb alleles in DP 

thymocytes when E2A is overexpressed, it is still possible the recombination events 

occurred in DN and not in DP.  These data indicate that reduced E2A expression may be 

involved in feedback inhibition, although it remains unclear if V gene segments are 

regulated by direct binding of E2A or by an E2A regulated protein.  Moreover if E2A 

regulates feedback inhibition by altering V accessibility, then it raises the question of 

why the EKI allele did not break feedback inhibition and what mechanisms other than 

V chromatin accessibility are involved.  One could imagine that E2A could not only 

regulate V chromatin accessibility, but might also mediate changes in locus 

conformation.  Therefore, the difference between the EKI allele and the E2A 

overexpression experiments may be that the EKI allele only altered chromatin 

accessibility while E2A overexpression altered chromatin accessibility and additional 

regulatory mechanisms (e.g. locus conformation).  For example, EKI alleles might 

break feedback inhibition if additional steps were taken to force Tcrb locus contraction.
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2 Thesis Prospectus 

Epigenetic regulation of V(D)J recombination both promotes and inhibits 

rearrangement.  RSSs are made accessible by epigenetic changes that promote RAG1/2 

binding and cleavage.  In vivo, accessible RSS characteristics include transcription 

through the RSS, active histone modifications, sensitivity to endonuclease digestion, and 

low DNA methylation.  Although these characteristics involve nucleosomes, we lack a 

general understanding of nucleosome organization and histone octamer occupancy at 

accessible and inaccessible antigen receptor loci.  Moreover, we lack an understanding of 

how cis-elements and transcription regulate this fundamental component of chromatin. 

Feedback inhibition of the Tcrb locus was initially proposed as being solely a 

decrease in accessibility of the V gene segments.  To confirm this hypothesis, the TCR 

enhancer (Ei) was introduced in the middle of the V array to maintain accessibility 

and disrupt feedback inhibition.  Although Ei maintained chromatin accessibility, Tcrb 

recombination was inhibited in DP thymocytes.  Therefore feedback inhibition is 

enforced at a level beyond chromatin accessibility.  We hypothesize that feedback 

inhibition is enforced by a combination of changes in chromatin accessibility and locus 

conformation. 

 

 



 

41 

Specific Aim 1:  Determine if nucleosome organization is altered to allow for V(D)J 

recombination at antigen receptor loci. 

Nucleosome and higher order chromatin structure impedes access of RAG1/2 

proteins to the RSSs.  Indeed, in vitro RAG1/2 cleavage is inhibited by the addition 

nucleosomes, and it has been postulated that RSSs contain nucleosome positioning 

sequences as a mechanism to inhibit or suppress recombination (Baumann et al 2003).  

Therefore, I determined how nucleosomes are organized when RSSs are inaccessible and 

accessible to RAG1/2.  In addition, I evaluated how cis-elements and transcription 

regulate nucleosome organization and histone octamer occupancy. 

 

Specific Aim 2:  Determine if changes in accessibility and changes in locus 

conformation can overcome feedback inhibition of the Tcrb locus in DP thymocytes. 

Feedback inhibition of the Tcrb locus was initially proposed as being solely a 

decrease in accessibility of the Vβ gene segments in DP thymocytes as a mechanism to 

prevent Vβ recombination.  To confirm this hypothesis, Eαi was introduced in the 

middle of the Vβ array (EαKI allele) to maintain accessibility and disrupt feedback 

inhibition (Jackson, Kondilis et al. 2005).  Although Eαi maintained chromatin 

accessibility in DP thymocytes, feedback inhibition remained intact and we concluded 

that feedback inhibition is enforced at a level beyond chromatin accessibility.  I 

hypothesize that feedback inhibition may be enforced by chromatin accessibility and 
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locus conformation contraction.  I therefore generated two alleles that were expected to 

maintain accessibility in DP thymocytes, due to the presence of E, and to remove the 

need for locus contraction.  I characterized the accessibility of the RSSs in DN and DP 

thymocytes and evaluated whether these modified alleles were subject to feedback 

inhibition.
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3 Materials and Methods 

3.1 Mice   

Mice were housed at the Duke, Vanderbilt, and Washington University 

Vivariums and used following protocols approved by the Duke University, Vanderbilt 

University, and Washington University Animal Care and Use Committees.  All mice 

were genotyped using the Touch Down (TD) PCR strategy:  5 minutes at 94°C, followed 

by 30 cycles of 30 seconds at 94°C, 30 seconds at an annealing temperature, and 30 

seconds to one minute extension at 72°C.  Annealing temperature was held at 68°C, 65°C 

and 60°C for 5 cycles and at 58°C for 15 cycles.  Primers used for genotyping are listed in 

Table 1. 

3.1.1 Generation of DJinEKI Allele 

DJ KI and homology arms were PCR amplified using Pfu Turbo (Stratagene, La 

Jolla, CA) and amplicons were cloned using a Blunt TOPO Cloning kit (Invitrogen, 

Carlsbad, CA).  DJ1 KI was PCR amplified from nucleotides 152528 to 154066 (Genbank 

file MMAE000665) using as a template the 5-1 PD1-DJ1 plasmid (a kind gift from B. 

Sleckman) containing PD1 and a pre-rearranged D1 to J1.1.  5’ and 3’ homology arms 

extended from nucleotides 981 to 8110 and nucleotides 8115 to 10633 of Genbank file 

MMAE000664.  To distinguish the DJinEKI allele from the EKI and wild type alleles, 

we introduced a BamHI restriction enzyme site approximately 90 bp 3’ of the V13 RSS 

at nucleotide 7425.  Sequencing was performed to confirm sequence accuracy.  The 
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fragments were cloned into the pLNTK vector containing phosphoglycerate kinase 

(PGK) promoter-driven loxP flanked neomycin (Neo) cassette and thymidine kinase 

selection markers.  The 5’ homologous arm and DJ KI was cloned into the XhoI site.  

The 3’ homologous arm was cloned into the SalI site.  Homologous recombination was 

verified by Southern blot using SacI-digested genomic DNA probed with the 3’TCR 

probe and using EcoRI-digested genomic DNA probed with a 5’TCR probe. 

DJ KI, a BamHI site, and a loxP flanked neomycin (Neo) cassette were 

introduced into the Tcrb locus by homologous recombination in ES cells derived from 

EKI mice.  ES cells derivation, transfections and analysis of ES cells was performed in 

the laboratory of B. Sleckman at Washington University.  Because of the residual loxP 

site from the EKI targeting, Cre recombinase deleted Neo and inverted the DNA 

sequence between the EKI loxP site and DJ KI loxP site (DJinEKI-Inv allele).  We 

produced mice homozygous for the DJinEKI-Inv allele and crossed them with mice 

expressing the Cre recombinase under control of the CMV promoter.  We successfully 

re-inverted the DNA sequence between the EKI loxP site and DJ KI loxP site in vivo to 

generate DJinEKI mice.  Further genotyping of the mice was done by PCR (Table 2). 

3.1.2 Generation of in Allele 

The TCR substrate contained the same PD1i and the pre-rearranged DJ KI as 

in the DJinEKI allele and the V13 promoter and gene segment (introduced V13; 

V13i).  The TCR substrate was PCR amplified from the DJinEaKI targeting construct 
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from nucleotides using primers upstream of Vb13 promoter (starting at nucleotide 5794 

from GenBank MMAE000664) and primers downstream of the DJb KI (ending at 

nucleotide 154066 from GenBank MMAE000665).  5’ and 3’ homology arms extended 

from nucleotides 12960 to 19676 and 84861 to 87477 (GenBank M64239).  Homology 

arms and the TCR substrate were cloned into the PGKneo vector containing a PGK 

promoter-driven loxP flanked neomycin (Neo) cassette and thymidine kinase selection 

markers.  The 5’ homologous arm and TCR substrate were cloned between the NotI and 

XmaI sites.  The 3’ homologus arm was cloned between the NheI and the SalI sites. 

Homologous recombination was verified by Southern blot using EcoRI-digested 

genomic DNA probed with the 3’TCR (C) probe and using KpnI/BamHI-digested 

genomic DNA probed with a 5’TCR probe. 

The TCR substrate and Neo cassette were introduced into the Tcra locus by 

homologous recombination.  We targeted ES cells that have a mutated Tcra allele 

(TCRsJ allele) (Huang, Sleckman et al. 2005) that only contains TEA and two J gene 

segments (J61 and J56).  ES cells derivation, transfections and analysis of ES cells was 

performed in the laboratory of B. Sleckman at Washington University.  Proper targeting 

of the Tcra locus in ES cells was screened and confirmed by genomic DNA Southern 

blot.  The Neo cassette was removed by transient transfection of ES cells with Cre 

recombinase.  The transfections and analysis of ES cells was performed in the laboratory 
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of B. Sleckman at Washington University.  Further genotyping of the mice was done by 

PCR (Table 2). 

3.1.3 Other Mice 

Rag2-/- (Shinkai, Rathbun et al. 1992) and Rag2-/- containing a pre-rearranged 

TCR tg (Shinkai, Koyasu et al. 1993) mice were purchased from Taconic.  129 (wild 

type) and C
-/-,C

-/- mice were purchased from Jackson Labs.  E-/- Rag1-/- mice were a 

kind gift from P. Ferrier (Mathieu, Spicuglia et al. 2003).  PD1-/- Rag2-/- mice were a kind 

gift from J.Chen (Whitehurst, Chattopadhyay et al. 1999).  Lat-/- mice were a kind gift 

from W. Zhang (Zhang, Sommers et al. 1999).  E-/- Rag2-/- TCR tg mice were a kind gift 

from B. Sleckman (Sleckman, Bardon et al. 1997).  TEA-/- Rag2-/- TCR tg mice (Hawwari, 

Bock et al. 2005), mice homozygous for the TEA-I insertion on a Rag2-/-  TCR tg 

background (Abarrategui and Krangel 2007) were generated by previous lab members 

A. Hawarri and I. Abarrategui.  EKI, EKI Rag-/-, and EKI Rag-/- TCR tg mice were 

generated by A.Jackson (Jackson, Kondilis et al. 2005).   

3.2 Nucleosome Positioning Assay 

Primary thymocytes were obtained from 2-3 week old mice.  Following cell lysis, 

thymocyte nuclei were incubated with micrococcal nuclease and mononucleosomes 

were fractionated using a 10-40% sucrose gradient as previously described (Jackson, 

Kondilis et al. 2005).  Mononucleosome DNA was purified and quantified using SYBR 

Green real-time PCR (Roche LightCycler2.0) using a genomic DNA standard curve.  All 
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PCR amplifications used a linear touchdown protocol (TD-qPCR protocol) with 

annealing temperatures decreasing from 68°C to 56°C in 10 cycles followed by 40 cycles 

annealing at 56°C.  Amplification signals from a well characterized positioned 

nucleosome in the promoter of the IL-12 gene (Weinmann, Plevy et al. 1999) were used 

to normalize the experimental values. A complete list of primer sequences is provided in 

Table 3, 4 and 5. 

3.3 Crosslinking Chromatin Immunoprecipitation  

Primary thymocytes from 2-3 week old mice were isolated and diluted to a 

concentration of 107 cells per ml in RPMI 1640 with 10% FBS.  Formaldehyde was added 

to a final concentration of 1% and incubated on ice for 10 minutes.  The formaldehyde 

was quenched by the addition of glycine to a final concentration of 0.125 M and 

incubation for 5 minutes at 23°C.  Cells were washed once with PBS, and cell 

membranes were lysed by incubation for 10 minutes on ice in 5 mM PIPES pH 8, 85 mM 

KCl, 0.5% NP-40, 0.1 mM PMSF and 0.1 mM benzamidine.  Nuclei were pelleted by 

centrifugation at 1,500 rpm for 5 minutes at 4°C and were lysed by incubation for 10 

minutes at 23°C in 50 mM Tris-HCl pH 8, 10 mM EDTA, 1.0% SDS, 0.1 mM PMSF and 

0.1 mM benzamidine.  The lysate was layered over 12 ml of 8 M urea, in 10 mM Tris-HC 

pH 8, 1.0 mM EDTA and ultracentrifuged in an SW40 rotor at 30,000 rpm for 17 hours at 

4°C.  The pellet was resuspended in 2 ml of 5% glycerol in 10 mM Tris-HCl pH 8 and 1 

mM EDTA and was dialyzed against the same buffer overnight at 4°C.  The samples 
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were diluted in 10 mM Tris-HCl pH 8 and 1 mM EDTA to 107 cells per ml and 1 ml 

aliquots were sonicated using a Bioruptor UCD-200 (Diagenode) (30 seconds on, 30 

seconds off for 10 minutes at 4°C in 15 ml polystyrene conical tubes).  The sonicated 

material was adjusted to 1.1% Triton-X 100, 167 mM NaCl, 0.1 mM PMSF, and 0.1 mM 

benzamidine and was precleared by the addition of 100 l per ml of sonicate with a 50% 

Protein A Agarose/ Salmon Sperm DNA Slurry (Millipore 16-157) with rocking for 6 

hours at 4°C.  Immunoprecipitation was performed using 200l precleared sonicate and 

5g of anti c-Fos (Santa Cruz, sc-52) or anti mouse IgG (R&D Systems, ab-105-c) and 

rocked overnight incubation at 4°C, followed by the addition of 75l of 50% Protein A 

Agarose/ Salmon Sperm DNA Slurry, with rocking, for 30 minutes at 4°C.  The unbound 

fraction was collected and later used as input.  The bound pellets were washed twice 

with 1 ml of the following buffers: IP Buffer (0.01% SDS, 1.1% Triton-X, 1.2 mM EDTA, 

16.7 mM Tris-HCl pH 8, 167 mM NaCl), TSE 500 Buffer (0.1% SDS, 1.0% Triton-X, 2 mM 

EDTA, 20 mM Tris-HCl pH 8, 500 mM NaCl), LiCl Buffer (100 mM Tris-HCl, 500 mM 

LiCl, 1% NP-40, 1% deoxycholic acid) and 10 mM Tris, 1 mM EDTA.  Between washes 

the pellets were centrifuged at 3,000 rpm for 3 minutes at 4°C and the supernatants were 

subsequently discarded.  Pellets were incubated twice at 23°C with 50 mM NaHCO3, 1% 

SDS, were centrifuged at 5,000 rpm for 5 minutes at 23°C, and the supernatants were 

collected and pooled as the bound fraction.  The bound and input fractions were 

reverse-crosslinked by adding NaCl to 200 mM and incubating overnight at 68°C. The 
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samples were treated with 200 mg/ml of RNaseA for 30 minutes at 37°C and 10 mg/ml of 

Proteinase K (ProtK) for one hour at 60°C prior to phenol chloroform extraction and 

isopropanol precipitation.  All samples were resuspended in 200 l of 10 mM Tris-HCl 

pH 8, 0.1 mM EDTA; input samples were further diluted to 1:40 in 10 mM Tris-HCl pH 

8, 0.1 mM EDTA.  Bound and input samples were quantified using 5 l of sample in 

SYBR Green real-time PCR (Roche LightCycler2.0).  All PCR amplifications used the TD-

qPCR program. 

3.4 In Vitro Nucleosome Assembly 

A portion of the D1 to J1 cluster (nucleotides 152520-154707; Genbank 

accocession number MMAE000665) was PCR amplified using PFU Turbo (Stratagene, 

LaJolla, CA) and cloned using a TOPO Cloning kit (Invitrogen, Carlsbad, CA).  

Nucleosomes were assembled on 1 ug plasmid DNA using a Chromatin Assembly kit 

(Millipore, Bedford, MA, 17-410) according to manufacturer’s instructions, with the 

exception that assembled chromatin was digested with enzyme mixture for 14 min at 

27°C.  After the addition of the Enzymatic Stop Solution, nucleosomes were fractionated 

on a 10-45% sucrose gradient as described in the Mononucleosome Positioning Assay.  

Fractions containing pure mononucleosomes were identified by qPCR amplification of 

purified DNA using primers designed to amplify mononucleosome and di-nucleosome 

sized fragments.  Mononucleosome DNA was then analyzed as outlined previously with 

the exception that normalization to the IL-12 gene was omitted.   
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3.5 3D FISH  

3.5.1 FISH Probes and Antibodies. 

BAC clones 75P5 (5’ Tcrb probe) and 203H5 (3’ Tcrb probe) were used to generate DNA 

probes. BACs were directly labeled as previously described (Shih and Krangel 2010).  

3.5.2 3D DNA Immuno-FISH 

Cells were fixed and hybridized as described previously (Shih and Krangel 2010).  

3.5.3 Confocal Imaging and Distance Calculations 

Slides were imaged using a 100x NA1.4 objective lens with a 2x optical zoom on a 

confocal microscope (SP5, Leica).  Images were subsequently analyzed using ImageJ 

(National Institutes of Health) software and processed using a Kalman stack filter to 

determine the 3-dimensional coordinates of focus centers.  Distances were calculated as 

previously described (Shih and Krangel 2010).  Only nuclei with distinguishable signals 

for each pair of alleles were analyzed. Statistical tests were performed using Prism 3.0 

(GraphPad Software, Inc.).  

3.6 Cell Sorting 

3.6.1 DN3 Thymocyte Sorting  

DN3 thymocytes were isolated as previously described (Roberts, Lauzurica et al. 

1997).  In brief, approximately one billion thymocytes were isolated from mice between 2 

and 3 weeks of age.  Thymocytes were isolated, washed with 20 ml of RPM1 with 10% 

FBS, filtered through nylon mesh and counted.  5x108 cell aliquots incubated with 4.5 ml 
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of hybridoma supernatant from clones specific for CD4 (clone GK.1) and CD8 (clone 

A13.48) antibodies for 5 minutes on ice.  SP and DP thymocytes were depleted by 

Complement lysis at 37°C for 45 minutes (Low Toxic Rabbit Complement-CL3051, 

Cedarlane) with 2 g of complement in a total of 20 ml.  Lysed cells were removed by 

using a ficoll gradient (Lymphoprep, Axis-Shield PoC AS) according to manufacturer’s 

instructions.  Live cells were washed and resuspended in a total volume of 500 l.  Next, 

the cells were incubated on ice for 5 minutes with 2l of anti-CD16 and –CD32 to block 

nonspecific staining.  Cells were stained with 35 l of the following antibodies for 30 

minutes on ice:  Cy5-conjugated anti-CD3e, -CD4, and CD8; biotinylated anti-CD24, PE-

conjugated anti-CD44, and FITC-conjugated anti-CD25.  After washing, cells were 

stained with Texas Red-conjugated streptavidin.  Samples were sorted using a DiVa 

(Becton Dickinson) and analyzed using CellQuest software.  Cells were collected from 

the CD24+CD3-CD4-CD8- and CD25+CD44+ gates.   

3.6.2 DP Thymocyte Sorting 

DP thymocytes were isolated as previously described (Roberts, Lauzurica et al. 

1997).  Briefly, 2x107 thymocytes were isolated, washed and suspended in 500 l of RPMI 

with 10% FBS.  Cells were incubated on ice for 5 minutes with anti-CD16 and –CD32 to 

block nonspecific staining followed by incubation with FITC-conjugated anti-CD4 and 

PE-conjugated anti-CD8 for 30 minutes on ice.  Cells were washed twice and sorted on 
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on DiVa (Becton Dickinson) and analyzed using CellQuest software.  Cells were 

collected from the CD4+CD8+ gate.   

3.7 Native Chromatin Immunoprecipitation 

Primary thymocytes were isolated from 2 to 3 week old mice and prepared as 

previously described (Carabana, Watanabe et al. 2011).  In brief, 107 cells were lysed 

using 0.04% NP-40 for 5 minutes on ice.  Nuclei were then washed twice, resuspended in 

200 ul of digestion buffer and digested with 5 U of micrococcal nuclease at 37°C for 5 

minutes.  The nuclease reaction was stopped using 300 ul of 10mM Tris-HCl pH 8.0, 5 

mM EDTA, 10 mM sodium butyrate.  Immunoprecipitations (IPs) and washes were 

conducted as described for the cross-linking ChIP.  All samples were resuspended in 200 

l of 10 mM Tris-HCl pH 8, 0.1 mM EDTA; input samples were further diluted to 1:50.  

Bound and input samples were quantified using 2 l of sample in SYBR Green real-time 

PCR (Roche LightCycler 480).  All PCR amplifications used the TD-qPCR program and 

primers used are listed in Table 6. 

3.8 Germline Transcription  

Primary thymocytes were isolated from RAG deficient mice.  2 x 107 cells were 

resuspended in 1 ml of Trizol (Invitrogen, Carlsbad, CA) and RNA was isolated 

according to manufacturer’s instructions.  cDNA was synthesized using the Super Script 

III kit (Invitrogen, Carlsbad, CA) using up to 2 ug of purified RNA.  Transcripts were 

quantified using SYBR Green real-time PCR (Roche Light Cycler 480).  All experimental 
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PCR amplifications used the TD-qPCR protocol and primers are listed in Table 6.  -

actin was amplified using a standard protocol with an annealing temperature of 62°C 

and 40 cycles; this PCR was used to normalize different samples. 

3.9 Rearrangement Frequency 

3.9.1 Rearrangement Frequency by qPCR 

Genomic DNA was isolated from sorted DP thymocytes and diluted to 100 ng 

per ul in 10 mM Tris-HCl pH 8, 0.1 mM EDTA.  Samples were quantified using SYBR 

Green real-time PCR (Roche Light Cycler 480).  All amplifications used the TD-qPCR 

protocol.  Primers are listed in Table 7. 

3.9.2 Rearrangement Frequency by Southern Blot 

 Genomic DNA was isolated from whole thymus samples, digested with the 

appropriate restriction endonuclease, and resuspended in 10 mM Tris-HCl pH 8, 0.1 mM 

EDTA.  5 ug of each sample was resolved on a 0.7% agarose gel and transferred onto a 

nylon membrane.  Blots were hybridized with 32P-labeled probes.   

3.10 Analysis of V(D)J Recombination Products 

3.10.1 Coding Joint Analysis 

Genomic DNA was isolated from sorted DN and DP thymocytes and serially 

diluted 3x fold in 10 mM Tris-HCl, 0.1 mM EDTA.  Amplicons were generated using a 

specific V forward primer and a common reverse primer positioned 3’ of J1.1.  

Amplicons were resolved on a 2.0% agarose gel and transferred onto a nylon membrane.  
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Blots were hybridized with 32P-labeled oligonucleotide probes.  Amplification from the 

CD14 gene was used as a loading control.  Primers and probes are listed in Table 8.   

3.9.2 Signal End Analysis 

SEs were detected from sorted DN3 and DP thymocytes as previously described 

(Jackson, Kondilis et al. 2005).  In brief, genomic DNA was carefully extracted from 

sorted DN3 and DP thymocyte populations and resuspended in 10 mM Tris-HCl pH 8, 

0.1 mM EDTA.  1.5 g of genomic DNA was ligated as previously described (McMurry, 

Hernandez-Munain et al. 1997). Linker-ligated DNA was 3x fold serially diluted and SEs 

were amplified using linker and gene specific primers.  CD14 gene amplification was 

used as a loading control.  Amplicons were resolved on a 2.0% agarose gel and 

transferred onto a nylon membrane.  Blots were hybridized with 32P-labeled 

oligonucleotide probes.  CD14 gene amplification used a standard protocol with an 

annealing temperature of 62°C and 23 cycles.  5’D1 (31 total cycles), 5’D2 (31 total 

cycles), V8.1 (35 total cycles) and V13 (35 total cycles) SEs amplifications used TD-PCR 

2 program: 5 minutes at 94°C, followed by 31 to 35 cycles (depending on the primer pair) 

of 30 seconds at 94°C, 30 seconds at an annealing temperature, and 30 seconds to one 

minute extension at 72°C.  Annealing temperature was held at 68°C, 66°C and 64°C for 5 

cycles each and at 62°C for the remainder of the cycles.  Table 9 lists linker sequences, 

primers and probes. 
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Table 1:  Genotyping Primers 

Name Sequence 

EKI or DJinEKI V12 F 

V12 R 

Ei R 

AATGTCAACTTAGTGTTTCCATAGGA 

GGTCTACCTAATTGCCTTGGAG 

GGACATAGACTTTCTCCCTTGAAC 

in TCR F 

KI F 

TCR R 

CACTAACTCTCATTCCGAGG 

ACCTATGGGAGGGTCCTTTTTTGTATAAAG 

CCACCTAGAGAGTTTCCAGC 

Rag2 F 

R 

KO R 

TACCTCCCACCTCTTCGTTATCC 

CCAGTCAGGAGTCTCCATCTCAC 

TGGGTCACGACGAGATCCTC 

TCR tg F 

R 

ATGTACTGGTATCGGCAGGACACGG 

GGAGGACATGCTTTGTCCGAAG 

Lat F 

R 

Neo R 

CTCAACTCAGTCGTCCAGCAAGAG 

GCCAGGAGCGTGACCAAGAAG 

TTCTGGATTCATCGACTGTGG 

 

Table 2: Construct Primers and Southern Probes 

Name Sequence Added 

5’ DJinEKI Arm F 

                               R 

CGCGTCGAGCACCTAAGAAGGAGCCTTTA 

CGAGCTCGGAGCAGGACTTCATGGAAAC 

SalI 

SacI 

3’DJinEKI Arm F 

                               R 

CCTCGAGCCTCCAACCCATACCTATC 

TAGCCTGCTTGGCAAACTCTAG 

XhoI 

DJ KI F 

             R 

CGAGCTCGGATGTATGTATGTGCCTCC 

CGCGTCGACTATGGACACGGAGGACATGC 

SacI 

SalI 

3’ in Arm F 

                       R 

CTAGCTAGCTATCTATGGGGCTGGACATG 

CGCGTCGACCTGTGCAAAGTACGTGCTGTATGAACG 

NheI 

SalI 

TCR substrate F 

                            R 

GGAAGATCTTTTCCAGAGCCTGGCACTAT 

CCCGGGTATGGACACGGAGGACATGC 

BglII 

XmaI 

5’TCR probe F 

R 

CACCTAAGAAGGAGCCTTTAC 

ACCAACTCAGATAGGGAAGG 

 

3’ TCR probe F 

R 

CTGTACATAACACCAGAGAG 

TATTCCCTCATTGGTGGCAC 

 

5’ TCR probe F 

R 

TGCACAAACCAGCTGAGTCCC 

GTGGCAGAAGACATCCCAGGC 

 

3’TCR probe F 

R 

CGTCATACAGCACGTACTTTGCACAG 

CTTTGCCTGAGGCTATGTGA 

 

V13 probe F 

R 

CCATGGGCACCAGGCTTCTTG 

AAACCATCAGCTTTGTGCACAG 
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Table 3:  D1-J1 Region Primers 

Name Sequence Amplicon Size 

152929 TTGTCACACACAGAGTCTTG 119 

 GGGAACCACCCTATGAAGAA  

152982 TAGGGCAAGGGCAAAGCTAG 105 

 CTGGATTCCCTCTTGTATCC  

153077 GGATACAAGAGGGAATCCAG 123 

 AAGATGCGAGCTAATGCAGG  

153109 TGACACCCAGCGCCAAGAAA 99 

 CATTGTGCAAGGTGGTGGTA  

153178 CCCTGCATTAGCTCGCATCT 118 

 GGCTGGAAGAAACCACCAGA  

153204 TACCACCACCTTGCACAATG 129 

 AAAGGACCCTCCCATAGGTC  

153244 CCTTCCTTATCTTCAACTCC 129 

 CGTGGCCCCCTGTCCCCACAA  

153272 TCTGGTGGTTTCTTCCAGCC 108 

 CCCATAGAATTGAATCACCG  

153305 GACCTATGGGAGGGTCCTT 111 

 CTTGGGACAGACAGAATGGT  

153334 GCTGTAACATTGTGGGGACA 109 

 CCCAGGAGAAGAGTAGAGGA  

153368 CGGTGATTCAATTCTATGGG 121 

 CGTGAAAGCATTCTGGATCT  

153427 AGGCCCACAGTCCTCTACTC 136 

 GGAGGCTCCTGCTCTGGTAA  

153470 AGATCCAGAATGCTTTCACG 122 

 GCCACTAGGCCATTCTTCTT  

153509 GCCAAGATTGTGGAGAAGAA 119 

 GGCAGAAGAGGATTTCCCTG  

153544 AGCCTCCTACACTGAATGAA 109 

 CCACTGATGGTGGTCTGTTT  

153580 GGCCCTAGCAGCAAAGGATG 101 

 CCTGTAGAACTGTTCACCTC  

153632 AACAGACCACCATCAGTGGA 104 

 CCTGGTCCTATGATGATATTCA  

153669 GAGGTGAACAGTTCTACAGG 115 

 CAAGGTCCATCAAAGTGAGG  

153707 GATCTCAGCTCTTGATGAATATC 118 

 CCCTTTTGTGAAGAATCCCCC  
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Table 3 : continued  

153773 GATGGACCTTGAGAGAGGAAC 113 

 CATTTTGACGATAGACTTGTGG  

153801 GGGGGATTCTTCACAAAAGGG 110 

 GTGCATCACAGGTATTGCAC  

153840 CCACTGGAGGGAATCTACCATG 127 

 CTTCCCAGCTAGTATCTAGAGG  

153863 CCACAAGTCTATCGTCAAAATG 109 

 GGTGAAGAGAGGCTCTTCC  

153897 GTGCAATACCTGTGATGCAC 119 

 GCACAGTGCCATAGGATGAGGAG  

153930 GCGATTACTCCTCCTATGG 135 

 CTGTGAGTCTGGTTCCTTTACC  

153960 GGAAGAGCCTCTCTTCACC 121 

 CCTGAAAGATATCTTACCTAC  

154013 GGCACTGTGCAAACACAGAAGTC 131 

 GATACTCGAATATGGACACGGAGG  

154051 AGGAACCAGACTCACAGTTG 139 

 CCTGAGCCGAAGGTGTAGTC  

154092 CCAGGTCTCTCTTCGGACAAAGC 128 

 GACCCTCAGGCCTTACCTATTACC  

154120 CGTGTCCATATTCGAGTATC 121 

 TACACTTTCCATCCCACACC  

154165 GACTACACCTTCGGCTCAGG 128 

 CAAGGAGGAACCATGAGCAGC  

154192 GGTAATAGGTAAGGCCTGAG 117 

 GACATGAGAGAGCCTCTTCC  

154249 GGTAATCAGAGGAAGGATGC 116 

 CCTGGACCTATGATGAATCCAC  

154285 GGAAGAGGCTCTCTCATGTC 108 

 CCGAGGTTCATCTTGACTCC  

154325 GGCTGGATCCACAAAGGTGG 110 

 CTCTCTGTGAGCCTTTCTCC  

154379 GGTGGAGTCAAGATGAACCTC 123 

 CTCCAAAATAGAGCGTATTTCCAG  

154413 GGAGAAAGGCTCACAGAGAG 103 

 CTACAACAATGAGCCGGCTTCC  

154469 GGAGGCTGTGTTCTGGAAAT 127 

 GTACACTGCAACCTGGGCAC  

154505 GGAAGCCGGCTCATTGTTGTAG 124 

 GCATGAGCAGAGGAGTTTAGTTC  
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Table 3 : continued  

154551 GGTGAAGTTTCTCTCTGAGG 113 

 CTTCGCATAGCCACCTGTGG  

154608 GAACTAAACTCCTCTGCTCATGC 125 

 GACTGTGAACAGTACATGAG  

154648 CCACAGGTGGCTATGCGAAG 119 

 GCCTGTCTTCTGCCTATATG  

 

Table 4: D2 Region Primers 

Name Sequence Amplicon Size 

161917 TGTGTCTCGCGTTCTAAGT 

CCACCTGCTTAGACTGGCAT 

111 

161973 CCTTATCACTTCACTCCTCC 

TGGTCTCACTCTGGGAGAAC 

114 

 

162037 ACAAAGAGGAGGAAACCCAG 

GAGCTTGGAGATGTCCTTGG 

111 

162116 ACAATACCAGTCCCAAGGAC 

AGACCAGGTGGCAGAGAGGT 

109 

162190 CCTCTCAGTCAGACAAACCT 

CCACAATGTTACATCGTGAT 

110 

162237 CCAGGCTCTGGGGTAGGCAC 

GTAAAAGCACCTCTTCCAGT 

107 

162278 ATCACGATGTAACATTGTG 

TTTGGGCTGAGAGTTGGTGT 

104 

162326 ACTGGAAGAGGTGCTTTTAC 

ACCTTGTGAGTCCACTCACA 

109 

162397 CATGTGAGGAGGAGTCATG 

CACTTCCCTGGATAGCCTTT 

107 

162461 GCAAGTTTCCCACGAGTGTG 

TCCCATGCATGTACGGATAC 

99 

162537 CATCAGCAAAGTATCCGTAC 

GCCTCCAATGAGAAAGGACT 

120 
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Table 5: J61 Region Primers 

Name Sequence Amplicon Size 

20435 CAGCCTTTCGAAAGCCATCA 

GGAAGAAGAGTTCATTTTAGGAT 

104 

20478 CTGCCTGGTGTGATAAGATT 

CCTGAGAAGGGACTGCCTTC 

114 

20518 ATCCTAAAATGAACTCTTCTTCC 

GAGATACTCCGTGTTCCTCAG 

105 

20565 GAAAGGAAGGCAGTCCCTTC  

CTGTCAGCTTGGTTCAAAGGCAATGAC 

108 

20613 CTGAGGAACACGGAGTATCTC 

GCCAATTTCCTATTAATTCTGTAC 

126 

20653 GTCATTGCCTTTGAACCAAGCTGACAG 

CATGAGTCTTCCAGTCATGGC  

119 

20684 GTAAAGGTGCTCACTTCTGTG 

CTGTCAGATGTTACTTGCTG 

106 

20717 GTACAGAATTAATAGGAAATTGGC 

CTTCCATCTCCCTCCAGCAA 

128 

20785 CAGCAAGTAACATCTGACAG 

GTTGTTAATAAGTATTTGTT 

134 

20823 TTGCTGGAGGGAGATGGAAG 

TCGGTCTGGATGATTCGTGG 

121 

20881 ACAATTCAACTTAACAAATAC 

GGTCCATTGACAAAAGCCTTTGCG 

119 

20915 CCACGAATCATCCAGACCGA 

GTCCACTACTGTTCGTTCACATC 

102 

20969 CGCAAAGGCTTTTGTCAATGGACC 

CTGAAGCCACATCACTCAGG 

103 

20998 GATGTGAACGAACAGTAGTGGAC 

GAAGTTACCCATGTGATGCAC 

108 
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Table 6: Primers Used for Native ChIP and Transcription Analyses 

Name Sequence 

2Microglobulin  F 

R 

CTGCTACTCGGCGCTTCAGT 

GAGAGGGGAAAGAGGCACTCA 

-actin F 

R 

CTGCTACTCGGCGCTTCAGT  

GAGAGGGGAAAGAGGCACTCA 

MageA2 F 

R 

AACGTTTTGTGAACGTCCTGAG 

GACGCTCCAGAACAAAATGGC 

D1 F 

R 

GACCTATGGGAGGGTCCTT 

CTTGGGACAGACAGAATGGT 

DJ KI F 

R 

GACCTATGGGAGGGTCCTT 

CTGTGAGTCTGGTTCCTTTACC 

V8.1 F 

R 

ATATGTCGCTGACAGCACGG 

TACACCTGTCTGAGAAAGGG 

V13 F 

V13 R 

V13i R 

ACAGCCACCTATCTCTGT 

GGAGTATAAGAAATAGTCCC 

CTCTGGATACACGCCGATCC 

 

Table 7: Primers Used for Rearrangement Frequency by qPCR 

Name Sequence 

5’D1 F 

R 

TTCCTCTGGAACCTGCAGCT 

AAGCCACAGTGTGTGGTCTG 

DJ KI F 

R 

GACCTATGGGAGGGTCCTT 

CTGTGAGTCTGGTTCCTTTACC 

V13 F 

V13 R 

ACAGCCACCTATCTCTGT 

CAACCACTTGCATGCCTTGTG 

 

Table 8: Primers Used for CJ Analysis 

Name Sequence 

CD14 F 

R 

probe 

GCTCAAACTTTCAGAATCTACCGAC 

AGTCAGTTCGTGGAGGCCGGAAATC 

AGCAGATCTGGGGCAGTTCACTGA 

V8.1 F  ATATGTCGCTGACAGCACGG 

V13 F TTACTGGTATCAGCAGCCCA 

J1.1 R  CTGTGAGTCTGGTTCCTTTACC 

DJ KI probe  GGACAGGGGGCAAACACAGA 
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Table 9: Primers Used for SJ Analysis 

Name Sequence 

Linker  

 

GCGGTGACCCGGGAGATCTGAATTC 

GAATTCAGATC 

Linker primer CCGGGAGATCTGAATTCCAC 

CD14 F 

R 

probe 

GCTCAAACTTTCAGAATCTACCGAC 

AGTCAGTTCGTGGAGGCCGGAAATC 

AGCAGATCTGGGGCAGTTCACTGA 

5’ D1 SE 

probe  

ACCTATGGGAGGGTCCTTTTTTGTATAAAG 

TGTAACATTGTGGAATTC 

5’ D2 SE 

probe 

CCCTCTTTAGATTTACCCAGCTTG 

GTAGGCACCTGTGGGGAAGAAACT 

V8.1 SE 

probe  

CAAAGGGTAGGAGATGATGG 

AGTGTCTGCCTCTGTAAGAC 

V13 SE 

probe 

CAACCACTTGCAGTCCTTGTG 

ATTCCACAGTAACTCAGAGACACATC 
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4 Analysis of the Role of Nucleosome Positioning in 
Accessible and Inaccessible TCR Loci 

Some of the work presented and discussed in this chapter has been modified from the 

following publication: 

Kondilis-Mangum, H.D., Cobb, R.M., Osipovich, O., Srivatsan, S., Oltz, E.M., and 

Krangel, M.S. (2010). Transcription-dependent mobilization of nucleosomes at 

accessible TCR gene segments in vivo. J Immunol 184, 6970-6977. 

4.1 Introduction 

Higher order chromatin structure impedes RAG1/2 from binding to the RSS 

(Kwon, Imbalzano et al. 1998; Golding, Chandler et al. 1999) and this restriction enables 

regulation of each individual RSS in a locus specific manner.  As mentioned previously, 

“naked” RSS containing plasmids show no lineage or stage regulation in the presence of 

RAG1/2.  For instance in NIH 3T3 fibroblasts, naked RSS plasmids can recombine 

following transfection of plasmids expressing RAG1, RAG2 and HMGB (Swanson 2002).  

Once these same RSS substrates were integrated into chromatin, V(D)J recombination 

was significantly reduced.  In vitro, RAG1/2 cleavage is reduced when RSS substrates are 

wrapped around nucleosomes as compared to when RSS substrates are naked (Kwon, 

Imbalzano et al. 1998; Golding, Chandler et al. 1999).  The efficiency of in vitro reactions 

increases when the nucleosomes are acetylated prior to the addition of RAG1/2 (Kwon, 

Morshead et al. 2000).  Also, the addition of nucleosome remodeling complexes, such as 
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ISWI, increases reaction efficiency in vitro (Patenge, Elkin et al. 2004).  This data 

correlates with how RAG1/2 accessibility is regulated in vivo.  RSS accessibility is 

regulated by cis-elements that cause histone acetylation and the recruitment of 

nucleosome remodeling complexes (SWI/SNF).  Components of SWI/SNF bind to 

accessible RSSs in vivo (Morshead, Ciccone et al. 2003).  The role of PD1 in making the 

DJ1 cluster accessible can be recapitulated by artificial targeting of SWI/SNF to D1 

(Osipovich, Cobb et al. 2007).  In vitro experiments showed that RSSs have a propensity 

to position nucleosomes and it has been postulated that RSSs contain nucleosome 

positioning sequences (Baumann, Mamais et al. 2003).  This may be a conserved 

mechanism by which RAG1/2 access is limited.  Therefore, RSSs may act as nucleosome 

positioning sequences in vivo and nucleosome remodeling (movement or removal) may 

be important for V(D)J recombination.   

Nucleosomes not only inhibit V(D)J recombination but are now known to play a 

positive role.  As mentioned previously, RAG2 contains a PHD finger that binds 

H3K4me3, a histone modification whose deposition is tightly linked to RNA PolII and 

transcription (Liu, Subrahmanyam et al. 2007; Matthews, Kuo et al. 2007; Ramon-

Maiques, Kuo et al. 2007).  When comparing RAG2 with or without a functional PHD 

finger, both wild type and mutated RAG2s have equal cleavage efficiency on a naked 

RSS substrate in vitro.  When using an RSS substrate assembled into nucleosomes, wild 

type RAG2 has increased cleavage efficiency as compared to mutated RAG2.  In vivo, 



 

64 

deletion or mutation of the RAG2 PHD finger decreased recombination of DH to JH RSSs.  

The addition of H3K4me3 peptides can increase cleavage in trans during in vitro 

reactions on naked RSS substrates (Shimazaki, Tsai et al. 2009).  Therefore RAG2 PHD 

finger binding to H3K4me3 not only stabilizes the RAG1/2 complex on the RSS, but may 

also alter the conformation of the RAG1/2 complex and increase catalytic activity 

Maes et al investigated the role of nucleosome organization at JH RSSs in vivo 

(Maes, Chappaz et al. 2006).  They found that nucleosomes are highly organized in pro-B 

and liver cells.  Although high-resolution analysis of nucleosome positions was done in 

pro-B cells when the JH RSSs are accessible, no further analysis was done to determine 

organization or occupancy when the RSSs were inaccessible.  Therefore, we determined 

nucleosome organization and occupancy at accessible and inaccessible Tcrb and Tcra loci 

in primary thymocytes.  We found highly organized nucleosomes at accessible and 

inaccessible Tcr loci, and determined that their positioning was dictated in part by 

sequence specific features.  Promoters and enhancers were found to alter nucleosome 

organization, by loss and repositioning of histone octamers.  In some cases loss and 

repositioning was a direct effect of transcription across an RSS.   

4.2 Results 

4.2.1 Experimental Design 

To determine the nucleosome positioning and density in a given locus in vivo, we 

prepared mononucleosomes from primary thymocytes.  Purified mononucleosome 
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DNA was analyzed using real-time PCR.  For the region of interest, primer pairs were 

designed to generate ~100 bp amplicons that overlapped by approximately 40 bp.  

Amplicons that are protected by a positioned nucleosome efficiently amplify (Figure 6).  

In contrast if an amplicon is not protected by a positioned nucleosome, it fails to amplify 

efficiently.  Amplicon abundance defines histone octamer positions and the frequency of 

occupancy in the population.  Nucleosome occupancy was normalized to a known 

positioned nucleosome in the IL-12 promoter (Weinmann, Mitchell et al. 2001).  A 

relative value of 1 indicates that a given amplicon is as abundant as the positioned IL-

12P nucleosome. 
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4.2.2 Nucleosome Organization of the D1-J1 region 

The D1-J1 region is controlled by three well characterized cis-elements, E and 

the promoters associated with D1 (PD1) and D2 (PD2).  E and PD1 collaborate to 

provide accessibility to D1 and J1.1 – 1.6 (Oestreich, Cobb et al. 2006), whereas E and 

PD2 are thought to provide accessibility to D2 and J2.1 – 2.7.  To study nucleosome 

organization of the D1-J1 cluster in accessible and inaccessible conditions, we 

Figure 6:  Diagram of the Nucleosome Positioning Assay.   

A)  Schematic of mononucleosome purification.  B)  Schematic of primer design and 

expected results. 
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analyzed wild-type, E-deficient and PD1-deficient alleles in DN thymocytes of Rag 

deficient mice.  This allowed us to determine how PD1 and E influence the D1-J1 

region.   

We first focused on the D1-J1 cluster of an inaccessible allele that lacks an 

active enhancer (E-/-) (Figure 7).  Consistent with findings from other groups, the region 

spanning PD1 is nucleosome-free and flanked 3’ by highly organized nucleosomes (A-

K).  PD1 is loaded with transcription factors, such as SP1 and Ikaros, independent of 

Eactivity (Spicuglia, Kumar et al. 2002), and the observed nucleosome-free region 

spanning PD1 suggests either that PD1 transcription factors displace nucleosomes 

when bound or the sequence per se excludes nucleosomes.  Nucleosome A spans the 

D1 gene segment and 5’ RSS, whereas nucleosomes B and C were situated downstream 

of the D1 3’RSS.  The D1 3’RSS resides in a relatively long internucleosomal linker (50 

bp) between nucleosomes A and B.  In contrast, the B/C internucleosomal space is 

smaller (34 bp).  This difference in internucleosomal linker length may be due to the 

underlying DNA sequence that positions the adjacent nucleosomes further apart or may 

be due to the binding of transcription factors that protect a larger DNA sequence.  

Between nucleosomes C and K, the identified histone octamer positions have lower 

amplification efficiency and reflect nucleosome positions that overlap with one another.  

For example, nucleosome E cannot be present on the same DNA molecule as 

nucleosomes D and F.  Therefore, this suggests that the region between nucleosomes C 
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and K can adopt multiple nucleosome organizations.  While some alleles may assemble 

nucleosomes D, F, H and J, other alleles may assemble nucleosomes E, G and I.   
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Figure 7:  Nucleosome Organization from D1 to J1.3.   

Real time PCR of mononucleosomes prepared from DN thymocytes of Rag deficient mice 

carrying E-deleted, PD1-deleted or wild type alleles.  Overlapping primer sets amplified 100-

140 bp fragments (horizontal lines) spanning a 1.8 kb region encompassing PD1, D1, J1.1, 

J1.2, and J1.3.  Data (top) are representative of 4 independent experiments and are the mean 

±SE of triplicate PCRs in which the ratios of mononucleosome to genomic DNA are expressed 

relative to the values for a known positioned nucleosome in the IL-12 promoter.  Numbering is 

according to nucleotide position in GenBank accession number MMAE000665, with data plotted 

at the midpoint of each amplicon. Letters identify specific positioned nucleosomes in the graph 

(top) and cartoon summary (bottom). Shading of nucleosomes in the cartoon summary indicates 

their relative abundance.  These experiments were conducted with R. Cobb. 
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Inaccessible alleles that carry an active enhancer but lack an active promoter 

(PD1-/-) displayed a nearly identical nucleosome organization, except for the reduced 

abundance of nucleosome B.  The similarity in nucleosome organization between E and 

PD1 deficient alleles is consistent with our understanding of how E and PD1 

function together to promote chromatin remodeling and transcription.  Because of the 

promoter deletion, the region spanning PD1 and nucleosome A was not examined.   

We next determined the nucleosome organization of an accessible D1 to J1 

region on alleles that contain both E and PD1.  These wild type alleles are able to 

create a permissive chromatin environment for RAG1/2 binding.  Accessible alleles 

displayed nucleosome positioning that was identical to inaccessible alleles from 

nucleosome A to C.  However, the region that displayed heterogeneous nucleosome 

organization (D to J) showed some nucleosome repositioning.  Nucleosome G’ replaced 

nucleosome G completely on a majority of alleles or nucleosome H on a minority of 

alleles.  While inaccessible alleles displayed similar histone octamer occupancy for 

nucleosomes I and J, accessible alleles displayed reduced occupancy at nucleosome J.  

The nucleosome organization of the D1 to J1 region demonstrates that the nucleosome 

organization changes when an RSS is made accessible and that PD1 and E are both 

necessary to remove histone octamers across D1 to J1 region and to reposition 

nucleosomes across J1.2-J1.3.   
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4.2.3 Nucleosome Organization at D2   

RSS accessibility at DJ2 depends on E and presumably PD2.  DJ2 RSS 

accessibility is independent of the activity of PD1 (Whitehurst, Chattopadhyay et al. 

1999).  Unlike PD1, PD2 consists of two promoter elements found 5’ and 3’ of the D2 

gene segment (McMillan and Sikes 2008).  We found that on inaccessible E-deficient 

alleles, the entire D2 region was organized into an array of positioned nucleosomes (A, 

B, C and D) with high histone octamer occupancy (Figure 8).  The D2 gene segment and 

its 5’ and 3’ RSSs are entirely contained within nucleosome C.  While PD1 remains 

nucleosome free in the absence of E, the PD2 region is fully assembled into 

nucleosomes in the absence of E.  This difference may have important implications for 

the order in which these promoters are activated during thymocyte development.  Since 

PD1 can load transcription factors independent of E, its activation and transcription 

may have a temporal advantage over activation and transcription initiating from PD2.  

This could be a mechanism that directs primary Tcrb rearrangements to D1 over D2 

(Haars, Kronenberg et al. 1986; King, Kondo et al. 2002; Khor and Sleckman 2005).   
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Figure 8:  Nucleosome Organization at D2.   

Real time PCR of mononucleosomes prepared from DN thymocytes of Rag deficient mice 

carrying E-deleted, PD1-deleted or wild type alleles.  Overlapping primer sets amplified 100-

140 bp fragments (horizontal lines) spanning a 0.8 kb region encompassing D2, 5’PD2 and 

3’PD2.  Data (top) are representative of 3 independent experiments and are the mean ±SE of 

triplicate PCRs as described in the Fig. 1 legend.  Numbering is according to nucleotide position 

in GenBank accession number MMAE000665.  Nucleosome shading in the cartoon summary 

(bottom) is as described in Fig. 7.  These experiments were conducted with R. Cobb. 

We then determined the nucleosome organization when D2 is accessible.  Wild-

type and PD1-deficent alleles are both accessible at D2 (Whitehurst, Chattopadhyay et 

al. 1999).  These alleles were found to display nucleosome organizations that are the 

same as each other but different from the inaccessible E-deficient alleles.  Nucleosomes 

A and B were absent from 5’ PD2 and nucleosome C was slightly repositioned (to C’), 
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while histone octamer occupancy was reduced at nucleosomes C and D.  Loss of histone 

octamers at 5’PD2 suggests that factor loading is E-dependent rather than 

independent, as determined for PD1.  Therefore, like the D1 to J1 region, we found 

that accessible D2 alleles are also characterized by a decrease in histone octamer 

occupancy.  This suggests that in addition to active histone modifications and 

transcription, RSS accessibility correlates with histone octamer loss and to a lesser extent 

histone octamer repositioning.  Histone octamer loss and repositioning may be 

necessary to allow RAG1 to gain accesses to the RSS and bind. 

4.2.4 The Roles of Transcription Factors and DNA Sequence in 
Dictating Nucleosome Organization 

From our determination of in vivo nucleosome organization, we could not 

identify a consistent pattern of nucleosome phasing relative to D and J RSSs (Figure 

9).  Based on in vitro experiments, people proposed RSSs contain nucleosome positioning 

sequences (Baumann, Mamais et al. 2003).  If RSSs do not position nucleosomes then 

what elements are important?  One possibility is that nucleosome phasing may be 

dictated by protein binding to internucleosomal or non-nucleosomal regions.  As a test 

of this hypothesis, we examined the relationship between the internucleosomal 

positioning of the 3’D1 RSS and protein binding at this site.  Recently, c-Fos was found 

to bind to the 3’D1 RSS at an AP-1 site found within the RSS and was found to play an 

important role in ordered V(D)J recombination (Wang et al 2008).  We found the 3’D1 

RSS to be internucleosomal in DN and DP thymocytes.  The 3’ D1 RSS remained 
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internucleosomal in peripheral B-cells as well (Figure 10).  Analysis of c-Fos binding to 

this site by chromatin immunoprecipitation revealed binding in DP thymocytes, but not 

in B cells.  We could detect binding in DN thymocytes, but the enrichments were barely 

above the IgG immunoprecipitation control (data not shown).   Therefore, the 

internucleosomal positioning of the 3’D1 RSS occurs independent of c-Fos binding and 

rather binding of c-Fos may require internucleosomal positioning of the 3’D1 RSS.  

Nevertheless, our data does not exclude the possibility that other unidentified proteins 

or AP-1 family member bind to the 3’D1 RSS to establish the internucleosomal 

positioning of the 3’D1 RSS. 

G

D1

J1.1

J1.2

J1.3

D2

J61

 

Figure 9: Summary of Nucleosome Positioning Relative to RSSs.   

Deduced positioning of nucleosomes from E- and E-deficient alleles. 
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Figure 10: Relationship of Nucleosome Organization to c-Fos Binding.   

A.  c-Fos binding in DP thymocytes and B cells.  Unfractionated thymocytes from Rag2-/-Tcrb tg 

thymus were used as a source of DP thymocytes.   Unfractionated splenocytes from C
-/-C

-/-mice 

were used as a source of B cells. Chromatin immunoprecipitations were performed using 

crosslinked and sonicated chromatin, and bound and input values were quantified using real-

time PCR.  D1 primers span the 3’ RSS.  Relative binding reflects the ratio of bound/input.  

MageA2 served as a negative control.  The data are the mean ± SE of two experiments.  B.  

Nucleosome organization at D1 in DP thymocytes and mature B cells.  Data are the mean ± SE of 

three experiments in which the ratios of mononucleosome to genomic DNA are expressed 

relative to the values for a known positioned nucleosome in the IL-12 promoter. 
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We then asked whether nucleosome organization around RSSs was dictated by 

regional features of the DNA sequence.  To do so, we analyzed the D1 to J1 DNA 

sequence using a nucleosome predicting algorithm 

(http://genie.weizmann.ac.il/software/nucleo_prediction.html), which determines 

nucleosome positioning based on the underlying DNA sequence features.  This 

particular algorithm was developed from in vivo data collected from determined 

nucleosome positions of the chicken genome.   The algorithm correctly predicts multiple 

positioned nucleosomes in the D1-J1 cluster (nucleosome A = 2, B = 3, C = 4, D = 5, and 

F = 6) (Figure 11A).  The algorithm fails to predict nucleosome positions between J1.1 

and J1.2.  Nucleosomes were predicted to be assembled in the PD1 region, which 

suggests that the underlying DNA sequence of the PD1 region does not exclude 

nucleosomes.  Instead, this result suggests that protein binding is responsible for the 

nucleosome-free region found at PD1. 

http://genie.weizmann.ac.il/software/nucleo_prediction.html
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Figure 11: Nucleosome Organization from D1 to J1.3 as a Function of DNA 

Sequence.   

A. Nucleosome organization from D1 to J1.3 as predicted by a nucleosome predicting 

algorithm.  Numbering is according to nucleotide position in GenBank accession number 

MMAE000665.  The determined in vivo nucleosome organization of the D1 to J1.3 region on E-

deficient alleles (Determined) is compared to predicted histone octamer occupancy (Occupancy), 

P values for nucleosome start sites (Start sites), and predicted nucleosome positions (Prediction) 

making use of an algorithm based on nucleosome positioning in the chicken genome.  B.  

Nucleosome organization from D1 to J1.3 following in vitro assembly of nucleosomes.  Real 

time PCR of mononucleosomes prepared from in vitro assembled chromatin is compared to in 

vivo data obtained from thymocytes of Rag2-/- mice carrying E-deleted alleles (from Fig. 7).  The 

In vitro data are the mean ±SE of two independent experiments in which relative amplification 

efficiency was determined by comparison to a genomic DNA standard (arbitrary units).  In vivo 

data are normalized as in Fig. 7 and the two y-axes are arbitrarily scaled to allow comparison of 

the two profiles.   
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We also determined the nucleosome organization in vitro using a plasmid 

containing D1 to J1 as an independent method to characterize how the underlying 

DNA sequence dictates nucleosome organization.  Assembled arrays were subjected to 

MNase digestion, and the nucleosome organization was determined using the same 

primer pairs that were used in vivo (Figure 11B).  We compared the determined 

nucleosome organization between the arrays assembled in vitro and the arrays 

assembled in vivo on inaccessible D1 to J1 alleles (E-deficient alleles).  We found that 

some of the in vitro assembled nucleosomes had a similar position to the ones identified 

in vivo (eg B, C, D, E and K).  Therefore, for these nucleosomes the underlying DNA 

sequence influences nucleosome organization.  But, we were also able to identify more 

potential positions for nucleosomes using in vitro assembled arrays.  Because the in vitro 

assembly reactions do not assemble a complete array of nucleosomes on the DNA, the 

under-assembled arrays would have positions that are not influenced by adjacent 

nucleosomes.  Both the predicted nucleosome array and in vivo assembled array share 

similar positions of some but not all of the nucleosome positions determined in vitro.  

Therefore although the underlying DNA sequence contributes to in vivo assembly there 

are additional factors that determine nucleosome organization in vivo. 

4.2.5 The Role of Transcription in Generating Accessibility Via 
Nucleosome Organization.   

Our data indicates that promoters and enhancers cooperate to generate RSS 

accessibility through histone octamer loss and mobilization.  But how do enhancers and 
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promoters mediate the changes in histone octamer abundance and mobilization?  Does 

transcription mediate the spread of histone modifications and chromatin remodeling 

complexes into the gene body? At D1 and D2 we cannot separate the nucleosome 

changes mediated by chromatin remodeling at the promoter from changes mediated by 

transcription.   Therefore, to test if transcription is necessary for histone octamer loss and 

repositioning, we determined the nucleosome organization of wild-type and mutated 

Tcra alleles in which transcriptional elongation was disrupted in vivo. 

V to J recombination depends upon the chromatin remodeling effects of the 

TCR enhancer (E) and the TEA promoter (TEA) that together provide accessibility to 

the 5’ J gene segments from J61 to approximately J50 (Hawwari, Bock et al. 2005).  

To distinguish the effects of transcription from other activities of E and TEA, 

Abarrategui et al introduced a transcription terminator downstream of TEA and showed 

that termination suppressed both recombination and covalent histone modifications at 

downstream J gene segments (Abarrategui and Krangel 2007).  Therefore, to better 

understand how enhancer activity, promoter activity, and transcription influence 

nucleosome organization and histone octamer occupancy, we determined the 

nucleosome organization at J61 on wild type, E-deficient, TEA-deficient and TEA 

transcriptional terminator (TEA-T) alleles.  Unlike the D1 to J1 region, J61 is ~1.8 kb 

downstream of TEA and does not contain transcription start sites.   
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E-deficient alleles have an inaccessible J61 region and were characterized by 

three positioned nucleosomes (A, B and C) (Figure 12).  Unlike the peak of amplification 

that defines the position of nucleosome C, the peaks that define the positions of 

nucleosomes A and B are broad.  The amplicons that define nucleosome A overlap with 

the amplicons that define nucleosome B.  We propose that there are two potential 

positions for each nucleosome (A and A’, B and B’) and that this region has 

heterogeneous nucleosome assembly.  J61 was completely protected by nucleosome B 

on most alleles and partially protected by nucleosome B’ on some alleles.  Accessible 

wild type alleles maintain three peaks, but there are differences in histone octamer 

position and occupancy.  When J61 is accessible, nucleosome A is repositioned to 

nucleosome A” and there is a longer internucleosomal linker distance to nucleosome B.  

Nucleosomes B and C showed reductions in histone octamer occupancy.   Although all 

of these changes resulted from E activity on wild-type alleles, most of the changes 

depended upon TEA and transcription.  We determined nearly identical nucleosome 

organizations and histone octamer occupancy on TEA-deficient and TEA-T alleles.  E 

alone was responsible for the decrease in histone octamer occupancy at nucleosomes B 

and B’.  Other differences between the wild type and mutated alleles, such as the loss of 

nucleosome C and the repositioning of nucleosome A to A”, were mediated by E and 

TEA through their ability to drive transcription.  Thus, although E alone could mediate 

some changes in nucleosome organization and histone octamer occupancy, E and TEA 
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through their ability to promote transcription are responsible for most of these changes.  

This indicates an important role for transcription in altering nucleosome organization 

and histone octamer occupancy to promote RSS accessibility. 

 

Figure 12:  Nucleosome Organization at J61.   

Real time PCR of mononucleosomes prepared from DP thymocytes of Rag2-/- x TCR tg mice 

carrying E-deleted, TEA-deleted, TEA-T or wild type alleles.  Overlapping primer sets amplified 

100-140 bp fragments (horizontal lines) spanning a 0.6 kb region encompassing J61. Data (top) 

are the mean ± SE of three experiments as described in the Fig. 7 legend.  Numbering is according 

to nucleotide position in GenBank accession number M64239.  Nucleosome shading in the 

cartoon summary (bottom) is as described in Fig. 7.  These experiments were conducted with S. 

Srivatsan. 
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4.3 Discussion 

By defining the nucleosome organization at different regions of the TCR loci, we 

have determined how nucleosome organization is regulated in vivo during V(D)J 

recombination.  We find that accessible and inaccessible TCR alleles have ordered 

nucleosome arrays, although there was no consistent organization around an RSS.  RSSs 

were found to be nucleosomal and internucleosomal, and there were no consistent 

changes in histone octamer positioning between inaccessible and accessible RSSs.   

Inaccessible alleles are characterized by organized nucleosomes with histone octamer 

abundance similar to that of the IL-12P positioned nucleosome.  Accessible alleles have a 

similar nucleosome organization as inaccessible alleles but with a decrease in histone 

octamer occupancy and some octamer repositioning.  The changes in nucleosome 

organization between inaccessible and accessible alleles are a result of cooperative 

enhancer and promoter activities.  Although some changes in histone octamer 

occupancy and repositioning are solely due to cis-elements, most of the changes between 

inaccessible and accessible alleles are a result of transcription.  These observations 

highlight how cis-elements, through their ability to initiate transcription, create RAG1/2 

accessibility by decreasing histone octamer occupancy and to a lesser extent by 

repositioning histone octamers.   

RSS accessibility has been defined by sterile transcription, active histone 

modifications, low DNA methylation, and sensitivity to endonuclease digestion (Cobb, 
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Oestreich et al. 2006).  In addition, we have evidence that RSS accessibility correlates 

with decreased histone octamer occupancy and with changes in positioning.  Since we 

were able to compare enhancer-less, promoter-less and transcription terminated alleles, 

we were able to determine that most of the nucleosome loss was mediated by 

transcription.  As demonstrated experimentally, the D1 to J1 region and J61 region is 

assembled into organized arrays with high histone octamer occupancy when 

inaccessible.  When the region is accessible, we observed histone octamer loss that is 

dependent on cis-elements.  Two potential mechanisms for histone octamer loss are the 

depositing of “unstable” nucleosomes or recruitment of chromatin remodeling 

complexes (Segal, Fondufe-Mittendorf et al. 2006; Kaplan, Moore et al. 2009; Zhang, 

Moqtaderi et al. 2009).  Unstable nucleosomes have been characterized as nucleosomes 

containing histone variants (e.g. H3.3 and H2A.Z) which weaken the DNA-histone and 

histone-histone interactions (Guillemette, Bataille et al. 2005; Schwartz and Ahmad 2005; 

Jin and Felsenfeld 2007; Zhang, Moqtaderi et al. 2009).  Both of these variants are 

deposited during transcription and peak at the transcription start site (Guillemette, 

Bataille et al. 2005; Schwartz and Ahmad 2005).  Preliminary experiments (data not 

shown) do not show an enrichment of H2A.Z deposition on accessible alleles.  To 

stabilize H2A.Z and H3.3 containing nucleosomes, we purified mononucleosomes using 

a lower salt concentration (Jin, Zang et al. 2009).  We found that this protocol 

modification did not change the nucleosome organization or the observed loss of histone 
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octamers in the D1 to J1 region on accessible alleles (data not shown).  Chromatin 

remodeling complexes have been shown to bind accessible alleles, and depletion of 

Brg1, the enzymatic component of SWI/SNF, decreases recombination (Morshead, 

Ciccone et al. 2003; Osipovich, Cobb et al. 2007).  It would be relevant to determine how 

the loss SWI/SNF activity impacts the nucleosome organization and the histone octamer 

occupancy since SWI/SNF is involved in nucleosome movement and removal.   

Our data suggests that there may be incomplete nucleosome assembly in the 

wake of transcription creating alleles where some of the nucleosomes are present while 

others are missing.  The repositioning of nucleosomes and decrease in histone octamer 

occupancy may allow some alleles to possess nucleosome-free RSSs, and only under 

these conditions can RAG1 binds a RSS.  In vitro studies determining the structure of the 

RAG-RSS complex highlight that RAG1 binds the RSS in the absence of histone octamer 

proteins (Grundy, Ramon-Maiques et al. 2009).  This is in contrast to RAG2 binding, 

which requires nucleosomes that contain H3K4me3 (Liu, Subrahmanyam et al. 2007; 

Matthews, Kuo et al. 2007; Ramon-Maiques, Kuo et al. 2007; Ji, Resch et al. 2010).  In 

addition, in vitro when the RAG2 PHD finger is not bound by H3K4me3 it inhibits 

complex formation and cleavage (Grundy, Yang et al. 2010).  This histone modification is 

deposited in the wake of transcription and at active promoters (Li, Carey et al. 2007).  

One can imagine that as RNA Pol II transcribes through an RSS, the nucleosome array is 

not fully reassembled and that H3K4me3-modified histone octamers adjacent to but not 
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protecting the RSS.  The adjacent H3K4me3-modified nucleosomes help recruit RAG2 

and remove the PHD finger inhibition.  Thus, some RSSs are not protected by 

nucleosomes, and only these RSS can be bound by RAG1/2.  This creates a situation in 

which, on a per allele basis, not all RSS are accessible and bound by RAG1/2 at the same 

time, implying a restriction and limitation of the number of RAG1/2 bound RSSs.  This 

would decrease the frequency with which a 12 and 23 RSS are both bound by RAG1/2 

and in close proximity to form a synaptic complex.  
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5 Analysis of the Roles of Chromatin Accessibility and 
Locus Contraction in Tcrb Allelic Exclusion 

5.1 Introduction 

As previously described, Tcrb allelic exclusion is strictly enforced and less than 

1% of peripheral murine T-cells express two surface TCR chains (Spicuglia, Pekowska et 

al. 2010).  Tcrb allelic exclusion can be separated into two parts 1) initiation and 2) 

feedback inhibition (Jackson and Krangel 2006).  While initiation of allelic exclusion 

prevents both Tcrb alleles from undergoing V to DJ recombination at the same time in 

DN thymocytes, feedback inhibition prevents additional Tcrb recombination once an in-

frame rearrangement has occurred.  Feedback inhibition begins in DN thymocytes, after 

an in-frame rearrangement is expressed on the cells surface, and continues in DP 

thymocytes.  The mechanism of feedback inhibition not only prevents secondary 

rearrangements from occurring on a rearranged allele, but it also prevents 

rearrangements from occurring on an unrearranged allele.   

Cis-elements within the antigen receptor loci regulate epigenetic changes during 

lymphocyte development (Cobb, Oestreich et al. 2006). In DN thymocytes, the Tcrb locus 

gene segments and cis-elements are characterized by deposition of active histone 

modifications (H3Ac and H3K4me), active transcription across RSSs, RSS sensitivity to 

endonuclease digestion, and low DNA methylation.  This epigenetic state correlates 

with increased RSS cleavage by RAG1/2, and therefore we will refer to it as accessible 

chromatin.  In addition, H3K4me3-modified nucleosomes, which are generated during 
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transcription through an RSS, are used as a binding site for RAG2 (Liu, Subrahmanyam 

et al. 2007; Matthews, Kuo et al. 2007; Ramon-Maiques, Kuo et al. 2007).  This 

modification also increases the stability of complex binding onto the RSS and increases 

the catalytic activity of RAG1.   

Chromatin accessibility is dynamically regulated at the Tcrb locus and thought to 

play a role in allelic exclusion. While the DJC clusters have accessible chromatin in DN 

and DP thymocytes, the V gene segments lose accessible chromatin characteristics as 

thymocytes develop from DN to DP (McMurry and Krangel 2000; Tripathi, Jackson et al. 

2002).  It was hypothesized that the loss of V chromatin accessibility was the sole 

regulator of feedback inhibition.  To test this, Jackson et al previously generated a Tcrb 

allele which introduced E (Ei) in the middle of the V array (EKI allele) (Jackson, 

Kondilis et al. 2005).  The introduction of Ei prevented loss of accessible chromatin on 

the EKI alleles in DP thymocytes.   EKI alleles had similar amounts of active histone 

modifications (H3Ac, H3K4me2), transcripts, and sensitivity to endonuclease digestions 

in DP thymocytes as compared to DN thymocytes from EKI mice.  Although accessible 

chromatin was maintained in DP thymocytes, ongoing V to DJ recombination was not 

detected in DP thymocytes, as measured by the presence of V DSBs.  Therefore, 

additional mechanisms other than chromatin accessibility must enforce Tcrb feedback 

inhibition in DP thymocytes.   
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 Concurrent with our analysis of the EKI allele, studies were done to 

characterize the conformation of the Tcrb locus during thymocyte development.  As 

mentioned, 3D FISH experiments identified a conformational change of the Tcrb locus in 

DN and DP thymocytes (Skok, Gisler et al. 2007).  While Tcrb alleles are contracted in 

DN thymocytes, they adopt a decontracted conformation in DP thymocytes.  The 

decontracted Tcrb alleles increase the distance between the V and DJ RSSs and may 

decrease the frequency of RSS synapsis.  We predicted that decontraction may be 

independent of other chromatin changes, and that decontraction still occurs on 

accessible EKI alleles.  This would explain why the EKI allele was unable to overcome 

feedback inhibition; although the gene segments are accessible, the decontracted locus 

inhibits RSS synapsis.  

5.2 Results 

5.2.1 Locus Conformation of the EKI Allele 

The EKI allele has been previously characterized, and it was determined that 

although Ei was able to force V chromatin accessibility in DP thymocytes, the allele 

did not recombine and feedback inhibition remained unperturbed (Jackson, Kondilis et 

al. 2005).  We hypothesized that the EKI allele was unable to overcome feedback 

inhibition because the allele altered chromatin accessibility but did not change locus 

contraction.    To eliminate differences in distance due to recombination, we crossed 

wild type and EKI alleles onto a Rag2 deficient background.  On this background, 
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thymocyte development is blocked at the DN stage.  DP thymocytes were generated by 

injecting Rag2 deficient mice with anti-CD3, which mimics the signal from a rearranged 

TCR chain in DN thymocytes and allows the cells to become DP thymocytes.  We 

measured the distance between the 5’ and 3’ ends of the locus on wild type and EKI 

alleles by 3D FISH (Figure 13).  We identified the 5’ and 3’ ends of the locus using 

fluorescently labeled Bacterial Artificial Chromosomes (BAC) probes.  As expected, 

there was no difference in the median distance between wild type and EKI alleles in 

DN thymocytes.  Consistent with previous reports, the median distance of wild type 

Tcrb alleles increased between DN and DP thymocytes (P value <0.0001).  We also found 

no difference in the median distance of wild type and EKI alleles in DP thymocytes.  

Therefore, EKI alleles decontract between the DN and DP stages in the same manner as 

wild type Tcrb alleles.  If changes in chromatin accessibility and locus contraction 

together regulate feedback inhibition, then EKI alleles cannot break feedback inhibition 

because the alleles decontract in DP thymocytes.  To test this new hypothesis, we 

generated two additional alleles which alleviate the need for Tcrb locus contraction 

while forcing V chromatin accessibility. 
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Figure 13: Locus Conformation of Wild Type and EKI Alleles by FISH 

The distance between the two BAC probes that stain the 5'(75P5 BAC probe) and 3' (203H5) ends 

of Tcrb locus in Rag2-/- DN thymocytes (130 alleles from 3 slides), EKI Rag2-/- DN thymocytes (90 

alleles from 3 slides), DP thymocytes from Rag2-/- mice treated with an anti-CD3 (90 alleles from 

3 slides), and DP thymocytes from EKI Rag2-/- treated with anti-CD3 (130 alleles from 3 slides).  

The median (middle line) is shown.  * indicates a P value of <0.0001 and NS indicates a non-

significant P value.  Slides are from 2 independent preparations.  These experiments were 

conducted with H.-Y. Shih. 

5.2.2 Generation of DJinEKI Allele 

 To generate an allele that forces V chromatin accessibility and alleviates the 

need for Tcrb locus contraction, we introduced PD1 and a pre-rearranged DJ1.1 (DJ 

KI) approximately 1.0 kb 3’ of the V13 RSS on the EKI allele (DJ in EKI; DJinEKI) 

(Figure 14).  The DJinEKI allele should force V chromatin accessibility in DP 

thymocytes due to the presence of Ei.  Also, the DJinEKI allele alleviates the need for 

a locus conformation that facilitates synapsis, because DJ KI is in the middle of the V 
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array approximately 1 kb from V13.  The introduced PD1 (PD1i) is the core D1 

promoter (MMAE000665 152528 to 153265) and includes the previously characterized 

hypersensitive site 9 (HS9) (Whitehurst, Chattopadhyay et al. 1999).  HS9 contains the 

basic elements that promote transcription and its deletion eliminates transcription 

through the DJC1 cluster.  To distinguish the DJinEKI allele from the EKI and wild 

type alleles, we introduced a BamHI restriction enzyme site approximately 90 bp 3’ of 

the V13 RSS.   

 

Figure 14: Targeting Strategy for the DJinEKI Allele 

Generation of the DJinEKI allele.  Symbol representations are as followed: E, closed circle; E, 

open circle; RSS, large triangle; loxP, small triangle; arrows, transcription start sites; EcoRI, E; 

BamHI, B).  (Right)  Genotyping Southern blot.  EcoRV digested genomic DNA was hybridized 

with the V probe.  Expected band size for wild type is 7.1 kb and for DJinEKI is 3.5 kb. 

PD1i, DJ KI, a BamHI site, and a loxP flanked neomycin (Neo) cassette were 

introduced into the Tcrb locus by homologous recombination.  Proper targeting of the 

Tcrb locus in ES cells was screened and confirmed by genomic DNA Southern blot.  We 
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attempted to remove the Neo cassette by transient transfection of ES cells with Cre 

recombinase.  Due to the remaining loxP site from the EKI targeting, Cre recombinase 

deleted Neo and inverted the intervening DNA sequence between the EKI loxP site and 

DJ KI loxP site (DJinEKI-Inv allele).  We produced mice homozygous for the 

DJinEKI-Inv allele and crossed them with mice expressing the Cre recombinase under 

control of the CMV promoter.  We successfully re-inverted the DNA sequence between 

the EKI loxP site and DJ KI loxP site in vivo and produced heterozygous DJinEKI 

mice.  Heterozygous DJinEKI mice were then bred to produce DJinEKI/ DJinEKI 

(Figure 14).  DJinEKI mice have normal thymocyte development with respect to cell 

number, CD4 vs CD8 expression, and CD25 vs CD44 expression (data not shown). 

5.2.3 Chromatin Accessibility of the DJ on DJinEKI Alleles 

We first addressed the chromatin accessibility of PD1i and the DJ KI in DN 

and DP thymocytes.  To test this, we crossed DJinEKI mice to Rag2 deficient (Rag2-/-) 

mice to generate DJinEKI x Rag2-/- mice to isolate DN thymocytes with an unrearranged 

Tcrb locus.  The DJinEKI Rag2-/- mice were further crossed with mice containing a TCR 

tg to generate DP thymocytes with an unrearranged Tcrb locus.  To measure chromatin 

accessibility we measured steady state transcripts and deposition of active histone 

modifications at the introduced DJ KI.  We prepared cDNA samples from DJinEKI 

DN and DP thymocytes, and measured the relative abundance of transcripts that span 

the DJ KI RSS as compared to -actin transcripts using qPCR (Figure 15A).  As a control 
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for the cDNA reaction, we were unable to detect signals in our RT minus control.  

Relative transcript abundance was similar between DN and DP DJinEKI thymocytes.  

We also analyzed histone modifications by ChIP.  Using the same primers designed for 

the transcription analysis, we found that the DJ KI RSS has H3K4me3-modified 

histones and that the abundance of H3K4me3 increased between DN and DP 

thymocytes (Figure 15B).  We were unable to detect signals from our negative control 

MageA2 gene amplification.  Therefore, the introduced PD1 initiates transcription and 

the DJ KI RSS has accessible chromatin in DN and DP thymocytes.  Although there was 

no change in the abundance of DJ KI transcripts between DN and DP thymocytes, there 

was an increase in H3K4me3-modified nucleosomes.  We speculate this increase in 

H3K4me3 reflects Ei activity because it is activated in DP thymocytes and has been 

shown to increase transcription of V gene segments in DP as compared to DN 

thymocytes (Jackson, Kondilis et al. 2005). 
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Figure 15: Chromatin Accessibility of the DJ KI on DJinEαKI Alleles.   

(A) Chromatin Immunoprecipitaitons of H3K4me3-modified nucleosomes from native 

nucleosome samples prepared from DJinEαKI Rag2-/- (DN) and DJinEαKI Rag2-/- x TCR tg (DP) 

thymocytes.  Data are the average of three independent experiments ± SE in which the ratios of 

bound to input are expressed relative to the values for 2Microglobulin (2M) in each sample.  (B) 

qPCR results of DJ KI transcripts from cDNA samples prepared from DJinEαKI Rag2-/- (DN) or 

Rag2-/- x TCR tg (DP) thymocytes.  Results are the average of 3 to 4 independent experiments ± 

SE.  Data were normalized to -actin. 

 

5.2.4 Chromatin Accessibility of the Vs on DJinEKI Alleles 

We next asked whether upstream Vs (V8.1 and V13) were accessible on the 

DJinEKI allele.  We compared DN and DP thymocyte cDNA samples from wild type, 

EKI and DJinEKI mice (Figure 16).  We designed primers to amplify transcripts that 

span the V exon.  As a control for the cDNA reaction, we were unable to detect signals 

from the RT minus control.  We found that introduction of PD1i and DJ KI 
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substantially changed V transcript abundance from DJinEKI DN and DP thymocytes 

as compared to EKI DN and DP thymocytes.  Ei was unable to force V transcription 

in DP thymocytes, and we propose this is due to the presence of the DJ KI.   
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Figure 16: Chromatin Accessibility as Measured by Transcription Across V RSSs on 

DJinEαKI Alleles.   

qPCR results of V transcripts from cDNA samples prepared from DJinEαKI Rag2-/- (DN) or 

Rag2-/- x TCR tg (DP) thymocytes.  Results are the average of 3 to 4 independent experiments ± 

SE.  Data were normalized to -actin. 
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Figure 17:  Chromatin Accessibility as Measured by H3K4me3 on V RSS Containing 

Nucleosomes on DJinEαKI Alleles.   

Chromatin Immunoprecipitaitons of H3K4me3-modified nucleosomes from native nucleosome 

samples prepared from DJinEαKI Rag2-/- (DN) and DJinEαKI Rag2-/- x TCR tg (DP) thymocytes.  

Data are the average of three independent experiments ± SE in which the ratios of bound to input 

are expressed relative to the values for 2M in each sample.   

We also analyzed presence of H3K4me3-modified nucleosomes at V8.1 and 

V13 RSSs as a measure of RSS accessibility (Figure 17).  Consistent with previous 

reports, we found a decrease in the abundance of H3K4me3-modified nucleosomes at 

the V RSSs in wild type DP thymocytes as compared to DN thymocytes.  As expected, 

EKI DP thymocytes displayed dramatic increases in H3K4me3 as compared to wild 

type DP thymocytes consistent with previous data (Jackson, Kondilis et al. 2005).  But 

these increases were largely abolished on the DJinEKI alleles.  This would suggest low 

Vs accessibility.  The DJinEKI results from the H3K4me3 analysis were consistent 
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with the transcription analysis.  The decrease in V transcription and H3K4me3 

modified nucleosomes may be due to promoter competition with PD1, although we 

have no direct evidence to support this.  We do find a higher abundance of DJ KI 

transcripts as compared with V transcripts, which may indicate the PD1i is a stronger 

promoter than the V promoters (HDK-M observation).   

5.2.5 Analysis of Rearrangement and Double Strand Breaks 

Even though the DJinEKI allele displayed low V accessibility in DN and DP 

thymocytes, we next determined if the DJ KI RSS could recombine to the closest V RSS 

(V13).  We sorted DN and DP thymocytes from DJinEKI mice, and amplified the 

genomic DNA with a V and generic J1.1 primer.  To determine if the V-J1.1 

rearrangement used the endogenous DJ1.1 or the DJ KI, we hybridized the PCR 

products with probes specific for the DJ KI junction (Figure 18).  Despite low 

transcription rate and the low abundance of H3K4me3-modified nucleosomes at V13 in 

DJinEKI as compared to EKI or wild type DN and DP thymocytes, we were able to 

detect CJ between V13 and the DJ KI.  Since V13 to DJ KI CJs formed in DNIII 

thymocytes we were unable to use this assay to address if recombination could occur in 

DP thymocytes. 
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Figure 18: Detection of CJ in sorted DN and DP DJinEKI thymocytes.  

A) Schematic of PCR and probing strategy.  B) Thymocytes were stained and sorted to 95% 

purity.   Samples of genomic DNA from EαKI and DJinEαKI thymocytes were serially diluted 

threefold and analyzed by PCR.  V to J1.1 amplicons were hybridized with a probe specific for 

the DJ KI coding sequence.  CD14 PCR amplification was used as a loading control and 

hybridized with a CD14 probe.  Data are representative of two independent experiments. 

To address the recombination frequency of the DJ KI, we determined the 

amount of unrearranged DJ KI by qPCR using primers that span the RSS from DP 

thymocyte DNA (Figure 19).  By comparing the amount in DJinEKI sorted DP 

thymocytes to control kidney samples, we found that approximately 70% of the DJ KI 

RSS was lost in the thymus.  The loss could be explained by recombination events that 

use the DJ KI or by recombination to the endogenous D gene segments that delete the 

DJ KI.  In addition we analyzed recombination frequency using a Southern blot 

strategy.  We digested genomic DNA with EcoRI and hybridized with a probe that 

spanned the V13 gene segment (Figure 20).  The digest and probe strategy can 

distinguish V13 unrearranged and rearranged alleles.  To detect unrearranged DNA, 

we digested DJinEKI kidney DNA and found a single band of the correct size (9.4 kb).  

In EKI whole thymus, we found a single band that corresponded to an unrearranged 
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V13 (8.4 kb) and could not detect rearranged products, presumable because of the low 

usage of V13 (~3% in DP thymocytes).  We predicted that the DJinEKI whole thymus 

sample would have two bands, unrearranged (9.4 kb) and rearranged (7.0 kb).  We could 

detect unrearranged and rearranged alleles.  However, the rearranged V13-DJ KI was 

not the major band detected.  Instead we found multiple bands that did not correspond 

to those predicted from DJinEKI samples.  These other bands could be from digested 

excision circles that retain V13 or from SE intermediates of the recombination reaction.  

Based on the available sequence information, we calculated fragment sizes for excision 

circles created by recombination of DJ KI with Vs 5’ of V13. One of the bands (2.4 kb) 

could be generated from DJ KI to V8.1 rearranged alleles (Figure 20).  Therefore we 

performed the CJ analysis for V8.1-J1.1 rearrangements (Figure 18) and found the DJ 

KI can recombine to Vs other than V13.  Normally, excision circles become diluted by 

the proliferative burst between DN and DP, and would be undetectable by genomic 

Southern. Yet, in DJinEKI thymus samples we were able to detect excision circles that 

contain the V13 gene segment.  One possible explanation for the presence of excision 

circles in the DJinEKI and not the EKI samples, is that the excision circles were 

generated in DP instead of DN thymocytes.   
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Figure 19:  Usage of Gene Segment RSSs as Determined by qPCR. 

Sorted DP thymocytes were isolated and analyzed by qPCR from wild type (Wt), EKI and 

DJinEKI with and without the TCR tg (x).  A value of 100 was assigned to amplification from 

unrearranged DJinEKI kidney DNA.  The primers for each gene segment span the RSS.  Data 

are the mean ± SE of two to three samples from each genotype.  Schematic of PCR strategy is 

diagramed for each primer pair.   
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Although we were able to determine that the DJ KI recombined, we had no 

direct evidence indicating when recombination occurred during thymocyte 

development.  To test when the DJ KI recombined, we detected signal ends (SE) using 

LM-PCR from sorted thymocyte populations (Figure 21).  Linker ligated DNA samples 

were analyzed by semi-quantitative PCR and hybridization.  Sample loading was 

normalized by amplification of the CD14 gene.  The detection strategy does not 

distinguish between DSBs at the DJ KI RSS and at the endogenous D1 RSS.  As a 

Figure 20: Analysis of Rearrangement Frequency of the DJinEαKI alleles. 

A) Whole thymus from EαKI, DJinEαKI and DJinEαKI x TCR tg (x) or kidney genomic DNA 

was digested with EcoRI and probed with a V13 probe.   ← indicates excision circles.  B)  

Schematic of what fragments are detected by the probing strategy. 
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control we compared DJinEKI samples to EKI samples, in which feedback inhibition 

remains intact.  As expected, we were able to detect SE at 5’ D and V RSSs from DN 

EKI thymocytes and their abundance was reduced in DP EKI thymocytes.  We found 

comparable abundance of 5’ D and V RSS SEs in DN thymocytes from EKI and 

DJinEKI mice.  In contrast to results from EKI DP thymocytes, we detected SEs at the 

V8.1 and V13 RSSs and at the 5’ D1 RSS but not at the 5’ D2 RSS in DJinEKI DP 

thymocytes.  The presence of V and 5’ D1 SEs suggested that recombination occurred 

in DP thymocytes due to the loss of feedback inhibition.  The lack of 5’ D2 SEs 

suggested that feedback inhibition remains intact for D RSSs at their endogenous 

location.   

 

Figure 21: Detection of signal ends in sorted DJinEKI DN and DP thymocytes.   

Detection of SEs from EαKI and DJinEαKI thymocytes.  Thymocytes were stained and sorted to 

95% purity.  Samples of linker-ligated genomic DNA serially diluted threefold were analyzed by 

PCR.  CD14 PCR amplification was used as a loading control.  Data are representative of two 

independent experiments. 
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It is possible DJ KI rearrangements did not occur on the chromosome, but 

instead occurred on excision circles generated by V to endogenous D rearrangements.  

To test if the DJ KI rearrangements occurred chromosomally, we analyzed DP 

thymocytes from mice that possess a TCR tg (wild type x , EKI x  and DJinEKI x 

).  The TCR tg has been shown to suppress V to DJ recombination, but not D to J 

recombination (Jackson, Kondilis et al. 2005).  We first determined that the TCR tg 

suppressed V to endogenous DJ recombination in wild type, EKI and DJinEaKI DP 

thymocytes (Figure 19).  To determine endogenous DJ rearrangement, we amplified a 

fragment 5’ of D1, which normally is lost upon V recombination to endogenous DJs.   

We found that the presence of the TCR tg decreased V to endogenous D 

rearrangement in wild type, EKI and DJinEKI samples as indicated by an increased 

retention of the 5’D1 fragment.  We next analyzed how the presence of the TCR tg 

impacted V13 recombination and deletion in wild type, EKI and DJinEKI DP 

thymocytes (Figure 19).  V13 fragment can be lost due to recombination to V13 or to 

upstream Vs.  While the TCR tg suppressed V13 recombination or deletion in wild 

type and EKI DP thymocytes, it did not completely suppress V13 recombination or 

deletion in DJinEKI DP thymocytes.  This indicated a perturbation in feedback 

inhibition.  Then we analyzed how the presence of the TCR tg impacted DJ KI 

recombination and deletion in DJinEKI DP thymocytes (Figure 19).  The TCR tg did 

not completely suppress DJ KI recombination or deletion.  
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 In addition, we analyzed recombination frequency by genomic Southern in the 

presence of the TCR tg (Figure 20). DJb recombination frequency increased in the 

presence of the TCR tg.  We attribute this increase to the suppression of endogenous 

DJ recombination events that would delete the DJ KI in DN thymocytes.  Together, 

the qPCR analysis indicates the TCR tg suppresses V to endogenous DJ 

recombination on wild type, EKI and DJinEKI DP thymocytes, and that in the 

presence of the TCR tg the Tcrb alleles remained unrearranged.  Thus, recombination of 

the DJ KI on the DJinEKI alleles occurred chromosomally and not on 

extrachromosomal DNA substrates. 

To determine if the DSBs identified in DJinEKI DP thymocytes occurred 

chromosomally, we also performed the DSB assay using DP thymocytes from EKI x  

and DJinEKI x  mice (Figure 21).  The presence of the TCR tg did not suppress D1 

or V SE, but instead increased their abundance in DJinEKI DP thymocytes.  The 

increased abundance of SEs may reflect a suppression of recombination in DN 

thymocytes which would result in more substrate to rearrange in DP thymocytes.  

Therefore the recombination events in DJinEKI DP thymocytes occurred 

chromosomally.  Since the DJinEKI allele maintains V RSS accessibility and removes 

the need for locus contraction to facilitate RSS synpasis, we conclude that Tcrb feedback 

inhibition is regulated by the combined effects of RSS accessibility and locus 

conformation. 
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5.2.6 Generation of the in Allele 

To confirm that feedback inhibition is regulated by RSS accessibility and locus 

conformation, we introduced a TCR recombination substrate into the Tcra locus (Tcrb 

in Tcra; in allele).  The TCR substrate contained the same PD1i and the pre-

rearranged DJ KI as in the DJinEKI allele.  In addition, we added the V13 promoter 

and gene segment (V13i) (Figure 22).  Again we introduced a BamHI site 

approximately 90 bp 3’ of the V13 RSS to distinguish the V13i from the endogenous 

V13.  To simplify our analysis and limit the possible recombination products, we 

replaced TEA and the J array with our TCR substrate.  Just as in the DJinEKI allele, 

the TCR substrate overcomes locus decontraction due to the close proximity of the V 

to the DJ KI.  We predicted that the insertion of the TCR substrate into the Tcra locus 

would cause the Tcrb RSSs to be regulated by E.  Therefore, like the J array, the TCR 

substrate would be accessible in DP thymocytes.  Because the TCR substrate replaced 

the J array, we predicted that thymocyte development would be blocked at the DP 

stage due to the inability to generate a TCR protein. 
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Figure 22: Targeting Strategy for the in Allele 

Generation of the in allele.  Symbol representations are as followed: E and E, closed circle; 

E, open circle; RSS, large triangle; loxP, small triangle; arrows, transcription start sites; EcoRI, E; 

BamHI, B).  Genotyping Southern blot with EcoRI digested tail DNA from wild type, 

heterozygous and homozygous in mice.  Blot hybridized with the 3’TCR probe.  Expected 

band size for wild type is 3.8 kb and for in is 5.9 kb alleles.   

The TCR substrate and a loxP flanked neomycin (Neo) cassette were introduced 

into the Tcra locus by homologous recombination (Figure 22).  We targeted a mutated 

Tcra allele (TCRsJ allele) that only contains TEA and two J gene segments (J61 and 

J56) (Huang, Sleckman et al. 2005).  Proper targeting of the Tcra locus in ES cells was 

screened and confirmed by genomic DNA Southern blot.  The Neo cassette was removed 

by transient transfection of ES cells with Cre recombinase.  Heterozygous in mice 

were then intercrossed to produce in/in (Figure 22).  in mice have normal DN 

thymocyte development with respect CD25 and CD44 expression (data not shown).  

in mice have a developmental block between the DP and SP stage as they lack SP 

thymocytes (data not shown). 
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5.2.7 Chromatin Accessibility of the TCR Gene Segments on the 

in Allele 

We first examined the accessibility of the TCR substrate on the in allele.  We 

measured the abundance of H3K4me3 modified nucleosomes and the abundance of 

transcripts that run through the introduced TCR RSSs by qPCR.  We found that the 

V13 RSS and the DJ KI contained H3K4me3 modified nucleosomes in DP but not DN 

thymocytes (Figure 23).  Since the DJ1 KI was only accessible in DP thymocytes, these 

data suggest the TCR substrate was regulated like a J gene segment and under the 

regulation of E.  Although we could not directly compare the abundance of transcripts 

generated by the DJ KI to the endogenous D1 transcripts, we were able to compare the 

abundance of V13i transcripts than endogenous V13 transcripts by using primers that 

amplify both transcripts (Figure 23).  As expected, V13 transcripts were more abundant 

in DN as compared to DP thymocytes of wild type mice.  The abundance of V13 

transcripts was similar in wild type and in DN thymocytes, indicating V13i did not 

contribute to V13 transcription in in DN thymocytes.  However, the abundance of 

V13 transcripts was 3x fold higher in in DP thymocytes than DN thymocytes.  Given 

the low abundance of V13 transcripts in wild type DP thymocytes, all of the V13 

transcripts in in DP thymocytes must originate from V13i.  From this analysis, we 

conclude that the TCR gene segments on the in allele are regulated by E and are 

made accessible in DP thymocytes as measured by transcription and active histone 

modifications. 
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Figure 23:  Chromatin Analysis of the TCR Gene Segments on the in Allele.   

(A) H4K4me3 ChIP of native chromatin prepared from in Rag2-/- (DN) and in Rag2-/- x TCR 

tg (DP) thymocytes.  Primers specific for the introduced V13i and DJ KI were used.  The 

Mage2A gene was used as a negative control and we could not detect a signal from the samples.  

Data are the average of three independent experiments ± SE in which the ratios of bound to input 

are expressed relative to the values for 2M in each sample.  (B) Germline transcription in in 

thymocytes.  Germline transcription of wild type or in Rag2-/- (DN) or Rag2-/- x TCR tg (DP) 

thymocytes.  Results are the average of 3 to 4 independent experiments ± SE.  Data were first 

normalized to -actin and then normalized to the relative value of in DP thymocytes.  
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5.2.8 Analysis of Rearrangement and Generation of Double Strand 
Breaks 

We next analyzed if the TCR gene segments were able to recombine on the in 

allele.  We detected V13i to DJ KI CJ by semi-quantitative PCR and hybridization with 

probes specific for the DJ KI (Figure 24A).  DNA loading was normalized to CD14.  

Two bands hybridized with the DJ KI probe from DJinEKI samples.  The top band is 

the unrearranged V13i to DJ KI amplicon, while the lower band is the rearranged 

V13i to DJ KI amplicon.  We found that TCR gene segments generated 100x fold 

more CJ in DP than in DN in thymocytes.  These data suggest recombination occurs 

almost exclusively in DP thymocytes.  We also determined recombination frequency by 

qPCR using primers that span TCR substrate RSSs (Figure 24B).  We found that 

although ~60% of the DJ KI had rearranged, only ~10% of the V13i had rearranged.  

This result indicated to us that DJ KI could rearrange to RSSs other than the V13i RSS.  

To further address this, we hybridized EcoRI digested DNA with two different probes.  

The first probe hybridized with the V13 gene segment, that potentially detects the 

endogenous unrearranged V13 (7.8 kb), unrearranged V13i (5.9 kb) and rearranged 

V13i (4.3 kb) (Figure 25).  Although we were able to detect the unrearranged band for 

the endogenous V13 and V13i, we were unable to detect a band for rearranged V13i 

alleles.  This was consistent with the low frequency of V13i RSS usage as determined by 

qPCR.  The second probe hybridized 3’ of the DJ KI in C and will identify any DJ KI 

recombination events.  We predicted two bands from unrearranged DJ KI (5.9 kb) and 
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rearranged V13i to DJ KI (4.3 kb).  We found that the majority of DJ KI 

rearrangements did not involve V13i, and we propose that the additional bands 

detected by C probe are DJ KI rearrangements that use Tcra V gene segments.  On the 

basis of previous sequence analysis and in vitro experiments, we suggest that V RSSs 

are better substrates for recombination than most V RSSs (Liang, Hsu et al. 2002); and 

therefore they can outcompete the V13i RSS for the DJ KI RSS.   
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Figure 24:  Analysis of in Recombination by qPCR.   

(A) Thymocytes were stained and sorted to 95% purity.  Samples of genomic DNA serially 

diluted threefold were analyzed by PCR.  CD14 PCR amplification was used as a loading control.  

V13-J1.1 amplicons were hybridized with a DJ KI probe as in Figure 18. Top band is the 

unrearranged V13i-DJ KI amplicon and the lower band is the rearranged V13i-DJ KI 

amplicon.   Data are representative of two independent experiments.  (B)  in whole thymus 

and kidney genomic DNA was isolated and analyzed by qPCR.  Primers are unique for the TCR 

substrate.   
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Figure 25: Analysis in Recombination by Southern 

Analysis of rearrangement frequency of the in allele.  Top, a schematic of the in allele with 

the location of the V13 probe and the C probe.  Whole thymus or kidney genomic DNA was 

digested with EcoRI and probed with a V13 probe (left) or a C probe (right). 

The above results suggest strongly that the TCR substrate recombined in in 

DP thymocytes.  To confirm that in alleles are not feedback inhibited in DP 

thymocytes, we sorted DN and DP thymocytes from wild type and in mice and 

detected SEs by LM-PCR.  As previously described, wild type thymocytes displayed 

5’D1, 5’D2 and V13 SEs that were abundant in DN and their abundance was reduced 

in DP. in and wild type DN thymocytes had a similar abundance of all SEs analyzed.  
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However, in contrast to wild type DP thymocytes, we detected TCR substrate (5’D1 

and V13) SEs in in DP thymocytes.  In contrast, 5’D2 SEs were present in DN and 

their abundance was reduced greater than 10x fold in DP thymocytes.  Therefore, the 

in allele undergoes TCR substrate recombination in DP thymocytes.  Combined with 

the results from the DJinEKI allele, we conclude that in DP thymocytes feedback 

inhibition can be overcome by creating accessibility and simultaneously removing the 

need for locus contraction to facilitate RSS synapsis.  Thus, Tcrb feedback inhibition is 

regulated by chromatin accessibility and locus conformation.   

 

Figure 26: Detection of signal ends in sorted in DN and DP thymocytes. 

Thymocytes were stained and sorted to 95% purity.  Samples of linker-ligated genomic DNA 

serially diluted threefold were analyzed by PCR.  CD14 PCR amplification was used as a loading 

control.  Data are representative of three independent experiments.   

5.3 Discussion 

We found that EKI and wild type alleles adopt a contracted locus conformation 

in DN thymocytes, and both alleles have a decontracted locus conformation in DP 

thymocytes.  We hypothesized that the EKI allele decontraction in DP thymocytes 
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enforces feedback inhibition despite V RSS accessibility.   To test this, we generated two 

alleles (DJinEKI and in).  For both alleles, we found that the DJ KI RSS and the V 

RSSs analyzed were accessible.  We found that the DJ KI RSS and the V RSSs 

recombined in DP thymocytes as determined by the presence of SEs by LM-PCR.  

Together, the DJinEKI and in alleles prove that feedback inhibition is regulated by 

changing chromatin accessibility and changing locus contraction.  Previous reports had 

only established correlations between changes in chromatin accessibility and locus 

conformation with feedback inhibition (Tripathi, Jackson et al. 2002; Skok, Gisler et al. 

2007) and had confirmed feedback inhibition operated at a level beyond changes in 

chromatin accessibility (Jackson, Kondilis et al. 2005).   

Although we know pre-TCR signals initiate epigenetic changes that enforce 

feedback inhibition, we have yet to discover the mediators of these epigenetic changes.  

There is a decrease in V chromatin accessibility between DN and DP thymocytes; yet 

we do not know how this occurs since there is no known V enhancer.  Our analysis of 

in alleles found that the V13i promoter and PD1i only transcribed in DP 

thymocytes when E is active and not in DN thymocytes when E is not active.  It has 

been shown that transcription from PD1 is dependent upon interactions with an active 

enhancer (Oestreich, Cobb et al. 2006).  By extension, the results suggest the V13i 

promoter needs “help” from an enhancer to initiate transcription and create accessible 

chromatin at least in DP thymocytes.  Endogenous V promoter activity is independent 
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of the known Tcrb locus enhancer (E) (Sieh and Chen 2001).  Hence, we suggest that 

there are additional, yet to be identified Tcrb locus cis-elements that regulate gene 

expression.  The location of a potential V enhancer is restricted by previous studies of 

alleles with extended internal deletions.  Deletion of the region between V1 and D1 

had little effect on V transcription for the remaining V in DN thymocytes (Senoo, 

Wang et al. 2003; Brady, Oropallo et al. 2010).  This limits the location of a potential V 

enhancer to regions 5’ of V1 or 3’ of V14.  Nevertheless, it remains possible that V 

promoters are enhancer independent in DN thymocytes.    

While potential proteins and pathways that regulate the changes in V 

chromatin accessibility are unknown, there are candidate proteins that bind to the Tcrb 

locus and may regulate Tcrb locus conformation changes.  CTCF is a protein that was 

initially discovered to be involved in enhancer blocking (Phillips and Corces 2009). 

Multiple studies have implicated a role for CTCF in mediating long distance interactions 

that form DNA loops (Kurukuti, Tiwari et al. 2006; Gerasimova, Lei et al. 2007; Hou, 

Dale et al. 2010). These loops can increase the frequency of cis-element interactions (e.g. 

enhancer-promoter) by decreasing the distance between these elements.  Recently the in 

vivo CTCF binding pattern at Ig loci was characterized in pro and pre B-cells (Degner, 

Wong et al. 2009).  Our lab has identified and confirmed multiple CTCF sites within the 

Tcrb locus (Juan Carabana, personal communication).  Although these sites could be 

used to create loops and mediate locus contraction, to date no data have directly 
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addressed the role of CTCF in mediating Tcrb locus contraction.  In addition to CTCF 

mediating long distance interactions, enhancers and promoters in the Tcrb locus have 

been shown to mediate these interactions through shared protein binding (Oestreich, 

Cobb et al. 2006).  Tcrb locus contraction could be a consequence of cis-element 

interactions, although E does not regulate V promoters and may not physically 

interact with V promoters in DN thymocytes.  Further analysis of the Tcrb locus is 

needed to evaluate the role of CTCF and other proteins involved in chromatin structure 

and loop formation as well as to fine map the physical interactions between Tcrb cis-

elements.
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6 Discussion 

V(D)J recombination is a highly regulated molecular process.  Due to the 

generation of DSBs, expression of RAG1/2 and accessibility of RSSs are tightly regulated.  

Developing lymphocytes have specific regulatory mechanisms in place for each antigen 

receptor locus to promote and restrict recombination.    Observations made over 30 years 

ago began an investigation into how epigenetic mechanisms regulate V(D)J 

recombination (Yancopoulos and Alt 1986) and  over the past few years our 

understanding of what is required for recombination has increased due to advances in 

the field of epigenetic regulation. 

Initial observations linked transcription to accessible RSSs.  Over the years, our 

understanding of how cis-elements and transcription modulates chromatin has 

increased our definition of an accessible RSS.  Transcription, deposition of active histone 

modifications (e.g. H3Ac, H4Ac, H3K4me3), sensitivity to endonuclease digestion, 

binding of chromatin remodeling complexes and low DNA methylation have all been 

correlated with accessibility (Cobb, Oestreich et al. 2006).  In this thesis, we provide an 

additional characteristic of an accessible RSS.  By comparing nucleosome organization 

and histone octamer occupancy between accessible and inaccessible TCR alleles, we 

found that TCR loci have organized nucleosome arrays in regions containing RSSs.   By 

comparing the determined nucleosome organization of multiple RSSs, we could not find 

any consistent pattern of nucleosome organization at RSSs in vivo and suggest that 
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underlying DNA sequence dictates the nucleosome organization.  In the Tcrb locus, we 

focused on RSSs involved in D1 to J1 recombination, whereas in the Tcra locus, we 

focused on a J RSS used for initial V to J recombination.  Accessible RSSs are 

characterized by a decrease in histone octamer occupancy and, to a lesser extent, 

nucleosome movement; and these changes in histone octamers are mediated in part by 

transcription through an RSS.  Our experimental design allowed us to determine the 

average nucleosome organization in a mixed population of alleles.  We propose that 

during the appropriate developmental stage when an antigen receptor locus is 

accessible, different alleles have a similar nucleosome organization but have different 

histone octamer occupancy.  For example, some alleles have completely assembled 

nucleosome arrays while other alleles have under-assembled nucleosome arrays.  One 

could imagine that when an RSS is found within a completely assembled array, the 

nucleosomes protect the RSS and prevent RAG1/2 binding.  But when an allele is under 

assembled, it possible for the RSS to be found in a large nucleosome-free region and be 

accessible to RAG1/2.  Others have found that H3K4me3 modified nucleosomes support 

RAG2 binding and RAG1/2 cleavage and are necessary for efficient recombination in 

vivo (Liu, Subrahmanyam et al. 2007; Matthews, Kuo et al. 2007; Ramon-Maiques, Kuo et 

al. 2007).  We propose that an accessible allele is characterized by a lack a histone 

octamer protecting the RSS to allow RAG1 binding and the existence of neighboring 

H3K4me3 modified nucleosomes to interact with RAG2.  For the Tcrb locus, we analyzed 
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unrearranged alleles and therefore could only analyze the nucleosome organization that 

supports D to J recombination.  It would be interesting to continue this analysis on 

Tcrb alleles that have a pre-rearranged DJ and to determine whether the rearrangement 

changes the nucleosome organization and histone octamer occupancy at D1 and more 

specifically around the 5’ DRSS.  This analysis would give us insight as to whether 

there are any changes in nucleosome organization or histone octamer occupancy that 

might promote V to 5’D RSS recombination.   

 Structural analysis of the postcleavage complex found that RAG1 interacts with 

the RSS nonamer (via the N-terminus) and heptamer (via the C-terminus) 

(Difilippantonio, McMahan et al. 1996).  Data support a model where the postsynaptic 

complex contains two RAG1s, two RAG2s, one 12 RSS and one 23 RSS (Grundy, Ramon-

Maiques et al. 2009).  The model generated predicts that the two RAG1s sandwich the 

two RSSs, which may facilitate holding the RSS SEs together prior to repair.  Based on 

structural analysis of the precleavage complex, Shlyakhtenko et al proposed that each 

RSS binds two RAG1s and two RAG2s (Shlyakhtenko, Gilmore et al. 2009).  The 

compositions of the precleavage and cleavage complexes remain unclear, but what 

remains consistent is the bent configuration of the bound RSS.  The studies mentioned 

above used RSSs contained on a short strand of DNA and do not address the role of 

nucleosomes and histone modifications in formation of the synaptic complex.  Therefore, 

there is still an open question in the field regarding how the RAG1/2 complex binds to 
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an RSS in vivo.  We propose that in vivo, RAG1 binding needs a nucleosome-free region 

at an RSS to allow for RAG1 (with HMGB) to bend the RSS in the binding pocket.  This 

nucleosome-free region may be quite large to facilitate the large size of RAG1 and the 

potentially large RAG1/2 complex.  Another consistent finding was the potential location 

of the RAG1-RAG2 interaction which positions RAG2 away from the DNA binding 

pocket.  This configuration may allow RAG2 to interact with nucleosomes further away 

from the bound RSS, which would be consistent with the model we propose.  It could be 

possible to catch the pre-cleavage complex and determine the nucleosome organization 

by using a catalytically inactive RAG1.  The nucleosome positioning assay could be 

coupled with a RAG1/2 ChIP, to isolate the nucleosome array immediately adjacent to 

an RSS.  The bound DNA could be purified, subjected to a similar qPCR analysis and 

compared to the nucleosome organization determined from the ChIP input sample.   

This experiment would allow us to determine the nucleosome organization of an 

accessible allele bound by RAG1/2.   

Epigenetic regulation of V(D)J recombination goes beyond regulating RSS 

accessibility.  Accumulating evidence suggests layers of regulation for the formation of 

the synaptic complex.  Multiple studies have demonstrated that antigen receptor loci 

undergo changes in conformation during development (as reviewed in (Jhunjhunwala, 

van Zelm et al. 2009)).  When a locus is inaccessible, it is found in an extended 

conformation.  Then, when a locus is accessible, it adopts a contracted conformation 
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which is thought to facilitate synapsis of RSSs separated by a large distance (e.g. V and 

D RSSs).  Therefore, one could imagine that even if two RSSs are accessible, a large 

intervening distance may prevent synapsis.  We proposed that this scenario prevented 

the EKI allele from recombining in DP thymocytes.   Jackson et al forced V 

accessibility in DP thymocytes, yet feedback inhibition remained intact and V to DJ 

recombination could not be detected in DP thymocytes (Jackson, Kondilis et al. 2005).  

Since feedback inhibition remained intact, we hypothesized that EKI alleles still 

decontracted in DP thymocytes.  Indeed, we found that EKI alleles decontracted just 

like wild type alleles in DP thymocytes.  We proposed a necessity for locus contraction 

to facility synapsis between distal V and D RSSs.  We found that both alleles 

generated (DJinEKI and in alleles) in this thesis overcame feedback inhibition.  We 

were able to detect transient recombination intermediates, SEs, in sorted DP thymocytes 

from TCR RSSs.  Thus argues that feedback inhibition is regulated, at least in part, by 

the distance between V and D RSSs.  However, because DJinEKI alleles were 

accessible in both DN and DP thymocytes, we could not formally determine if RSS 

accessibility was a critical parameter as well.  However, in alleles contained nearby 

RSSs and were only accessible in DP thymocytes.  Since they only recombined in DP 

thymocytes, we can conclude that feedback inhibition is regulated by RSS accessibility 

and RSS distance.  Therefore, loss of V accessibility and decontraction of the Tcrb locus 

in DP thymocytes both contribute to feedback inhibition. 
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Interestingly, we found on in alleles that DJ KI recombined more efficiently 

with V RSSs.  The introduced V (V13) is used at a low frequency (less than 3% of 

mature T-cells) and it is known that V RSSs are better substrates for recombination 

than V RSSs (Liang, Hsu et al. 2002).  Although V RSSs are at a greater distance from 

the DJ KI RSS than the V13i RSS on in alleles, we propose inalleles undergo a 

similar contraction as wild type Tcra alleles (Shih and Krangel 2010) so that in three-

dimensional space the V RSSs are in close proximity to the DJ KI RSS.  Therefore, the 

portion of the Tcra locus replaced by the TCR substrate (TEA and the entire J array) is 

dispensable for Tcra locus contraction or there are properties of the TCR substrate that 

replicate the cis-elements found within that region.  For instance, if TEA facilitates locus 

contraction and loop structure formation through protein-protein interactions because it 

is a strong promoter with E or V promoters, then PD1 may replace its role since it 

too is a relatively strong promoter.  It would therefore be useful to measure the 

conformational state of the in allele.  We could use in alleles to study what 

regulates Tcra locus contraction by generating an additional construct that lacks PD1 

(the stronger of the two promoters) and ask if this allele has a different conformation.  If 

PD1-less in alleles are unable to interact with V gene segments or promoters, than 

is would suggest that the contracted conformation of the Tcra locus that facilitates V to 

J recombination is in part mediated by the presence of a strong promoter (TEA).  A 

caveat to this experiment would be the inability to assay recombination due to the 
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dramatic change in RSS accessibility at DJ KI because of the change in promoters.  A 

reciprocal experiment would be to mutate or replace TEA to generate a Tcra allele that 

lacks a strong promoter at the 5’ end of the J array and again assay for changes in locus 

contraction.   

 In addition to protein-protein interactions between cis-elements (e.g. PD-E 

interactions), there may be other elements that solely regulate the larger structure of the 

locus.  While we know some of the cis-elements that regulate RSS accessibility (e.g. E, 

PD, E, TEA), we do not know what cis-elements or transcription factors regulate locus 

conformation.  We propose a role for nuclear proteins that mediate long distance 

interactions such as CTCF.  Potential mediators of long distance interactions would 

display regulated binding and function.  A recent report from Ebert et al found that 

CTCF binding sites are near Pax5 binding sites among the distal VH gene segments 

(Ebert, McManus et al. 2011).  Previously, distal VH contraction was found to depend 

upon Pax5 (Fuxa, Skok et al. 2004).  Ebert et al found that in pro B-cells both CTCF and 

Pax5 bind when the Igh locus adopts a contracted locus conformation.  They proposed 

that Pax5 regulates the binding and function of CTCF, and that both proteins must be 

present to mediate long distance locus interactions.  Therefore, it would be important to 

investigate in thymocytes what proteins could modulate CTCF binding or function.  It 

would be interesting to subject CTCF sites on the Tcrb locus to a similar analysis.  We 

must also keep in mind that like the mechanisms that regulate feedback inhibition, locus 
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contraction may be mediated by multiple interactions that are independent of each 

other.  Therefore disruption of one component may reduce but not abolish 

recombination of RSSs that are far apart from each other. 

 Although we were able to conclude that RSS accessibility and locus contraction 

regulate feedback inhibition based on results from the DJinEKI and in alleles, our 

analysis is limited to the regulation of feedback inhibition for unrearranged Tcrb alleles 

and does not directly address the regulation of a rearranged allele.  Therefore, the 

regulation of D2 feedback inhibition is still in question.  In DP thymocytes, the DJC 

clusters remain accessible as do V gene segments upstream of a rearrangement 

(Jackson and Krangel 2005).  Thymocytes from nuclear transfer mice (e.g. V1 NT mice) 

have a pre-rearranged VDJ and can be used to study the regulation of a rearranged 

Tcrb allele (Brady, Oropallo et al. 2010).  The investigators found that the most accessible 

upstream V (V10) recombined at a low frequency on the V1 NT allele, although they 

did not analyze when during development the recombination occurred.  A key 

experiment would be to determine the abundance of V and 3’D2 RSS SE using sorted 

DN and DP thymocytes.  This would allow us to know if D2 feedback inhibition is 

regulated in the same manner as D1 feedback inhibition or if there are additional 

mechanisms that regulate D2 feedback inhibition.  If such a mechanism did not exist, 

then in DP thymocytes secondary recombination events to D2 would delete in-frame 

rearrangements to D1.  One could imagine that there are D2 specific factors that 
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reduce or inhibit V to DJ2 recombination since by all other measures D2 is accessible 

in DP thymocytes.  DJ2 recombination could be reduced due to the lack of factors that 

normally promote recombination (e.g. RAG1/2 interacting proteins) or by changes in 

nucleosome organization.  D2 recombination efficiency could be reduced by 

maintaining high histone octamer occupancy or by protecting the 3’ RSS with a 

nucleosome.  Further experiments are needed to address changes in transcription factor 

binding and nucleosome organization at D2 in DN and DP thymocytes.  In addition, 

experiments that delete different portions of the surrounding D2 sequence could 

elucidate mechanisms of feedback inhibition beyond accessibility and locus contraction.   

 When we take a step back and look at how V(D)J recombination is regulated, 

data provided in this thesis adds to our understanding of what is necessary for 

recombination to occur.  Now we can imagine how recombination takes place from first 

making an RSS accessible to forming the synaptic complex.  We propose that RSSs are 

made accessible by cis-elements which initiate transcription and lead to histone 

modifications.  In the wake of transcription, some alleles have completely reassembled 

H3K4me3 nucleosomes arrays while other alleles have only partially reassembled 

H3K4me3 nucleosomes.  On these under-assembled alleles, the RSS remains 

nucleosome-free.  These alleles can then bind RAG1/2 by possessing an accessible RSS 

for RAG1 binding and H3K4me3 modified nucleosomes for RAG2 binding.  It is unclear 

if each RSS binds RAG1/2 independently or if one RSS binds RAG1/2 and captures the 
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second RSS.  In parallel to changes in RSS accessibility, the entire locus undergoes 

conformational changes that are mediated by proteins that form molecular bridges and 

tether distal fragments of DNA together.  The molecular bridges may be dependent or 

independent of known cis-elements that regulate RSS accessibility.  The tethers bring 

otherwise distant RSS in close proximity and increase the frequency that a 12 and a 23 

RSS are bound in the same RAG1/2 complex.  Once the synaptic complex forms, RAG1/2 

mediates cleavage to generate a DSB and NHEJ proteins repair the DSB to form a coding 

joint between two gene segments.  What is important to take away from this model is 

that each step is regulated by different aspects of epigenetics.  The multiple layers of 

regulation are in place to ensure V(D)J recombination occurs at the correct locus in the 

appropriate cell type.  
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