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Abstract 

         The chromatin architecture of antigen receptor loci has been hypothesized to 

facilitate the assembly of variable (V), diversity (D), and joining (J) gene segments 

during lymphocyte development.  The 1.6 megabase Tcra/Tcrd locus is unique since it 

undergoes highly divergent Tcrd and Tcra recombination programs in CD4−CD8− double 

negative (DN) thymocytes and CD4+CD8+ double positive (DP) thymocytes, 

respectively.  In this dissertation, we asked whether these divergent recombination 

programs are supported by distinct conformational states of the Tcra/Tcrd locus by using 

three-dimensional fluorescence in situ hybridization (3D-FISH) and chromosome 

conformation capture (3C).   

Using 3D-FISH, we found the 3' portion of the locus is contracted in both DN and 

DP thymocytes as compared to B cells.  Remarkably, the 5' portion of the locus is 

contracted in DN thymocytes, but is decontracted in DP thymocytes.  We propose that the 

fully contracted conformation in DN thymocytes allows Tcrd rearrangements involving 

Vδ gene segments distributed over one megabase, whereas the unique 3’-contracted, 5’-

decontracted conformation in DP thymocytes biases initial Tcra rearrangements to the 

most 3' of the available Vα gene segments.  This would maintain a large pool of distal Vα 

gene segments for subsequent rounds of recombination. 

To study the conformational changes at the molecular level, we used 3C to detect 

interactions between different sites spanning 400kb in the contracted 3’ portion of the 

locus.  The Tcra enhancer (Eα) is known to activate Vα and Jα segment promoters and to 
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stimulate Vα-to-Jα recombination in DP thymocytes.  We detected various pair-wise 

interactions between elements essential for initial Tcra recombination, including 

proximal Vα segments, TEA promoter, 5’ Jα array and Eα.  Notably, these interactions 

occur specifically in DP thymocytes and all are Eα-dependent.  We proposed that in 

addition to regulating transcriptional activity, Eα promotes synapsis of RSSs by tethering 

proximal Vα and 5’Jα segments together to facilitate initial Tcra recombination.   

We also asked whether a known chromatin organizer, CTCF, regulates the 

formation of the DP stage-specific, Eα-dependent chromatin hub.  Using ChIP-seq, we 

identified CTCF binding sites at Eα, TEA promoter, and many Vα promoters in DN and 

DP thymocytes.  Loss of CTCF in DP thymocytes resulted in impaired primary Vα-to-Jα 

recombination, reduced Vα and TEA germline transcription, and reduced interactions 

between Eα and Tcra genes.  Strikingly, we also observed aberrantly increased Tcrd gene 

transcription and interactions between Eα and Tcrd gene segments in CTCF-deficient DP 

thymocytes.  Our data suggest that CTCF helps Eα to organize a DP stage-specific 

chromatin hub that sets the stage for synapsis and recombination of proximal Vα and 5’ 

Jα segments in DP thymocytes.    
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1. Introduction  

1.1 V(D)J recombination 

The jawed vertebrates developed an adaptive immune system that uses antigen 

receptors expressed on T and B lymphocytes to recognize a variety of foreign antigens 

expressed by pathogens.  The great diversity of antigen receptors is built by assembly of 

variable (V), diversity (D), and joining (J) gene segments at T cell receptor (TCR) and 

immunoglobulin (Ig) loci during lymphocyte development.  This process, known as 

V(D)J recombination, involves the breaking and joining of DNA segments to generate 

diverse in-frame sequences encoding antigen receptors (Schatz and Swanson, 2011).   

The initiation of V(D) recombination is catalyzed by recombination- activating 

genes 1 and 2 (RAG-1 and RAG-2, to hereafter referred as RAG) proteins, which 

recognize and cleave the recombination signal sequences (RSSs) that flank all V, D, and J 

gene segments (Fig. 1).  A functional RSS contains a conserved heptamer (5’-

CACAGTG) that is adjacent to a coding gene segment, a less well conserved 12 or 23 

base-pair spacer, and a conserved nonamer (5’-ACAAAAACC) that flanks the spacer 

(Schatz and Swanson, 2011).  A synaptic complex is composed of a RAG tetramer (two 

RAG-1 and two RAG-2 proteins) plus a 12RSS and a 23RSS, a restriction termed 12/23 

rule (Gellert, 2002; Grundy et al., 2009).  Once a synaptic complex is formed, RAG 

proteins will cleave between RSSs and their adjacent coding gene segments to generate 

four double strand break (DSB) ends, including two sealed hairpins at the coding ends 

and two blunt breaks at the RSS or signal ends.  The DSBs generated by RAG proteins 
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will further trigger ubiquitous DNA repair machinery and be repaired through the non-

homologous end joining (NHEJ) pathway.  Through this pathway, the two coding ends 

and two signal ends are ligated to generate new sequences called coding and signal joints.  

During the formation of coding joints, new nucleotides are added between the two coding 

ends, including those from palindromic sequences generated by RAG-dependent opening 

of the sealed hairpins (also called P-nucleotides), and from terminal deoxynucleotidyl 

transferase (TdT)-mediated addition of non-templated sequences (also called N-

nucleotides).  This imprecise DNA repair process at the coding ends increases the 

diversity of recombined antigen receptor sequences (Schatz and Ji, 2011). 

V(D)J recombination events are regulated by complicated mechanisms during 

lymphocyte development (Krangel, 2009).  RAG protein expression occurs specifically in 

early lymphoid cells, which defines the cell type and time frame during which V(D)J 

recombination can occur (Krangel, 2003).  Beyond that, each antigen receptor locus has 

distinct properties that are regulated in lineage- and developmental stage-specific ways 

(Krangel, 2003).  These properties include RSS accessibility for RAG binding, locus 

nuclear localization, and locus conformation (Schatz and Ji, 2011).  These layers of 

regulation dictate that the TCR and Ig loci only recombine at specific stages in specific 

lineages, and prevent RAG proteins from generating DNA breaks outside of antigen 

receptor loci, which may cause cell death or mutagenesis (Schatz and Ji, 2011).  In 

addition, the two alleles of each antigen receptor locus are also regulated in a complex 

way to insure that each lymphocyte expresses only one TCR or BCR complex, a process 

termed allelic exclusion. 
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Figure 1 Pathway of V(D)J recombination.  

All variable (V), diversity (D), joining (J) gene segments at antigen receptor loci 
are flanked by a recombination signal sequence (RSS) to allow them to undergo V(D)J 
recombination.  Each RSS contains a conserved heptamer, a less well conserved 12- or 
23-nucleotide spacer, and a conserved nonamer (top panel).  The process of V(D) 
recombination is initiated with the recognition of RSSs by recombination activating gene-
1 and 2 (RAG-1 and RAG-2) proteins.  Following that, RAG proteins mediate synapsis of 
two different RSSs (12RSS and 23RSS), cleave the site between RSSs and coding gene 
segments, and generate double strand breaks (DSBs) at both gene segments.  The DSBs 
recruit the non-homologous end joining (NHEJ) DNA repair factors that join two coding 
gene segments and two signal sequences (bottom panel) (Modified from Schatz reviews, 
2011). 
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1.2 Lymphocyte development 

Early development of T and B lymphocytes shares common features that depend 

on V(D)J recombination events (Krangel, 2003).  Blockage of recombination events by 

deleting genes encoding RAG or disrupting specific antigen receptor loci results in arrest 

of lymphocyte development (Shinkai et al., 1992; Mombaerts et al., 1992).  On the 

contrary, expression of a pre-rearranged antigen receptor transgene can promote 

lymphocyte differentiation to the next developmental stage (Shinkai et al., 1993).  In both 

types of lymphocytes, RAG proteins are expressed during two stages to create two 

recombination windows for distinct loci to recombine (Krangel, 2003).  Each 

recombination window is followed by a checkpoint to select cells that express proper 

receptors and to ignore or eliminate those cells that fail to express a receptor or express 

an inappropriate (e.g. non-reactive or autoreactive) receptor (Hayday and Pennington, 

2007; Nemazee et al., 2006).  

The T-cell receptor αβ complex and B-cell receptor Ig heavy and light chain 

(IgH/IgL) complex are formed in a similar way (Krangel, 2003).  In the first 

recombination window, one chain of the receptor complex is produced first (TCRβ in T-

cells and IgH in B-cells) and this chain pairs with a surrogate receptor chain to form a 

pre-receptor complex.  These pre-receptors are required for lymphocytes to pass the first 

checkpoint and differentiate to the next stage, in which RAG proteins are re-expressed to 

allow another chain (TCRα in T-cells and IgL in B-cells) to recombine.  The co-

expression of both antigen receptor chains forms a complete receptor complex on the 
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surface of immature lymphocytes.  Positive and negative selection then identifies those 

cells that are eligible to become mature lymphocytes (Krangel, 2003). 

 

1.2.1 T lymphocyte development 

Bone marrow-derived progenitors that migrate to the thymus can differentiate and 

commit to the T-lineage (Hayday and Pennington, 2007).  During intrathymic T-cell 

development (also called thymocyte development), the recombination of four TCR 

protein-encoding genes, α, β, γ and δ, is strictly regulated to generate two subsets of T-

cells, αβ and γδ (Fig. 2) (Krangel, 2009; Shih et al., 2011).  Early CD4−CD8− double 

negative (DN) thymocytes can be divided into four sub-stages (DN1, DN2, DN3, and 

DN4) by surface expression of CD44 and CD25.  Three TCR loci, β, γ, and δ, recombine 

initially in DN2 (CD44+CD25+) thymocytes and mainly in DN3 (CD44−CD25+) 

thymocytes, coinciding with the first expression window of RAG proteins (Hayday and 

Pennington, 2007).  A small subset of DN thymocytes with in-frame Tcrg and Tcrd 

rearrangements may differentiate into γδ T lymphocytes.  These γδ T lymphocytes 

express a γδ TCR complex on the cell surface but lack CD4 or CD8 expression.  After 

passing through poorly understood γδ selection checkpoints, γδ T lymphocytes emigrate 

to their target organs, such as skin, intestinal epithelium, genital tract and tongue (Hayday 

and Pennington, 2007).  In thymocytes with an in-frame TCRβ recombination, a TCRβ 

protein will pair with the pre-Tα chain to form a pre-T cell receptor (pre-TCR) on the cell 

surface (Hayday and Pennington, 2007; Shih et al., 2011).  This allows early T cells to 

pass the β-selection checkpoint, during which pre-TCR signals cooperate with cytokine 
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signals to down-regulate RAG protein expression and promote DN4-to-immature single 

positive (ISP) differentiation.  ISP cells express a low amount of CD8 molecules, but 

eventually upregulate CD4 molecules to become CD4+CD8+ double positive (DP) cells 

after several rounds of cell division (Hayday and Pennington, 2007).  

In DP thymocytes, the cell cycle is arrested at G1 phase before RAG proteins are 

re-expressed to allow Tcra recombination.  DP thymocytes can be further divided into 

early large DP and late small DP based on their gradually reduced cell size and CD71 

expression (Brekelmans et al., 1994).  Once DP thymocytes successfully rearrange a Tcra 

gene in-frame, a complete αβ TCR heterodimer complex will be expressed on the cell 

surface for surveillance by self-peptide-major histocompatibility complex (MHC) 

complexes (Hayday and Pennington, 2007).  DP thymocytes that possess TCRs with low 

self-peptide MHC affinity are positively selected.  These thymocytes down-regulate RAG 

expression to prevent further recombination events, differentiate to αβ CD4+ or CD8+ 

single positive (SP) T cells, and further enter the circulatory system to become mature T 

cells that can recognize and eliminate pathogens.  Other DP thymocytes that receive no 

TCR signals will undergo secondary Tcra recombination to continuously replace the 

previous receptor until they generate a proper one (Shih et al., 2011).  Those thymocytes 

that receive too strong a signal will be negatively selected through an apoptotic pathway 

(Hayday and Pennington, 2007).   
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Figure 2 T lymphocyte development in thymus.  

During thymocyte development, two waves of RAG protein expression allow Tcr 
loci encoding β, γ, and δ chains to recombine in DN thymocytes, and the Tcra locus to 
recombine in DP thymocytes.  Two black dashed lines indicate two checkpoints to select 
appropriate pre-TCRs and αβ TCR complexes.   
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1.2.1 B lymphocyte development 

Progenitors that commit to the B-lineage undergo differentiation primarily in the 

bone marrow.  Similar to T-cell development, there are two waves of RAG protein 

expression during B-cell development (Fig. 3).  The first wave of RAG protein 

expression initiates at the pre-pro-B stage and peaks at the pro-B stage to allow Igh to 

recombine (Krangel, 2003; Jung et al., 2006).  The in-frame recombined Igh expresses a 

µ heavy chain protein that can pair with a surrogate light chain (including V pre-B and λ5 

proteins) to form a pre-B cell receptor (pre-BCR) complex.  Pre-BCR signals are required 

for the first checkpoint of B-cell development to ensure the production of a functional 

Igµ protein.  As is the case for the pre-TCR, these signals down-regulate RAG expression 

to terminate further Igh recombination, and promote cell proliferation and differentiation 

into the pre-B stage (Jung et al., 2006).  

In small pre-B cells, the cell cycle is blocked at G1 phase and RAG proteins are 

up-regulated again to allow the genes encoding Ig light chains to undergo recombination. 

Light chain recombination is ordered such that Igλ recombination usually does not 

initiate until both Igk alleles fail to produce an appropriate light chain (Jung et al., 2006).  

A functional light chain encoded by in-frame recombination of Igk or Igλ will pair with 

the pre-existing heavy chain to form a complete IgH/IgL BCR complex, including two 

identical heavy chains and two identical light chains.  BCRs that possess low affinity to 

self-antigen deliver weak signals that down-regulate RAG expression and promote B-cell 

differentiating into the next stage.  However, BCRs that auto-react will maintain or re-

induce RAG expression to allow receptor editing by either deleting the original receptor 
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through secondary Igk recombination or rearranging another Igk allele or the Igλ locus, 

until a non-autoreactive light chain is produced (Nemazee et al., 2006).  Auto-reactive 

BCRs can also lead to cell death, so called negative selection.  The immature B cells that 

pass positive and negative selection will differentiate into naïve mature B cells and 

migrate to secondary lymphoid tissues where they may undergo antigen-driven and 

activation-induced cytidine deaminase (AID)-mediated hypermutation and class switch 

recombination of their Ig genes.   

 

 

 

 

Figure 3 B lymphocyte development in bone marrow 

During B cell development in bone marrow, two waves of RAG proteins allow 
the Ig heavy chain gene (Igh) to recombine at the pro-B stage, and Ig light chain genes 
(Igκ and Igλ) to recombine at the pre-B stage.  Two black dashed lines indicate two 
checkpoints to select appropriate pre-BCRs and IgH/IgL BCR complexes.   
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1.3 Organization of antigen receptor loci 

The genes encoding seven antigen receptor proteins are distributed at six genetic 

loci that range in size from hundreds of kilobases (kb) to several megabases (Mb) (Fig. 

4).  Within these loci, the four largest (Igh, Igk, Tcrb and Tcra/Tcrd loci) are organized in 

a similar way in that the locus is mostly occupied by large numbers of V gene segments, 

followed by one or two D-J-C (constant) or J-C clusters at the 3’ end.  The other two loci 

(Igλ and Tcrg) that are relatively small (~200 kb) and contain limited sets of gene 

segments arranged in a unique order (Bossen et al., 2012; Jhunjhunwala et al., 2009; 

Krangel, 2009). 

Several regulatory elements have also been identified at each locus.  A strong 

promoter usually can be found at the 5’end of J or DJ segment arrays to direct 

transcription of these gene clusters prior to rearrangement.  Each V gene segment has an 

upstream promoter that regulates the germline transcription of individual V gene segment 

prior to recombination and eventually directs the transcription of recombined VJ or VDJ 

coding sequences (Roy et al.,2011; Shih et al., 2011).  Many enhancers have been 

identified near J and C segments at the 3’ ends of the loci (Jung et al., 2006; Krangel, 

2003; Schlissel, 2004).  These enhancers regulate promoter activity and mediate 

recombination events over long distances.  Elements that function as insulators have also 

been identified (Guo, Yoon and Franklin et al., 2011; Liu et al., 2002; Xiang et al., 2011; 

Carabana et al., 2011).  The various regulatory elements and their roles at each locus will 

be further described in this chapter.  
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Figure 4 Organization of murine antigen receptor loci  
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1.3.1 Igh locus 

The murine Igh locus on chromosome 12 contains near 200 VH gene segments 

spanning 2.7Mb, followed by ten DH, four JH, and eight CH gene segments (Jung et al., 

2006).  The multiple CH genes allow class switch recombination that occurs in activated 

mature B cells to produce different antibody isotypes.  The Igh locus recombines in an 

ordered way in that DH segments recombine to JH segments first, followed by VH-to-DHJH 

recombination (Fig. 3).  DH-to-JH recombination initiates as early as in the pre-pro-B 

stage and occurs in T-lineage cells as well (Jung et al., 2006).  However, VH-to-DHJH 

recombination only occurs in pro-B cells and is undetectable in other cell types.  In 

addition, VH-to-DHJH step is also subject to allelic exclusion and proceeds 

asynchronously on two alleles.  Hence, the VH-to-DHJH step is the critical control point to 

insure that complete IgH recombination only takes place in B-lineage.  Notably, each Igh 

allele generally undergoes VHDHJH recombination only once because the completion of 

VHDHJH recombination deletes extra DH gene segments.  The only exception is VH 

replacement, where an upstream VH can rearrange to a cryptic RSS within an already 

rearranged VH gene segment (Jung et al., 2006).   

Several regulatory elements have been identified as essential for normal Igh 

recombination by regulating germline transcription and chromatin structure in cis (Roy et 

al.,2011).  The well characterized Igh intronic enhancer (termed Eµ or iEµ) is located in 

the region between JH and CH segments.  Deletion of Eµ or core Eµ results in a dramatic 

reduction of splenic B cells and impaired DH-to-JH as well as VH-to-DHJH recombination 

in pro-B cells (Perlot et al., 2005; Afshar et al., 2006).  The impaired VH-to-DHJH 
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recombination is likely a consequence of the inefficient DH-to-JH rearrangement.  In 

addition, Eµ is also required for transcription activity across the DHJH cluster, but not for 

transcription of VH segments, suggesting that Eµ controls Igh V(D)J recombination 

through mediating DHJH accessibility (Perlot et al., 2005; Afshar et al., 2006; Bolland et 

al., 2007).  Surprisingly, mice that carry one Eµ deficient allele reveal a dramatic increase 

of splenic B cells that express dual IgM on the surface.  Although Eµ is dispensable for 

the transcription of rearranged Igh gene, Eµ seems to play a role in Igh allelic exclusion at 

late stages (Li et al., 2009).   

The 3’IgH regulatory region (3’ RR) that contains seven DNase I hypersensitivity 

sites (hs) is located downstream of CH exons. The first four hypersensitivity sites (hs3b, 

hs1.2, hs3a, and hs4) were shown essential for germline transcription of constant regions 

and for class switching in mature B cells but were found not to be required for DH-to-JH 

or VH-to-DHJH recombination (Vincent-Fabert et al., 2010, Dunnuck et al., 2009). 

However, the other three hypersensitivity sites (hs5, hs6, and hs7) are not required for 

class switch, but surprisingly, suppress proximal VH usage (Volpi et al., 2012).  A 3’ CBE 

(CTCF-binding element), which is downstream of 3’ RR was identified as a sets of CTCF 

binding (Garrett FE et al., 2005; Degner et al., 2011).  3’ CBE has been linked to the 

regulation of locus architecture (Degner et al., 2011; Guo, Yoon and Franklin et al., 

2011).  However, the biological role of 3’ CBE remains unknown.    

Two sense and one antisense germline transcripts are regulated by Eµ (Lennon 

and Perry, 1985; Thompson et al., 1995; Bolland et al., 2004).  The two sense transcripts 

are µ0 and Iµ, which initiate upstream of the last DH gene segment (DQ52) and 
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heterogeneously within the Eµ region, respectively.  Both extend to Cµ.  Deletion of the 

DQ52 segment and its upstream promoter suggested that µ0 mediates 3’ JH segment 

usage in DH-to-JH recombination (Nitschke et al., 2001).  However, selective deletion of 

the DQ52 promoter in another study did not influence µ0 germline transcription and DH-

to-JH recombination (Afshar et al., 2006).  The role of the DQ52 promoter and µ0 

germline transcription is still enigmatic and requires further investigation.   Antisense 

germline transcription initiates at the 5’end of Eµ and extends over 65 kb, upstream of the 

DH region (Bolland et al., 2007).  This Eµ-dependent antisense transcription was also 

shown mediated by CTCF in an ex vivo knockdown system and is believed to open the 

Igh DJ cluster before DH-to-JH recombination (Degner et al., 2011).    

A 100 kb intergenic region between VH and DH segments was shown to prevent 

antisense germline transcription from extending into the proximal VH region and to 

enforce lineage-specific Igh recombination.  Deletion of this region activates aberrant 

VH-to-DHJH recombination in thymocytes (Giallourakis et al., 2010).  A recent study 

narrowed down the functional domain to a 4.1 kilobase region termed intergenic control 

region 1 (IGCR1), which is required for ordered, lineage-specific, and allelically 

excluded Igh recombination events.  The presence of IGCR1 prevents VH-DH 

recombination from occurring before DH-to-JH recombination and maintains a balanced 

antibody repertoire by suppressing proximal VH usage (Guo, Yoon and Franklin et al., 

2011).  The role of IGCR1 is believed to be dependent on its two CTCF binding sites that 

possess insulator function (Featherstone, 2010; Guo, Yoon and Franklin et al., 2011).   
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Each VH segment contains an upstream promoter that drives transcription before 

and after VH-to-DHJH recombination (Roy et al., 2011).  However, whether there are other 

regulatory elements for VH segments is unknown.  Using histone modifications as 

indicators, 14 conserved sequences were identified upstream of multiple distal VH gene 

segments, termed Pax5-activated intergenic repeat (PAIR) elements (Ebert et al., 2011).  

These PAIR sequences recruit a regulatory complex involving Pax5, E2A, CTCF and 

Rad21in a developmental stage-specific manner and generate CTCF-and Pax5-dependent 

antisense transcripts upstream of their CTCF binding sites in pro-B cells (Ebert et al., 

2011; Degner et al., 2011).  PAIR elements are proposed as potential regulatory elements 

controlling distal VH segment recombination.    

 

1.3.2 Igk locus 

The murine Igk locus on chromosome 6 contains about 120 Vκ gene segments 

that span 3.2 Mb, followed by four Jκ gene segments and one Cκ exon that are located 

within 20 kb at the most 3’ end of the locus.  Unlike the Igh locus, a recombined Igk 

allele can undergo secondary Vκ-Jκ recombination to replace a previous rearranged 

product that is out-of-frame or induces autoreactivity.  The failure to produce a functional 

and non-autoreactive Igk chain can also be rescued by Igλ recombination. 

Three Igk enhancers have been identified: the MAR/intronic enhancer (iEκ) 

located between Jκ and Cκ; the 3’ enhancer (3’Eκ) located downstream of the Cκ exon; 

and the downstream enhancer (dEκ) that is further downstream of E3’ (Schlissel, 2004).  

Each enhancer has multiple functions, some of which are functionally redundant.  Both 
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iEκ and E3’ contribute to the regulation of Igk recombination in pre-B cells; deletion of 

either causes impaired but not abolished Vκ-Jκ recombination (Gorman et al., 1996; 

Takeda et al., 1993; Xu et al., 1996).  Deletion of both enhancers, however, completely 

blocks Igk recombination (Inlay et al., 2002).  In addition, 3’Eκ also plays a role in 

mature B cells.  Deletion of 3’Eκ results in a reduction of hypermutation and transcription 

of recombined Igk genes.  Like 3’Eκ, dEκ regulates the Igk locus at late developmental 

stages including the expression of recombined gene segments and somatic hypermutation 

(Xiang et al., 2008).  However, dEκ is not required for Vκ-Jκ recombination.  Two 

promoters were identified upstream of the Jκ array: a distal promoter, 5’k0, and a 

proximal promoter, 3’k0.  Transcriptional activity of these two promoters is 

developmentally regulated; the distal promoter is activated in pre-B cells, while the 

proximal promoter is activated in later stages (Amin et al., 2009; Taylor et al., 2009).  

However, the function of these germline transcriptions is not well understood.  A 

recombination silencer, Sis (silencer in intervening sequence), was identified within the 

intergenic region between Vκ and Jκ segments (Liu et al., 2002).  Deletion of Sis results 

in skewed Vκ usage biased to proximal Vκ segments (Xiang et al., 2011).  Similar to 

IGCR1 at the Igh locus, Sis is believed to regulate the Igk repertoire through its CTCF 

binding sites (Ribeiro de Almeida et al., 2011).  
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1.3.3 Igλλλλ locus 

The ~250 kb Igλ locus is organized in a unique way in that it only possesses three 

Vλ and four Jλ segments, and each Jλ is linked to its own Cλ.  Four Jλ and four Cλ 

segments fall into two Jλ-Cλ-Jλ-Cλ clusters that are ~160 kb apart.  Two Vλ segments 

(Vλ2 and Vλ3) are located about 50 kb upstream of the first JλCλ cluster (Jλ2-Cλ2-Jλ4-

Cλ4), and there is an enhancer downstream of Cλ4.  Similarly, the second JλCλ cluster 

(Jλ3-Cλ3-Jλ1-Cλ1) is flanked by an upstream Vλ gene segment and a downstream 

enhancer.  The Igλ repertoire is relatively limited as compared to other loci due to the 

small number of gene segments at this locus.  As mentioned, Igλ recombination generally 

occurs when Igk recombination fails on both alleles. 

 

1.3.4 Tcra/Tcrd locus 

The Tcra/Tcrd locus on murine chromosome 14 carries both Tcra and Tcrd gene 

segments in a unique organization (Shih et al., 2010).  The Tcra/Tcrd locus spans 1.6Mb, 

including over one hundred Vα/δ segments distributed across 1.5Mb.  Following the V α/δ 

array, there is a cluster of Tcrd gene segments, 61 Jα segments and one Cα, all distributed 

across 100 kb at the 3’end of the locus.  The Vα/δ cluster of strain 129 mice contains two 

highly homologous 400 kb regions that result from a duplication event.  The duplicated 

region is flanked by unique V segments at both ends.  The high homology between these 

regions poses challenges for their analysis.  TRDV5, located downstream of Cδ and 

upstream of the Jα array, is the only V gene segment located outside of V array.  TRDV5 
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is in the reverse transcriptional orientation and can recombine to the Tcrd cluster by DNA 

inversion (Krangel et al., 2004; Krangel, 2009; Shih et al., 2011). 

The Tcrd cluster is composed of two Dδs, two Jδs, and one Cδ segments.  In DN 

thymocytes, Tcrd gene segments are activated to undergo Vδ-to-Dδ-to-Jδ recombination.  

Among the many Vα/δ gene segments, only a small number of them are preferentially 

used for Tcrd recombination, including some located close to Tcrd cluster (e.g. TRDV1, 

TRDV2-2, TRDV4, TRDV5) and some that are distributed across the central duplicated 

region (e.g. TRAV15/DV6 family) (Shih et al., 2011).  Similar to the Igh locus, complete 

Tcrd recombination can only occur once on each allele due to the gene organization.  

However, Tcrd recombination is not stringently ordered and allelically excluded.  

Therefore, Vδ-to-Dδ can also be detected before Dδ-to-Jδ recombination and some γδ T 

cells express two receptors.  Notably, the recombination of TRDV4 is developmentally 

regulated; it only occurs in fetal thymocytes but not in adult thymocytes (Shih et al., 

2010).   

Once thymocytes differentiate into the DP stage, Vα and Jα segments are activated 

to undergo Vα-Jα recombination.  The first Vα-Jα recombination deletes the entire Tcrd 

locus, preventing Tcrd recombination in DP thymocytes.  Tcra can undergo synchronous 

recombination on both alleles and proceed with multiple rounds of Vα-Jα recombination 

on each allele (Krangel, 2004; Krangel, 2009).  Analyzing rearranged Tcra sequences 

suggests that Vα-Jα recombination preferentially initiates with the Jα-proximal Vα 

segments and 5’ Jα segments, and progressively uses more 5’ Vα and more 3’ Jα gene 

segments for secondary recombination (Krangel, 2004).  This is supported by analysis of 
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RORγ deficient-mice, which reveal a 5’-biased Jα usage due to shortened life-span of DP 

thymocytes (Guo et al., 2002).  In addition, this biased Jα usage can be rescued by 

expression of survival factor Bcl-x(L) transgene that extends DP thymocyte life-span 

(Guo et al., 2002).  Secondary Vα-Jα recombination deletes and replaces previous 

unproductive rearrangements or productive rearrangements that do not lead to positive 

selective, allowing a repetitive search for a proper TCRα chain (Huang and Kanagawa, 

2001; Pasqual et al., 2002). 

The Tcrd enhancer (Eδ) and Tcra enhancer (Eα) are well-known regulators of 

developmental stage-specific Tcrd and Tcra recombination events (Hernández-Munain et 

al., 1999; Sleckman et al., 1997).  Eδ, which is located between Dδ2 and Cδ, is important 

for efficient Tcrd recombination in DN thymocytes (Monroe et al., 1999).  Deletion of Eδ 

results in a reduction of γδ T cells.  However, deletion of Eδ does not completely block 

Tcrd recombination, suggesting that unknown regulatory elements may also be involved 

in the regulation of Tcrd recombination.  Eδ regulates Tcrd recombination through 

regulating transcription and histone modification within a 20 kb region from the DδJδ 

cluster to TRDV5 (Shih et al., 2011).  Eδ can also regulate TRDV4 at a distance of 55kb 

in fetal thymocytes (Hao and Krangel, 2011).  Notably, Eδ is not required for rearranged 

TCRδ expression on mature γδ T cells (Sleckman et al., 1997). 

Eα, which is located at the 3’ end of the Tcra/d locus, is activated specifically in 

DP thymocytes to promote Vα-to-Jα recombination.  Deletion of Eα disrupts almost all 

Vα-to-Jα recombination events and blocks T-cell development at the DP stage (Sleckman 

et al., 1997; Hernández-Munain et al., 1999).  Eα broadly regulates histone acetylation 
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and germline transcription of the entire Jα array and of Vα gene segments up to 500 kb 

away (Hawwari and Krangel, 2005b).  Interestingly, although Eα is not required for Tcrd 

recombination, it is important for transcription of rearranged Tcrd genes (Sleckman et al., 

1997). 

The T early α (TEA) promoter, which is located at the 5’ end of Jα array, is 

activated by Eα in DP thymocytes (Hernández-Munain et al., 1999; Sleckman, 1997).  

Active TEA transcription is believed to target the 5’ Jα segments for primary Vα-Jα 

recombination by opening the chromatin structure and inhibiting downstream 

Jα promoters.  Deletion of TEA promoter results in a lack of 5’ Jα transcription and 

rearrangement, and activation of central Jα promoters and rearrangement of central Jα 

segments (Villey et al., 1996; Hawwari et al., 2005a).  Mouse models in which TEA 

transcription is blocked demonstrated that TEA transcripts rather than the TEA promoter 

are essential for mediating ordered promoter activity and recombination (Abarrategui and 

Krangel, 2007).  

 

1.3.5 Tcrb locus 

 The Tcrb locus on chromosome 6 is composed of 32 Vβ segments and two DβJβCβ 

clusters, each containing one Dβ, seven Jβ and one Cβ segments (Krangel, 2003; Krangel, 

2009).  The whole locus is separated into three parts by two unrelated trypsinogen arrays 

that flank the main Vβ cluster.  The most 5’ part of the locus is an isolated Vβ that is 150 

kb upstream of the main Vβ cluster.  Another Vβ segment outside of the main Vβ cluster 

is at the 3’ end of the locus in reverse orientation.  The two DβJβCβ clusters are located 
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250 kb downstream of the main Vβ cluster and provide Tcrb two chances to recombine on 

each allele.  Similar to Igh, Tcrb recombination is stringently regulated to insure allelic 

exclusion and is ordered so that Dβ-to-Jβ occurs first, followed by Vβ-to-DβJβ 

recombination (Krangel, 2003; Krangel, 2009).  

 The Tcrb enhancer (Eβ), residing between Cβ and the most 3’ Vβ, is essential for 

Tcrb recombination (Cobb et al., 2006).  Deletion of Eβ blocks thymocyte development at 

the DN stage and inhibits Dβ-to-Jβ as well as Vβ-to-DβJβ recombination (Bories et al., 

1996; Leduc et al., 2000).  Eβ regulates the accessibility and transcriptional activity of the 

two DβJβ clusters that are within 25 kb upstream of Eβ (Mathieu et al., 2000).  Each DβJβ 

cluster carries one strong promoter (PDβ1 or PDβ2) associated with the Dβ segment to 

regulate the accessibility and transcription of each cluster (McMillan and Sikes, 2008; 

Sikes et al., 1998; Sikes et al., 2002; Whitehurst et al., 1999).  Deletion of PDβ1 

eliminates the recombination activity at the first DβJβ cluster, but the second DβJβ cluster 

recombines normally (Whitehurst et al, 1999).  

 

1.3.6 Tcrg locus 

 The Tcrg locus on chromosome 13 contains seven Vγ segments, four Jγ and four 

Cγ segments scattered across 200 kb.  Each cluster is composed of a single Vγ, Jγ, and Cγ, 

except for the Cγ1 cluster, which has four Vγ segments (Krangel, 2009).  The two Jγ1-

proximal Vγ (Vγ3 and Vγ4) recombine specifically in the early fetal thymus, while Vγ5 
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dominates at later developmental stages.  Similar to Igλ, the repertoire of TCRγ is 

relatively limited due to a small number of gene segments. 

 The Cγ1 cluster is regulated by two enhancers: HsA between Vγ5 and Vγ2, and 

3’ECγ1 located downstream of Cγ1 (Spencer et al., 1991; Kappes et al., 1991; Baker et al., 

1999).  These two enhancers play redundant roles in regulating transcription of 

rearranged Tcrg genes, but are dispensable for Tcrg recombination (Xiong et al., 2002). 

Programmed Vγ usage, however, is determined by a combination of Vγ promoter activity 

(Baker et al., 1998), and genomic organization of Vγ segments (Xiong et al., 2004, Xiong 

et al., 2008). 

 

1.4 Regulation of V(D)J recombination 

1.4.1 RAG proteins 

The RAG-1 and RAG-2 proteins are the main enzymes catalyzing V(D)J 

recombination reactions (Schatz and Ji, 2011).  Knockout of either genes results in a 

similar phenotype, including a loss of recombination and an early blockade of 

lymphocyte development (DN3 stage in T cells and pro-B stage in B cells) (Shinkai et al., 

1992; Mombaerts et al., 1992).  Rag gene expression is regulated by a complex set of 

lineage-and developmental stage-specific cis-regulatory elements during lymphocyte 

development (Kuo and Schlissel, 2009).  As noted previously, Rag gene expression is 

regulated in part by signals from TCR or BCR complexes during lymphocyte 

development.   
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The RAG-1 and RAG-2 proteins have unique properties and function as part of a 

tetrameric complex composed of two molecules each of RAG-1 and RAG-2 (Grundy et 

al., 2009).  The RAG-1 protein possesses domains to recognize the conserved heptamer 

and nonamer motifs of RSSs, and to catalyze RSS cleavage.  The RAG-2 protein does not 

recognize RSS sequences.  Instead, RAG-2 can, by virtue of its plant homeodomain 

(PHD) domain, recognize and bind trimethylated histone H3 lysine 4, a histone marker 

correlated to transcriptional activity (Liu et al., 2007; Mathews et al.,  2007; Ramón-

Maiques et al., 2007).  The binding of RAG-2 to K4-trimethylated H3 histones 

surrounding RSSs can stabilize the RAG1/2 tetramer and enhance RAG-1 cleavage 

activity (Shimazaki et al., 2009).   

RAG-1 and RAG-2 proteins can bind to antigen receptor loci in a lineage-and 

stage-specific manner independent of each other in vivo (Ji Y et al., 2010a).  

Interestingly, both RAG proteins preferentially bind to a small region in each locus, 

including some or all D and J segments.  This focal RAG binding pattern is hypothesized 

to form a recombination center that requires the recruitment of V segments into proximity 

to precede synapsis for V(D)J recombination (Schatz and Ji ,2011).   

 

1.4.2 The 12/23 rule 

 As mentioned earlier, recombination events require the synapsis of one 12RSS 

and one 23RSS, termed the 12/23 rule (Gellert, 2002; Krangel, 2003).  This rule restricts 

the recombination partners of each gene segment on the same allele.  In loci that undergo 

V-J recombination (Igκ, Igλ, Tcra, and Tcrg), the V segments carry one type of RSS and 
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J segments carry the other, so V segments can recombine to J segments (Fig. 5).  D 

segments are equipped with RSSs on both sides.  On Igh alleles, both V and J segments 

carry 12RSSs; therefore, they can only recombine to D segments that possess 23RSSs at 

both ends (Gellert, 2002).  For both Tcrb and Tcrd, each D segment is flanked 5’ by a 

12RSS and 3’ by a 23RSS, allowing recombination with V segments (with 23RSSs) and J 

segments (with 12RSSs), respectively.  Although the V and J segments at these loci 

contain reciprocal RSSs, they do not recombine directly to each other in vivo.  Therefore, 

the 12/23 rule can only explain some of the restriction to V(D)J recombination events in 

vivo (Bassing et al., 2000) 

 

 

Figure 5 Arrangements of RSSs at antigen receptor loci 

The V, D, and J segments at antigen receptor loci are flanked by specific RSSs to 
allow V�J, D�J, or V�DJ recombination following the 12/23 rule.  (Modified from 
Gellert, 2002) 
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1.4.3 RSS accessibility 

A well characterized layer of regulation that targets RAG binding to preferred 

RSSs during lymphocyte development is “RSS accessibility” (Sleckman et al., 1996).  

This concept was first discussed based on the coincidence between recombination events 

and germline transcription activity at antigen receptor loci, which suggested that the 

status of chromatin may alter the ability of RSSs to support RAG binding (Yancopoulos 

and Alt, 1985).  Supporting this, in experiments in which RAG proteins were used to treat 

isolated nuclei in vitro, RAG-dependent RSS double strand breaks at Tcr and Ig loci were 

detected only in nuclei of cells of the appropriate lineage and developmental stage.  This 

implied that the accessibility of these loci is developmentally regulated (Stanhope-Baker 

et al., 1996).  

RSS accessibility is highly correlated with an “open” chromatin structure 

characterized by nuclease hypersensitivity, histone hyperactylation, and changes in 

nucleosome positioning (Cobb et al., 2006).  Assembling RSSs with nucleosomes in vitro 

completely blocks RAG-mediated DNA cleavage as compared with nucleosome-free 

RSSs (Golding et al., 1999).  Germline transcription and RSS accessibility of antigen 

receptor loci are developmentally regulated by cis-regulatory elements, including 

promoters and enhancers.  In general, promoters locally regulate Tcr and Ig loci, while 

enhancers display a distant impact.  For example, Eβ activates PDβ1 or PDβ2 from a 

distance, while both Dβ promoters locally enhance downstream DβJβ cluster germline 

transcription and RSS accessibility (Bories, et al., 1996; Leduc et al., 2000; McMillan 

and Sikes, 2008; Sikes et al., 1998; Whitehurst et al, 1999).  Similarly, at the Tcra locus, 
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Eα globally regulates germline transcription and histone modifications up to 500 kb, 

while the TEA promoter and Jα49 promoter regionally regulate downstream Jα segments 

(Hawwari et al., 2005a; Hawwari and Krangel, 2005b, Villey et al., 1997).  Deletion of 

Eα and Eβ completely block Tcra and Tcrb recombination, while loss of the TEA 

promoter or PDβ1 results in retargeting recombination to downstream gene segments.  

Germline transcription potentially mediates RSS accessibility through changes in 

chromatin structure and nucleosome positioning.  Transcriptional activity not only 

changes histone modifications including H3K4 trimethylation, which can recruit RAG-2 

protein to RSSs, but also changes nucleosome positioning at RSSs, that may be 

associated with accessibility (Schatz and Swanson, 2011).  Disrupting TEA germline 

transcription by inserting a transcription terminator right downstream yields a phenotype 

similar to TEA promoter deletion, suggesting that the transcription itself rather than an 

active promoter determines Jα accessibility (Abarrategui and Krangel, 2007).  Consistent 

with this, promoter-deleted alleles, enhancer-deleted alleles, and transcription terminator 

alleles display a loss of RAG-1 binding (Ji Y et al., 2010b).  However, maintaining 

chromatin accessibility by introducing Eα into a Tcrb allele cannot induce Tcrb 

recombination at the DP stage (Jackson et al., 2005).  In addition, deletion of B-lineage 

specific transcription factor Pax5 disrupts distal VH-to-DHJH rearrangement, even though 

distal VH germline transcription and accessibility remains normal (Hesslein et al., 2003).  

Hence, there is additional regulation beyond RSS accessibility to control V(D)J 

recombination (Krangel, 2003). 
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1.4.4 Nuclear localization 

During the past decade, the focus of studying the regulation of V(D)J 

recombination has shifted to the mechanisms beyond RSS accessibility.  One of these 

mechanisms is to regulate recombination events through the environment of antigen 

receptor loci that is associated with their nuclear localization (Jhunjhunwala et al., 2009).   

Nuclear compartments can be divided into pericentromeric heterochromatin (PCH) 

regions, euchromatin regions and the nuclear periphery, which includes nuclear lamina 

and nuclear-pore regions (Kosak and Groudine, 2004).  Among these compartments, the 

PCH and nuclear lamina regions have been characterized as transcriptionally repressive 

compartments, while the euchromatin and nuclear-pore regions are associated with active 

transcription.  Three-dimensional fluorescence in situ hybridization (3D-FISH) analyses 

first demonstrated the correlation between nuclear localization and recombination activity 

of Ig loci (Kosak et al., 2002).  The inactive Igh and Igk loci tend to be near nuclear 

periphery in non-lymphoid or T-lineage cells.  The first nuclear relocalization of Ig loci 

occurs in pro-B cells, in which both Igh and Igk alleles move away from the periphery 

and are centrally located in the nuclei (Kosak et al., 2002).  In pre-B cells, both Igh or Igk 

alleles revealed monoallelic association with PCH and the unrearranged alleles are 

associated with PCH more frequently than rearranged alleles (Goldmit et al., 2005; 

Roldan et al.; 2005, Fitzsimmons et al., 2007).  However, when this monoallelic PCH 

recruitment occurs is controversial.  One line of investigation suggested that it occurred 

before Igk rearrangement, and is related to distinct replication timing of the two alleles 

(Mostoslavsky et al., 2001).  The PCH associated Igk allele is the late replicating allele 
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(Goldmit et al., 2005), which tends not to rearrange first (Mostoslavsky et al., 2001).  

Consistent with this, induction of Igk recombination in an Abelson-transformed pre-B 

cell line revealed that the relocalization of one Igk allele to PCH occurs before Igk 

recombination (Fitzsimmons et al., 2007).  However, a study reported that the 

monoallelic pericentromeric recruitment of unrearranged Ig loci is dependent on RAG-1 

and ATM (ataxia telangiectasia mutated)-mediated damage responses from the 

rearranged allele, and therefore, occurs after Igk rearrangement (Hewitt et al., 2009).  

Nevertheless, in either case, monoallelic pericentromeric recruitment of unrearranged Ig 

alleles is believed to be involved in allelic exclusion by inhibiting transcription-

dependent recombination events.   

Unlike Ig loci, which relocalize during B lymphocyte development, Tcrb alleles 

are highly associated with repressive nuclear compartments at all stages (Skok et al., 

2007; Schlimgen et al., 2008).  An initial study showed monoallelic association of Tcrb 

alleles with PCH in DN thymocytes.  According to this result, the authors proposed that 

Tcrb allelic exclusion is controlled by releasing single Tcrb allele from the repressive 

compartment to undergo recombination (Skok et al., 2007).  However, another study 

looked at both the nuclear lamina and heterochromatin compartments and showed that 

although the ratio varies, the Tcrb alleles are highly associated with these repressive 

nuclear compartments at all stages.  The distribution of two alleles in these compartments 

revealed a stochastic rather than a deterministic pattern (Schlimgen et al., 2008).  In 

addition, unrearranged Tcrb alleles associated with both repressive compartments more 

frequently than rearranged alleles, implying that these compartments may suppress 
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recombination.  This result is not due to feedback signals from the rearranged alleles 

because this result was observed in Lat−/− DN thymocytes.  The frequent and stochastic 

localization of Tcrb alleles with recombination-inhibitory compartments suggests that the 

enforcement of Tcrb allelic exclusion by asynchronous recombination is due to low 

efficiency recombination of both Tcrb alleles that reduces the probability of simultaneous 

recombination (Schlimgen et al., 2008). 

Unlike Tcrb, Tcra/Tcrd alleles highly associate with both the nuclear lamina and 

PCH in non-T cells, but move away from these compartments in both DN and DP 

thymocytes for Tcrd and Tcra recombination, respectively (Skok et al., 2007; Schlimgen 

et al., 2008).  Disassociation of both alleles from repressive compartments may contribute 

to synchronized, sequential Vα-Jα rearrangements, with interallelic coincidence of Jα 

usage and a fraction of T cells with two in-frame rearrangements.   However, only one 

TCRα is usually expressed on the surface, with the other Tcra allele excluded by post-

translational mechanisms (Kuida et al., 1999; Lacorazza et al., 2004). 

The regulation of nuclear relocalization of antigen receptor loci is poorly 

understood.  The central repositioning of Ig loci and of the Tcra/Tcrd locus was shown in 

the Rag2-deficient pro-B cells and DN thymocytes, respectively (Kosakn et al., 2002; 

Schlimgen et al., 2008), suggesting that the recombination events are not required for 

these movement.  Enhancers seem to be involved in the regulation of nuclear localization.  

Deletion of iEκ caused an increase of biallelic pericentromeric recruitment of both the Igk 

and Igh loci in pre-B cells, while deletion of 3’Eκ caused aberrant Igk recruitment into 

PCH in pro-B cells and a loss of monoallelic Igh heterochromatin recruitment in pre-B 
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cells (Hewitt et al., 2009).  Igk enhancer-mediated Igh pericentromeric recruitment may 

explain simultaneous relocation of Igk and Igh, but the molecular mechanism remains to 

be understood.  The Igk recombination silencer Sis has been shown to target Igk 

transgene to pericentromeric region and is required for both endogenous Igh and Igk 

pericentromeric recruitment (Liu et al., 2006, Xiang et al, 2011).  However, loss of 

pericentromeric recruitment in Sis-deficient mice did not impair Igk or Igh allelic 

exclusion, which challenges the previous hypothesis that this recruitment is important for 

allelic exclusion (Xiang et al., 2011).  The biological role of pericentromeric recruitment 

and its molecular mechanisms remain to be understood.  Ectopic insertion of Eα into the 

Tcrb locus localized it away from repressive compartments in both DN and DP nuclei.  In 

addition, these Eα-inserted Tcrb alleles revealed an increased frequency of biallelic 

recombination, supporting the idea that transcriptionally repressive compartments are 

also inhibitory to recombination and that asynchronous Tcrb recombination is caused by 

low frequency of recombination (Schlimgen et al., 2008).  However, Eα-deleted 

Tcra/Tcrd alleles remain centrally positioned in DP thymocytes, indicating that Eα is not 

the only determinant of Tcra/Tcrd allele relocation.   
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1.4.5 Locus contraction and decontraction 

In 3D-FISH, the dynamics of locus conformation can be detected by using more 

than one fluorescent DNA probe to target different regions of the locus.  Locus 

“contraction” and “decontraction” are defined by comparing the separation of paired 

probes in different cell types (Fig. 6).  Changes of locus conformation have been 

discovered to coincide developmentally with stages during which V(D)J recombination 

events occur.  For example, a large-scale contraction of the Igh locus occurs specifically 

in pro-B cells, in which the Igh locus undergoes VH-to-DHJH recombination (Kosak et al., 

2002; Sayegh et al., 2005).  Once productive Igh recombination is complete, pro-B cells 

will differentiate into early pre-B cells, in which Igh halts rearranging and undergoes 

decontraction of the unrearranged allele (Roldan et al., 2005).  Similarly, the Igk locus 

specifically contracts in pre-B cells, in which Igk actively undergoes Vκ-to-Jκ 

recombination, and decontracts subsequently (Roldan et al., 2005).  Similar contraction 

and decontraction also occurs at Tcr loci (Skok et al., 2007).  Developmental stage-

specific contraction of the four largest antigen receptor loci is thought to promote 

synapsis of widely separated RSSs, while the subsequent decontraction step is believed to 

promote allelic exclusion.   
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Figure 6 Correlations between locus contraction and V(D)J recombination 

In 3D-FISH, the fluorescent signals from DNA probes targeting to different 
regions are represented by blue and red ovals.  Their separation in nuclei reflects the 
dynamic configuration of each allele. (Summarized from Kosak et al., 2002, Sayegh et 
al., 2005, Roldan et al., 2005, and Skok et al., 2007).   

 

The contracted Igh locus conformation in pro-B cells was further characterized in 

an elegant study by using 12 genomic markers in 3D-FISH (Jhunjhunwala et al., 2008).  

A notable feature of the detailed conformation is that all VH gene segments are brought 

into proximity of the DHJH cluster in 3D-space.  This is thought to provide all VH gene 

segments a similar opportunity for recombination, which may be particularly important 

since individual Igh alleles can support only a single round of VHDHJH rearrangement 

(Jhunjhunwala et al., 2008).  Notably, the recruitment of distal and central VH segments 

only occurs in pro-B cells, in which Igh undergoes VH-to-DHJH recombination, but not in 

pre-pro-B cells or thymocytes, suggesting that only VH-to-DHJH recombination relies on 

locus contraction.   
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The molecular mechanisms of the “contraction” or “decontraction” of antigen 

receptor loci are poorly understood.  Certainly, recombination events are not required for 

the dynamic conformation changes because studies have shown locus contraction to 

occur independent of recombinase expression (Fuxa et al., 2004; Jhunjhunwala et al., 

2008; Roldan et al., 2005; Skok et al, 2007).  Igh contraction is dependent on IL-7 

signals, which are also required for distal VH activation and recombination (Corcoran et 

al., 1998, Chowdhury et al., 2001).  In addition, several transcription factors, including 

Pax5, YY1, and Ikaros, have been shown essential for Igh contraction (Fuxa et al., 2004; 

Liu et al., 2007; Reynaud et al., 2008).  Disruption of Igh contraction by depleting any of 

these transcription factors causes a severe reduction of distal VH rearrangement, even 

though these distal VH regions are accessible in Pax5 or yy1 deficient pro-B cells based 

on the level of germline transcription and histone modification (Fuxa et al., 2004; Liu et 

al., 2007).  These studies suggest that distal VH-to-DHJH rearrangement relies on the Igh 

locus contraction.  Enhancers are also involved in the regulation of locus contraction and 

decontraction.  Contraction of Igh alleles was shown dependent on the presence of Eµ in 

pro-B cells (Guo and Gerasimova et al., 2011), and decontraction of Igh alleles was 

shown to be influenced by the Igk enhancer, 3’Eκ, in pre-B cells, through inter-

chromosomal interactions (Hewitt et al., 2008).  The involvement of cis-elements and 

trans-factors in TCR locus contraction and decontraction remains unclear.  
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1.4.6 Loop formation 

 Formation of loops is one potential mechanism to mediate contraction and long-

range recombination.  Early studies tried to characterize looping by hybridizing the 3’, 

the middle, and the 5’ regions of antigen receptor loci in three-color 3D-FISH.  Indeed, 

there are examples of Ig and Tcr loci with two ends close to each other, while the middle 

region is excluded (Roldan et al., 2005; Sayegh et al., 2005; Skok et al., 2007, 

Fitzsimmons et al., 2007).  However, there is much variation of allelic configuration that 

is difficult to quantify.  Moreover, the description of looping is very crude due to the low 

resolution of microscopy.  Furthermore, hybridizing the entire length of the uncontracted 

Igh locus revealed discontinuous signals rather than a rod-like shape, suggesting that the 

components of the locus distribute unevenly (Jhunjhunwala et al., 2008).  This result is 

consistent with previous studies showing several multi-looped rosette-like structures in 

chromatin by electron microscopy (Woodcock and Ghosh, 2010).  Therefore, locus 

contraction can result from the formation of a giant loop or the recruitment of multiple 

multi-looped domains into proximity.  

 Chromosomal conformation capture (3C) can detect relative spatial distances 

between DNA elements in nuclei and is an alternative method to determine locus 

conformation at a molecular level.  In 3C, interacting DNA sequences are trapped by 

formaldehyde-crosslinking (Fig. 7).  After digestion with restriction enzymes, interacting 

DNA sequences are ligated and then detected by quantitative PCR.  The relative 

frequency of DNA ligation is dependent on the spatial distances.  Notably, unlike 3D-
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FISH visualization of locus conformation in individual nuclei, 3C measures the average 

of conformational tendency in a population of cells. 

 

 

 

 

Figure 7 Chromosome conformation capture 

Blue and red fragments indicate two DNA elements that are genetically separated 
but spatially close to each other.  The physical interaction between these two elements 
increases the probability of them being in the same complex generated by crosslinking 
and fragmentizing chromatin in nuclei.  These elements further joints by DNA ligase to 
form a new sequence that can be detected and quantified by primers specifically designed 
for it.  Taqman-probes are designed to increase the specificity of detection.  
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Developmental stage- or cell type-specific locus conformation detected by 3C has 

been linked to the regulation of gene activity at many loci, including β-globin (Tolhuis et 

al, 2002), H19-Igf2 (Murrell et al., 2004), and cytokine loci (Spilianakis and Flavell, 

2004; Lee et al., 2005).  Locus conformational changes either switch the target of 

regulatory elements to turn on/off genes on the same allele (eg. H19-Igf2 locus) or allow 

multiple genes to be regulated rapidly simultaneously (eg. cytokine locus).  Based on the 

type of regulatory elements and proteins are involved, the genomic interactions can be 

divided into two main categories.  First is the interaction between transcriptional 

regulatory elements, such as promoters and enhancer/silencers.  This type of interaction 

relies on the activity of regulatory elements and directly impacts recruitment of the 

transcription machinery.  Another type of genomic contact is ruled by chromatin 

organizers, such as CTCF (CCCTC-binding factor), Cohesin and SATB1 (special AT-

rich sequence binding protein 1), which modulate chromatin conformation or loop-

formation to regulate transcription.  

Using conventional 3C or 3C-based methods that use a high-throughput strategy, 

the complex network of DNA interactions at antigen receptor loci has been partially 

revealed (de Wit and de Laat, 2012).  Most of these interactions are associated with 

transcriptional regulation and are related to the binding of chromatin organizers, CTCF 

and its associated cohesin complex (details will be described in the next chapter).  The 

lineage-specific interactions at antigen receptor loci were first identified at the Tcrb locus 

(Oestreich et al, 2006).  Eβ strongly interacts with PDβ1 and PDβ2 specifically in DN 

thymocytes, as compared with B cells.  The Eβ-PDβ1 interaction, which depends on both 
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Eβ and PDβ1, is required for Eβ-mediated transcription and chromatin opening at the Dβ1 

cluster that is needed for recombination.  However, the conformation or the Vβ region 

remains unclear. 

Recently, the interactions at Igh locus have been characterized in several studies 

(Guo and Gerasimova et al., 2011; Guo, Yoon and Franklin et al., 2011; Degner et al., 

2011).  Using anchors at VH10 (distal VH), VH3 (proximal VH) and Eµ, three multi-looped 

structures were identified at distal VH, proximal VH and at the 3’ end (Guo and 

Gerasimova et al., 2011).  Within these three domains, only the interactions at the 3’ end 

domain were Eµ-dependent.  Other studies also demonstrated that the regulatory elements 

across this 300 kb domain, including Eµ, IGCR1, 3’RR, and the region downstream of 

3’RR (termed 3’CBE), interact with each other in pro-B cells (Guo, Yoon and Franklin et 

al., 2011; Degner, 2011), suggesting that there is an Eµ-mediated regulatory hub at the 3’ 

end.  In addition, some of these interactions were also detectable in DP thymocytes, 

which explain low level DH-JH recombination in these cells (Guo and Gerasimova et al., 

2011; Guo, Yoon and Franklin et al.,2011).  Interestingly, Eµ also interacts with two 

regions upstream of the proximal VH multi-looped domain: one at the 5’end of the 7183 

proximal VH family, and one at the 3’end of the 558 distal VH family.  These two Eµ-VH 

region interactions were detectable in pro-B cells but not in DN thymocytes, distinct from 

other Eµ-dependent interactions.  Therefore, there are two types of interactions at the Igh 

locus: (1) interactions within each chromatin domain that may be Eµ-independent and (2) 

inter-domain Eµ-dependent interactions that may correspond to Eµ-dependent contraction 

(Guo and Gerasimova et al., 2011). 
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Interaction between Eα and TEA promoter at the Tcra/Tcrd locus and complex 

interactions on Igk alleles were also identified recently.  Because these interactions are 

related to CTCF and its associated cohesin complex, I will discuss them in the following 

section. 

 

1.5 CTCF and cohesin 

CTCF (CCCTC-binding factor) is a ubiquitously expressed transcription factor 

that is highly conserved in eukaryotes (Phillips and Corces, 2009).  As a protein 

containing eleven zinc fingers, CTCF can bind conserved consensus sequences that have 

high GC content (Jothi et al., 2008).  CTCF has been shown to function as a 

transcriptional activator/repressor, as an insulator that blocks enhancer activity or 

heterochromatin spreading, and as a chromatin organizer that mediates long-distance 

interactions involving in higher-order chromatin architecture (Phillips and Corces, 2009).  

The latter two roles are thought to be the main functions of CTCF, which would be 

consistent with the distribution of CTCF binding sites.  Of ten thousands of CTCF 

binding sites identified across the mammalian genome, around half are located within 

intergenic regions and many of them flank heterochromatin domains defined by 

H3K27methylation (Kim et al., 2007; Jothi et al., 2008; Cuddapah et al., 2009; Xie et al., 

2007).  In addition, CTCF has been shown to regulate the cell type-specific chromatin 

architecture at various loci that is required for the regulation of gene expression 

(Sekimata et al., 2009, Majumder et al., 2010). 



 

39 

The cohesin complex is well known for its role in mediating sister-chromatid 

cohesion during cell division (Wood et al., 2010).  Recently, cohesin complexes were 

found to colocalize with the majority of CTCF binding sites (around 70%) in interphase 

cells and binding was shown to be CTCF-dependent (Parelho et al., 2008; Wendt et al., 

2008, Rugio et al., 2008).  Cohesin was also shown to display insulator and chromatin 

organizer functions (Hadjur et al., 2009; Hou et al., 2010; Nativio et al., 2009, Chien et 

al., 2011).  Because there is no evidence showing that cohesin can bind chromatin 

directly, it has been proposed that CTCF recruits cohesin complexes to these sites to play 

insulator or organizer roles.  However, other studies showed that cohesin can also 

mediate CTCF-independent gene regulation and loop formation (Schmidt et al., 2010; 

Kagey et al., 2010; Chien et al., 2011).   

Binding sites of CTCF and cohesin subunit Rad21 have been mapped at Ig loci 

(Degner et al., 2009; Ebert et al., 2011; Lucas et al., 2010).  The Igh locus contains 64~85 

CTCF sites, the majority of which are distributed across the VH region (Degner et al., 

2009; Ebert et al., 2011).  Interestingly, CTCF binding sites identified within the 

proximal VH region are located at the 3’ end of functional VH segment RSSs and are 

evident in both B-and T-lineage cells.  In contrast, CTCF binding sites within the distal 

VH region are distributed intergenically and are only detectable in early developing B-

cells (Degner et al., 2009; Lucas et al., 2010).  Notably, CTCF associated Rad21 binds 

the proximal VH regions similarly in pro-and pre-B cells, but binds the distal VH regions 

specifically in pro-B cells, suggesting that changes of Rad21 binding may contribute to 

the regulation of distal VH segments (Degner et al., 2009).  CTCF also binds to the newly 
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identified Pax5-activated intergenic repeat (PAIR) elements, which are distributed across 

the 5’ one-third VH region (Ebert et al., 2011).  Antisense transcription at PAIR elements 

is negatively regulated by CTCF and is activated by Pax5, which binds PAIR elements 

specifically in pro-B cells (Degner et al., 2011; Ebert et al., 2011).  As mentioned before, 

Pax5 is required for Igh locus contraction and distal VH recombination in pro-B cells, but 

is not sufficient to induce contraction and distal VH recombination in DP thymocytes 

(Fuxa et al., 2004).  Therefore, lineage-and developmental stage-specific Igh contraction 

and distal VH recombination may rely on the coordination of CTCF, Rad21, Pax5 and 

antisense transcriptions. 

Only a few CTCF binding sites at the Igh locus are outside of VH region.  Two 

sites,  ~3.2 and 5.6 kb upstream of the 5’ most DH, DFL16.1, were within the IGCR1 

region that is between V and D segments and were shown contribute to the phenotype in 

IGCR1-deficient mice (Degner et al., 2009; Guo, Yoon and Franklin et al., 2011).  

Deletion of the pair of CTCF binding sites within IGCR1 resulted in a proximal VH-

biased Igh repertoire with disordered and lineage-nonspecific Igh recombination, 

potentially a consequence of increased proximal VH transcription and accessibility (Guo, 

Yoon and Franklin et al., 2011).  Nine other CTCF binding sites are densely packed at 

3’RR and 3’CBE and are involved in loop formation at the 3’ end of the locus (Degner et 

al., 2011).  Knock-down of CTCF in a pro-B cell line reduced DNA contacts between 

IGCR1 and 3’RR (Degner et al., 2011).  Deletion of hs5-7 in 3’RR also cause a mild 

increase of proximal VH usage and reduction of IGCR1-3’RR interaction.  IGCR1 is also 

required for Eµ-dependent Eµ-3’CBE and Eµ-IGCR1 interactions.  Since there is no 
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CTCF binding site at Eµ, it must mediate these interactions in a CTCF-independent 

manner.  Overall, the CTCF-dependent and CTCF-independent interactions at the 3’ end 

of the Igh locus were proposed to prevent Eµ from activating proximal VH segments in 

order to inhibit proximal VH-to-DH recombination in pre-pro-B cells and proximal VH-to-

DHJH recombination in pro-B and thymocytes. 

The number of CTCF binding sites at the Igk locus varied in two studies (10 to 60 

sites) (Degner et al., 2009; Ribeiro de Almeida et al., 2011).  However, both studies 

showed strong CTCF binding at recombination silencer, Sis (Xiang et al., 2011; Degner 

et al., 2009; Ribeiro de Almeida et al., 2011).  In the study that showed 60 CTCF sites, 

they also identified four CTCF-poor regions within the Vκ region.  It was shown that 

these regions interact with 3’ regulatory elements less frequently than do CTCF-rich 

regions, suggesting that the global Igk conformation is organized by CTCF (Ribeiro de 

Almeida et al., 2011).  Conditional knock-out of CTCF in pre-B cells resulted in a bias 

towards proximal Vκ recombination and increased interactions of proximal Vκ segments 

with other regulatory elements, including iEκ, 3’Eκ and Sis (Ribeiro de Almeida et al., 

2011).  Similarly skewed Igk repertoires in CTCF-knockout and Sis-deficient mice also 

suggested that Sis might play an insulator role to prevent iEκ or 3’Eκ from interacting 

with proximal Vκ segments and that Sis function might be mediated by CTCF binding  

(Ribeiro de Almeida et al., 2011; Xiang et al., 2011).  

The role of CTCF at Tcr loci is less well understood.  A CTCF site, downstream 

of the core Eα, was shown to function as an insultor that separates Tcra locus from 

downstream housekeeping gene, Dad1 (Magdinier et al., 2004; Zhong and Krangel, 
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1999).  In addition, conditional knockout of cohesin subunit Rad21 in DP thymocytes 

resulted in defective secondary (3’ Jα segments) recombination, reduced Jα transcription 

and reduced interaction between the TEA promoter and Eα, suggesting that cohesin is 

required to support normal Tcra rearrangement (Seitan et al., 2011).  Whether CTCF also 

plays a role in Tcra/Tcrd locus regulation is still unclear. 
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2. Materials and Methods 

2.1 Mice 

Eα
−/− mice (Sleckman et al., 1997), Eδ

−/− mice (Monroe et al., 1999), TEAp−/− 

mice (Hawwari et al., 2005a) and TEA-T mice (Abarrategui and Krangel, 2007) have 

been described.  Ctcf f/f mice were a kind gift from the Galjart lab (Heath et al., 2008).  To 

induce CTCF deletion in early DN thymocytes, Ctcf f/f mice were bred with Lck-Cre mice 

kindly provided by Dr. Jeff Rathmell.  To study homogeneous, unrearranged Tcra/Tcrd 

alleles, we bred all mice with Rag2−/− mice (Shinkai et al., 1992).  All mice were of 

mixed background but carried the strain 129 Tcra/Tcrd locus.  Rag2−/− mice on a 

C57BL/6 background were also analyzed to exclude 129 strain-specific Tcra/Tcrd locus 

phenotypes.  

2.2 Cell collection 

DN thymocytes were obtained from two-to-three week old Rag2−/−, Eα
−/− Rag2−/−, 

Eδ
−/− Rag2−/−, TEAp−/− Rag2−/−, and TEA-I Rag2−/− mice.  DP thymocytes were obtained 

from these mice ten days after a single i.p. injection of 150µg anti-CD3 antibody (145-

2C11, BioLegend).  CTCF-deleted DP thymocytes were sorted from Ctcf f/f Lck-Cre mice 

or Ctcf f/f Rag2−/− Lck-Cre mice seven days after a single i.p. injection of 75µg anti-CD3 

antibody (145-2C11, BioLegend) using anti-CD71-PE, anti-CD4-PE/Cy7, anti-CD8-

APC/Cy7 (BioLegend).  Because deletion of CTCF induces expression of LacZ (Fig. 



 

44 

23A), cells were treated with LacZ substrate from a FluoReporter® lacZ flow cytometry 

kit (Invitrogen) before sorting in order to identify LacZ+ cells.  DP thymocytes were 

sorted from control Ctcf f/f littermates.  

Splenic B lymphocytes were isolated from wild-type 129 or C57BL/6 mice by 

depleting non-B cells on a MACS CS column using biotin-conjugated anti-CD11b, anti-

Gr-1, anti-Thy1.1, anti-Thy1.2, anti-CD5 (eBioscience) and anti-CD43 (BD PharMingen) 

antibodies together with Streptavidin-conjugated magnetic beads.  Alternatively, they 

were sorted from wild-type 129 mice by using anti-B220- PE/Cy7 antibodies 

(BioLegend) for gating B-cells and using anti-CD3-PE5 (BioLegend), anti-CD4-PE5 

(BioLegend), and anti-CD8-PE5 antibodies (BioLegend) to exclude T cells.  B-cell purity 

was approximately 90% with no detectable T-cell contamination.   

2.3 FISH probes and antibodies.   

BAC clones RP23-304L21 (probe A, distal V), RP24-334B8 (probe B, central V), 

bMQ-440L6 (probe C, proximal V) and RP23-10K20 (probe D, 3' end) were used to 

generate DNA probes.  BACs were directly labeled with Alexa Fluor® 488-5-dUTP 

(Invitrogen) or Alexa Fluor® 586-5-dUTP (Invitrogen) using a nick-translation kit 

(Roche) or were labeled with digoxigenin-11-dUTP using a DIG-nick translation kit 

(Roche).  Digoxigenin-conjugated DNA probes were detected by indodicarbocyanine 

(Cy5)-conjugated anti-digoxigenin antibody (Jackson Immunoresearch Laboratories).  
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2.4 Three-dimensional DNA Immuno-FISH 

Cells were fixed and hybridized as described previously (Schlimgen et al., 2008).  

Briefly, cells attached to poly-L-lysine-coated slides were fixed in 4% (vol/vol) 

paraformaldehyde for 10 min, followed by permeabilization with 0.5% (wt/vol) saponin 

and 0.5% (vol/vol) TritonX-100 for 20 min and incubation with 0.1N HCl for 10 min.  

After four cycles of freeze/thaw in 20% (wt/vol) glycerol, the slides were stored at −80 

ºC.  For hybridization, the cells were denatured by incubation at 78ºC for 3 min in 70% 

(vol/vol) formamide, 2X SSC followed by 1 min in 50% (vol/vol) formamide, 2X SSC.  

The DNA probe cocktail consisted of 1µg of each DNA probe per slide and blocking 

DNAs (mixture of mouse C0t DNA, human placental DNA and salmon sperm DNA) in 

HYBRISOL VII (MP Biomedicals).  Denatured slides were then hybridized for 24-48 hrs 

at 37 ºC with boiled and pre-annealed probe cocktails.  Excess probes were removed by 

three incubations for 5-7 min at 42 ºC in 50% (vol/vol) formamide, 2X SSC, followed by 

three incubations at 63ºC in 0.2X SSC.  The slides were then blocked by incubation for 

30 min in 4% BSA, 2X SSC and were then incubated for 1 hr with Cy5-conjugated anti-

DIG antibody in 4% BSA, 2X SSC.  Excess antibodies were removed by three 5 min 

incubations in 0.1% (vol/vol) Triton-X 100, 2XSSC. The slides were mounted in 

VectaShield (Vector Laboratories). 
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2.5 Confocal imaging, distance calculations, and statistical 
analysis. 

Slides were imaged on a Leica SP5 confocal microscope using a 100X (NA 1.4) 

objective lens and a 2X optical zoom.  ImageJ software was used to process images using 

a Kalman stack filter and to determine the coordinates (x,y,z) of focus centers.  Distances 

between pairs of foci (d, in µm) were calculated using the formula d2=[(x’-

x)*0.151]2+[(y’-y) *0.151]2+[(z’-z) *0.126]2, where 0.151µm is the size of each pixel and 

0.126 µm is the z-plane separation.  Only nuclei with distinguishable signals from two 

alleles were analyzed.  Mann-Whitney statistical tests were performed using Graphpad 

Prism 3.0.  The three dimensional models were built using the KiNG program (Chen et 

al., 2009; Richardson and Richardson, 1992) with the coordinates calculated as below:  

A(0, 0, 0), B(xb, 0, 0), C(xc, xc, 0), D(xd, xd, xd)  
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2.6 Chromosome conformation capture 

The 3C assays were performed as described previously with slight modifications 

(Hagège et al., 2007).  In brief, ten million cells were cross-linked in 8ml RPMI 

containing 10% FBS (vol/vol) and 1% paraformaldehyde (vol/vol) for 10 min on ice, 

followed by addition of glycine to 0.125M to stop the crosslinking reaction.  After 

washing with 1XPBS, cells were lysed in 10mM Tris pH8.0, 10mM NaCl and 0.2% 

(vol/vol) NP-40 for 10 min on ice.  Nuclei were pelleted by centrifugation and 

resuspended with restriction enzyme buffer (NEBuffer 2), containing 0.3% (wt/vol) SDS. 

After one hour of incubation at 37°C, 2% (vol/vol) Triton-X was added before another 

hour of incubation at 37°C to neutralize the SDS.  Following that, 200 units of HindIII 

(NEB) were added to digest the chromatin overnight at 37°C.  An additional 200 units of 

HindIII were added on the second day for a four-hour incubation at 37°C.  The digestion 

step was stopped by addition of SDS to 0.8% (wt/vol) and heat-inactivation at 68°C for 

10 min.  The digestion efficiency that was analyzed in selected samples was shown in 

Table 1.  Digested chromatin was purified from cellular proteins by centrifugation 

through 8M urea.  The cross-linked chromatin pellet was resuspended in 2ml of 30mM 

Tris-HCl and 10mM MgCl2, and dialyzed in the same buffer overnight to remove urea.  

The volume of purified chromatin was enlarged to 7ml by adding same buffer, followed 

by addition of dithiothreitol (DTT) to 10mM and adenosine-5'-triphosphate (ATP) to 

1mM.  The chromatin then was ligated by addition of 200 units T4 ligase (NEB) for 

overnight incubation at 16°C, followed by a second addition of 200 units T4 ligase for 

additional four hour incubation.  The ligated DNA products were collected after 
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overnight incubation with 10 µg/ml proteinase K at 65°C and purification by a series of 

phenol/chloroform extraction followed by ethanol precipitation.  3C products were 

quantified by Taqman-based quantitative real-time PCR assays using a LightCycler® 480 

probe master kit (Roche) and a LightCycler® 480 Real-Time PCR system (Roche).  The 

following PCR program was used: 95°C for 10 min, followed by 48 cycles of 95°C for 

10s, 65°C for 30s.  All PCR reactions were run in duplicate.  The sequences of probes 

and PCR primers are shown in Table 2.  An unbiased pool of 3C products generated by 

digestion and religation of equally mixed bMQ-440L6 and bMQ-206H21 BACs were 

used to generate standard curves.  bMQ-440L6 spans most proximal Vα/δ segments from 

TRAV19 to downstream of TRDV2-2, whereas bMQ-206H21 spans from TRDJ2 to 

downstream of Dad1.  Samples were normalized by setting the 3C signal between Eα and 

its downstream-neighboring fragment to one (Fig. 15, #15).   

 

Table 1 Digestion efficiency of HindIII at three HindIII sites in 3C 

Analysis of three digested and one un-digested 3C examples by quantitative PCR 
was shown.  The value indicates the ratio of DNA across HindIII sites over an inter-
HindIII region.  The digestion efficiency equals to subtraction of these values from one. 

 

  Site 1 Site 2 Site 3 

Sample 1 0.021 0.026 0.007 

Sample 2 0.017 0.022 0.006 

Sample 3 0.080 0.063 0.026 

Control 0.995 0.917 0.967 
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Table 2 3C probes and PCR primers 

Eα probe 
CTGCCTGCCTGAGGACTGCCA 
Eα anchor primer 
AAGTCAAGGCACAGACAGTC 
Test primers Fragment # 
TCGACCCTGCTATAGTCATC 1 
CTCAGAGGGACTCAACAGAAG 2 
GTCCCTCTGTGTAAGGATGG 3 
CCATGATGTTTCCCTAGTGC 4 
GGAGACCCAGTCACAGAAAG 5 
CCAGGCACTTGGAAATGTTG 6 
CTTTGTCCACCCTCCTAATG 7 
GGTCTATGGGCAGTTTGATG 8 
CCCAGTGTTTAAGAGCAGATG 9 
GACAGTGTCCTCAGAGTTGG 10 
AGGGGACCATATTAAAGGTG 11 
AACTCCTTCACCTGGATCAC 12 
GGACAGTTAACACGCTTCAG 13 
ATACAAGGCACCTAGTGACG 15 
CCCATGCCACTCTCAGTTAG 16 
CACATCAGAGGTGCTAAAGC 17 
ACCGGGAAATCTTGGGTTAC 18 
TGCAGTTCCCTGAGTAGAAG a 
GGGAAGGTGAAAGCATGTAG b 
ATCTCTGAGGGTCCAAAGC c 
GGGCCAACCAAACACTATAC d 
GTGAAGGGACATTCACAGTC e 
CCACTCTTGTCTCACTCCTAG f 
GTTGCTAGAGGACACCCAAG g 
AV21 probe 
TGGACCCTCAGAGATCAGAGTGCCC 
AV21 anchor primer 
GGCAACTTATCCTTCACTGC 
Test primers Fragment # 
TCGACCCTGCTATAGTCATC 

 

DJ2 
AGAACTCTACCATGATGTTTCCCT TEA 
GGAGACAGACGTAATGGCTG Eα 
GACCAACAGCACTGAGTTC DV2-2 
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TEAp probe 
TCCGCAAGGTCTTTCTTCAAAGCAGGA 
TEAp anchor primer 
CACCAACGAAAGACAAGGAC 
Test primers Fragment # 
CCCAGTGTTTAAGAGCAGATG 9 
GACAGTGTCCTCAGAGTTGG 10 
AACTCCTTCACCTGGATCAC 12 
GGACAGTTAACACGCTTCAG 13 
AAGTCAAGGCACAGACAGTC 14 
ATACAAGGCACCTAGTGACG 15 
CCCATGCCACTCTCAGTTAG 16 
CACATCAGAGGTGCTAAAGC 17 
ACCGGGAAATCTTGGGTTAC 18 
TGCAGTTCCCTGAGTAGAAG a 
GGGAAGGTGAAAGCATGTAG b 
GTGAAGGGACATTCACAGTC e 
GTTGCTAGAGGACACCCAAG g 
DV2-2 probe 
AGAACTCAGTGCTGTTGGTCCGTCTCC 
DV2-2 anchor primer 
GTGCTCTTCCTTTCCACTTC 
Test primers Fragment # 
AGAACTCTACCATGATGTTTCCCT TEA 
GGAGACAGACGTAATGGCTG Eα 
GGCAACTTATCCTTCACTGC AV21 
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2.7 RT-PCR and transcript analysis 

 RNA was isolated using TRIzol (Invitrogen) reagent and was converted to cDNA 

using Superscript III (Invitrogen) and random hexamers according to the manufacturer’s 

instructions.  cDNA was quantified by real-time PCR using a QuantiFast SYBR Green 

PCR kit (Qiagen) and a LightCycler® 480 Real-Time PCR system (Roche).  The 

following amplification program was used: 95°C for 5 min, followed by 45 cycles of 

95°C for 10s, 62°C for 30s.  All PCR reactions were run in duplicate.  Primers for 

transcript analysis are shown in Table 3.  Samples were normalized by β-actin PCR. 

Table 3 Primers for transcript analysis 

TGGAGCGACTCAGCCAAGTA TRAV17-F 

CGTGCACAGAAGGTCTCAGG TRAV17-R  

CCAGCCTGAAGACACAGCAG TRAV19-F 

AGGGTCGCAGATGTCCTTGT TRAV19-R 

CGGCTGTGTACCACTGTATCCT TRAV21-F 

CTTGAGATGGATGCCTCTGCT TRAV21-R 

TGAAGCGGCCTCCTATCATTA TRAV21-F 

TGGCAATTCCACTCACACATC TRAV21-R 

CCGCTTCTCTGTGAACTTCC TRDV2-2F 

CCAGCCACTTCCTGTCATTC TRDV2-2R 

TACGGCTGTGTTTCACTGTGGT TRDD1-F 

GCTCAATGGACTCTTTGCAGTG TRDD1-R 

AGCTGCTGAGGTTTTTGGAATG TRDJ1-F 

ATCCCTCAGACCCTAACCCAGA TRDJ1-R 

GCTGGTCCCAGACTGGTTATCT TRDJ2-F 

AACTTACGGGGCTCCACAAAG TRDJ2-R 

AAGCTTCCGAAGGTCAGAGAGA TRDV5-F 

ACCGACTGGAAGGATGATTGTT TRDV5-R 

GCACCTTCCTTCCAAGATTCCT TEA-F 

GTGCTGGTCCTTGTCTTTCGTT TEA-R 

CTGCTACTCGGCGCTTCAGT  bActin-F 

GAGAGGGGAAAGAGGCACTCA bActin-R 
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2.8 Vαααα-to-Jαααα rearrangement analysis 

 Genomic DNA was isolated from sorted DP thymocytes.  Rearrangements were 

quantified by real-time PCR using a QuantiFast SYBR Green PCR kit (Qiagen).  

Genomic DNA from whole thymus of a wild-type mouse was used to generate standard 

curves. The following amplification program was used: 95°C for 5 min, followed by 45 

cycles of 95°C for 10s, 62°C for 30s.  All PCR reactions were run in duplicate.  Primers 

are shown in Table 4.  Samples were normalized by PCR analysis of an internal control, 

B2M.    

Table 4 Primers for Vαααα-Jαααα rearrangements 

Forward primers 
GCAGCAGCTCCTTCCATC AV12 
TGGAGCGACTCAGCCAAGTA AV17 
CCAGCCTGAAGACACAGCAG AV19 
Reverse primers 
ATGAGTCTTCCAGTCATGGC Ja61 
AGCTCACTGTCAGCTTTGTCC Ja57 
ACTCAGAACGGTTCCTTGACC Ja56 
GGAATGACAGTCAAACTTGTTCC Ja49 
AGAGTTTAGTGCCTTTCCCG Ja42 
TGGTACCTGCTCCAAAGACG Ja40 
AAATGAGCATAAAGCGACAG Ja37 
TGGCTTGACAGAAAGCAGAG Ja32 
CGGGATGAGTGAGAATTTGG Ja28 
GTCCCAGTTCCAAACCTCTG Ja13 
TGATGGCTAGGCTCCTTTTC Ja17 
TCCCTTCCCCAAAGTAAGTC Ja7 
AACTTGGAGTCTTGTCCCCC Ja5 
TACCGGGTTGCAAATGGTG Ja2 
CTGCTACTCGGCGCTTCAGT B2M-F 
GAGAGGGGAAAGAGGCACTCA B2M-R 
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2.9 Acetylated H3 chromatin immunoprecipitation 

Chromatin was prepared as previously described (Hao and Krangel, 2011).  

Immunoprecipitation was performed using rabbit antiserum to acetylated H3 histone (06-

599; Millipore) or control rabbit IgG (ab-105-c; R&D Systems) as described (Hao and 

Krangel, 2011).  Samples were analyzed by quantitative real-time PCR using QuentiFast 

SYBR Green PCR kit.  The following amplification program was used: 95°C for 5 min, 

followed by 45 cycles of 95°C for 10s, 62°C for 30s.  All PCR reactions were run in 

duplicate.  Signals were normalized first to the amount of input DNA and then to 

acetylation of β-actin.  Mage served as a negative control.  Primers are shown in Table 5. 

 

Table 5 Primers for acetylated H3 ChIP-qPCR 

TCCTAGTGACCATTCTGCTG TRAV17-F 
TGTCCCTTGTGTAGATTCTGAC TRAV17-R 
TGTGGGGTTGCTGCTTGAAG TRAV21-F 
AACACTTACCCAAAGCCAGGAG TRAV21-R 
TCCTGTTTTGAAGGTGAGACAG TRDV2-F 
GCCTTCTTACCAAGAGAAGTGG TRDV2-R 
TCCCAAATACTATCTGGCCTG TRDV4-F 
TCTGCTGTAAAGGTGGTTTG TRDV4-R 
TACGGCTGTGTTTCACTGTGGT TRDD1-F 
GCTCAATGGACTCTTTGCAGTG TRDD1-R 
AGCTGCTGAGGTTTTTGGAATG TRDJ1-F 
ATCCCTCAGACCCTAACCCAGA TRDJ1-R 
GCTGGTCCCAGACTGGTTATCT TRDJ2-F 
AACTTACGGGGCTCCACAAAG TRDJ2-R 
CTGGACTCTCTTTAACCATCCC TRDV5-F 
TCCTTGGTAGAGGTATTCACCC TRDV5-R 
CTGCTACTCGGCGCTTCAGT  bActin-F 
GAGAGGGGAAAGAGGCACTCA bActin-R 
AACGTTTTGTGAACGTCCTGAG Mage-F 
GACGCTCCAGAACAAAATGGC Mage-R 
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2.10 CTCF chromatin immunopreciptation 

Chromatin was prepared by formaldehyde cross-linking as previously described 

(Carabana et al., 2011).  Immunoprecipitation was performed using rabbit antiserum to 

CTCF (07-729; Millipore) or control rabbit IgG (ab-105-c; R&D Systems).  Samples 

were analyzed by quantitative real-time PCR using a QuantiFast SYBR Green PCR kit.  

The following amplification program was used: 95°C for 5 min, followed by 45 cycles of 

95°C for 10s, 62°C for 30s.  All PCR reactions were run in duplicate.  Signals were 

normalized to input DNA.  Primers for CTCF ChIP are shown in Table 6. 

Table 6 Primers for CTCF ChIP-qPCR 

AGGAAGGAGCTGTCCACAAG CTCF-AV3-1-F 
TCACCTGTCTGCACAGAGAG CTCF-AV3-1-R 
GACTGGAGCACATTTCCTAC CTCF-AV6-1-F 
GTGTTAGAAAACTCCACCCC CTCF-AV6-1-R 
CAACTATCCTGAGACCACAAGG CTCF-AV7-1-F 
GCACCAAGCTTTTCCTCCAG CTCF-AV7-1-R 
GTGACTTAACGCTGGCTTTG CTCF-AV17a-F 
CCCCAGACAGTTCCTACTAC CTCF-AV17a-R 
AAGGGGGCACTGTTGCATAGAC CTCF-AV17b-F 
GCTGCAAGGTATAAAGGCTCGC CTCF-AV17b-R 
GGGAATAGCTTGGCAAACTG CTCF-AV19-F 
AAAGTAAACACTGCCCCCTC CTCF-AV19-R 
AGATACTCACACAAGGTGGC CTCF-AV20-F 
GGAAGCAAACTTCTCAGCTC CTCF-AV20-R 
TCTTGAGCCTGAAACTGCAC CTCF-AV21-F 
TACTCACTGGCAACCTTGAC CTCF-AV21-R 
TACATTCGTGTGGTGGTGAG CTCF-DV1-F 
GCAGCAGAGTCAGATTTCTC CTCF-DV1-R 
CCTGAAGAGGGCACTGTTTC CTCF-AV23-F 
ACACAGGAAGGGAGAGAAGG CTCF-AV23-R 
AGAGCAGGAGTGCTAGGAAG CTCF-DV3-F 
GCTCATGCATCCATTTTGCC CTCF-DV3-R 
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TGTGAAGACAGAAGGCAGGA CTCF-DV5-F 
TAGCCTCAATGTGGAGCAAC CTCF-DV5-R 
TCCTTCCAGTGTCCTTTGAG CTCF-TEAp-F 
CTCCAGTATGACCTGTTTATGG CTCF-TEAp-R 
GCAGAAGGAGCTATCAACAG CTCF-Ja49-F 
TCCTGGCATCAAGGATCATC CTCF-Ja49-R 
GCTCAGAGTAGCTTCACAGC CTCF-Ja42-F 
AGCGACATCATCTTCCCCTC CTCF-Ja42-R 
AGGAAGTCGCAGAACCTGAA CTCF-Ea-F 
GAGGGAGAAAGCCTTTTGGT CTCF-Ea-R 
TACACTTACCTGGGCCTTTG CTCF-Dad1-F 
ATGCACCTTTCCTATGCTGG CTCF-Dad1-R 
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3. Distinct contracted conformations of the Tcra/d locus 
during Tcra and Tcrd recombination 

This chapter is modified from the following publication “Distinct contracted 

conformations of the Tcra/d locus during Tcra and Tcrd recombination” (Shih and 

Krangel, 2010). 

3.1 Introduction 

V(D) J recombination is regulated in a lineage- and developmental stage-specific 

fashion during T lymphocyte development in the thymus, with four T cell receptor (TCR) 

genes, Tcra, Tcrb, Tcrg, and Tcrd, rearranging at two distinct developmental stages to 

generate αβ or γδ T lymphocytes (Cobb et al., 2006; Krangel, 2009).  As mentioned, the 

Tcrb, Tcrg, and Tcrd genes rearrange first, in CD4−CD8− double negative (DN) 

thymocytes, and a small subset of DN thymocytes with in-frame Tcrg and Tcrd 

rearrangements may become γδ T lymphocytes.  A larger subset of DN thymocytes with 

in-frame Tcrb rearrangements differentiate to the CD4+CD8+ double positive (DP) stage, 

in which Tcra gene recombination occurs.  In-frame Tcra rearrangement leads to cell 

surface expression of αβ TCRs, and those TCRs that can support positive selection 

promote maturation of DP thymocytes to either the CD4+CD8− or CD4−CD8+ single 

positive stage. 
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Tcrd and Tcra gene segments are organized together in a complex genetic locus 

(Krangel et al., 2004; Krangel, 2009).  The murine Tcra/Tcrd locus spans 1.6 Mb and 

contains about one hundred Vα/δ gene segments that occupy the largest portion of the 

locus (Fig. 4).  The 3’ 100 kb of the locus contains two Dδ, two Jδ, and a Cδ gene 

segment, followed by 61 Jα and a Cα gene segment.  As noted above, Tcrd and Tcra 

recombination events are distinct in their developmental timing.  However, they are 

distinct in other important respects as well.  For example, only a small subset of Vα/δ gene 

segments commonly rearrange to Dδ and Jδ segments in DN thymocytes, whereas 

essentially all Vα/δ gene segments rearrange to Jα segments in DP thymocytes (Krangel et 

al., 2004; Krangel, 2009).  The Vα/δ segments that rearrange in DN thymocytes include 

several that are relatively close to Dδ and Jδ (eg., TRDV1, TRDV2-2, TRDV4, TRDV5) 

and several that are as far as one Mb away (eg., TRAV15/DV6 family).  Tcrd and Tcra 

recombination events also differ in the following way:  Since germline Dδ gene segments 

are eliminated by Vδ-to-Dδ-to-Jδ rearrangement, Tcrd has only a single opportunity for 

recombination on an allele.  In contrast, Tcra typically undergoes multiple rounds of Vα-

to-Jα rearrangement (Krangel et al., 2004; Krangel, 2009).  Tcra recombination initiates 

with the use of relatively 3’ Vα and 5’ Jα gene segments, and these initial rearrangements 

can be replaced by multiple cycles of Vα-to-Jα rearrangement involving progressively 

more 5’ Vα and more 3’ Jα gene segments as thymocytes search for a TCR that can 

mediate positive selection (Pasqual et al., 2002).  

 The distinct dynamics of Tcrd and Tcra recombination events can be partly 

understood based on the known properties of locus cis-acting regulatory elements.  The 
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Tcrd enhancer (Eδ) is activated in DN thymocytes and is thought to locally regulate Dδ 

and Jδ chromatin structure and accessibility to support Vδ-to-Dδ-to-Jδ rearrangement 

(Bassing et al., 2003; Monroe et al., 1999; Hao and Krangel, 2011).  The Tcra enhancer 

(Eα) is activated in DP thymocytes and activates the T early α (TEA) promoter at the 5’ 

end of the Jα array (Sleckman et al., 1997); TEA germline transcription is essential to 

modify 5’ Jα chromatin and target 5’Jα segments for initial recombination events 

(Abarrategui and Krangel, 2007; Hawwari et al., 2005a; Villey et al., 1996).  During 

subsequent rounds of recombination, promoters of the rearranged Vα gene segments 

target additional Vα rearrangements to progressively more 3’ Jα gene segments (Hawwari 

and Krangel, 2007).  Less is understood about the parameters that bias initial Tcra 

rearrangements to relatively 3’ Vα gene segments and thereby result in a 3’-to-5’ 

progression of Vα gene usage.  One idea is that the 3’ Vα gene segments are preferred 

initial targets for the recombinase because these Vα gene segments are selectively 

activated by Eα, which is known to function across the 3’ one-third of the Tcra/Tcrd 

locus in DP thymocytes (Hawwari and Krangel, 2005).   

A variety of studies have implicated conformational changes in antigen receptor 

loci as important determinants of long-distance V(D)J recombination events 

(Jhunjhunwala et al., 2009).  Three-dimensional fluorescence in situ hybridization (3D-

FISH) analyses have demonstrated developmental stage-specific contraction of 

immunoglobulin (Ig) and TCR loci that is thought to promote synapsis of widely 

separated RSSs (Kosak et al., 2002; Roldan et al., 2005; Skok et al., 2007).  For example, 

the well studied Igh locus contracts in pro-B cells to prepare for VH-to-DHJH 
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rearrangement, and then decontracts in the subsequent pre-B stage (Roldan et al., 2005).  

Igh contraction depends on transcription factors Pax5, Ikaros, and YY1 (Fuxa et al., 

2004; Liu et al., 2007; Reynaud et al., 2008); depleting any of these factors reduces distal 

VH rearrangement even though distal VH chromatin accessibility may be normal (Fuxa et 

al., 2004; Hesslein et al., 2003; Liu et al., 2007).  Recent elegant studies have provided a 

detailed picture of Igh locus contraction in pro-B cells (Jhunjhunwala et al., 2008).  A 

notable feature of the contracted conformation is that all VH gene segments are brought 

into proximity to the DHJH cluster in three-dimensional space.  This is thought to provide 

all VH gene segments a similar opportunity for recombination (Jhunjhunwala et al., 

2008), which may be particularly important since individual Igh alleles can support only 

a single round of VH-to-DHJH rearrangement.   

In DN thymocytes the Tcra/Tcrd locus behaves similarly to the Igh locus in that it 

undergoes a single round of Vδ-to-Dδ-to-Jδ rearrangement and must allow rearrangement 

of both Dδ-proximal and -distal Vδ gene segments.  However, in DP thymocytes the locus 

behaves differently, with multiple rounds of Vα-to-Jα recombination starting with 

proximal Vα gene segments.  This raises the question of whether these divergent modes 

of recombination are supported by distinct conformational states during thymocyte 

development.  Here we provide a detailed characterization of Tcra/Tcrd locus 

conformation in DN and DP thymocytes.  We find that the entire locus is contracted in 

DN thymocytes, but that the 5’ portion is selectively decontracted in DP thymocytes.  We 

suggest that decontraction of the 5’ region facilitates a transition of the locus from a Tcrd 

to a Tcra mode of recombination during thymocyte development. 
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3.2 Results 

3.2.1 Visualization of locus conformation by 3D-FISH 

To determine the spatial conformation of Tcra/Tcrd locus during thymocyte 

development, we used 3D-FISH to track the relative position of multiple regions on a 

single allele.  Four bacterial artificial chromosome (BAC), RP23-304L21, RP24-334B8, 

bMQ-440L6, and RP23-10K2 were used to hybridize the 5’end, central Vα/δ region, 

proximal Vα/δ region, and the 3’ end of Tcra/Tcrd locus (Fig.8 top panel, represented as 

probes A, B, C and D).  Tcra/Tcrd locus V gene segments can be classified as proximal, 

central and distal according to their positioning relative to the 3’ end Dδ, Jδ, and Jα 

segments.  Sets of unique V gene segments are distributed across the proximal and distal 

300 kb of the V array (detected by probes C and A, respectively) that flank the central V 

gene segments (identified by probe B).  The 400 Kb central V domain is duplicated in 

strain 129 mice and triplicated in C57BL/6 mice, which results in the discontinuous and 

extensive hybridization of the probe B.  To compare Tcra/Tcrd locus conformation at 

different developmental stages, three cell types were analyzed: DN thymocytes from 

recombination-activating gene 2 deficient (Rag2−/−) mice, DP thymocytes from 

Rag2−/−mice injected with anti-CD3 antibody to stimulate DN-to-DP differentiation, and 

control splenic B lymphocytes from wild-type mice.  To assess the spatial configuration 

of single alleles, a three-probe strategy was used in three-color 3D-FISH analysis.  Use of 

these cell populations allowed us to analyze uniformly unrearranged Tcra/Tcrd loci; this 

approach was valid because previous studies had shown locus contraction to occur 



 

61 

independent of recombinase expression (Fuxa et al., 2004; Jhunjhunwala et al., 2008; 

Roldan et al., 2005; Skok et al., 2007). 

 

 

 

 

Figure 8 Visualization of Tcra/Tcrd locus conformation by 3D-FISH 

Top panel. Organization of Tcra/Tcrd locus and relative positions of four BAC 

probes (A, B, C, and D).  Vα/δ segments are categorized as proximal, central, central 
duplication or distal.  Probe B (C57BL/6 origin) hybridizes discontinuously to the central 
and central duplication regions of the strain 129 Tcra/Tcrd locus.  Bottom panel. 3D-
FISH analysis of Tcra/Tcrd locus conformation in splenic B cells and recombinase-
deficient DN and DP thymocytes using probes A (red), B (green), and D (blue).  Each 
image represents a single z-plane with representative loci.  Original magnification, 200x.  
White scale bar = 1 µm. 
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The four BAC probes were used in various three-way combinations (A-B-D, A-C-

D, and A-B-C) in three-color 3D-FISH followed by confocal microscopy.  Selected 

images obtained from the A-B-D probe combination are shown in Fig. 8 (bottom panel).    

In general, the three probes detected sites that were clearly resolvable in B cells, but these 

sites appeared to display different spatial relationships in DN and DP thymocytes.  

 

3.2.2 Two contracted conformations of the Tcra/Tcrd locus 

To quantify spatial relationships, we evaluated all pairwise distances between the 

centers of mass of the hybridization signals on large numbers of alleles for each cell type.  

We found that all median distances measured across the 3’ portion of the locus (B-D, B-

C, C-D) were substantially reduced in both DN and DP thymocytes as compared to 

splenic B cells (Fig. 9, top row of panels).  The B-C and C-D distances were 

indistinguishable between DN and DP thymocytes; however there was a small but 

significant difference in the B-D distance.  From these data we conclude that the 3’ half 

of the Tcra/Tcrd locus (B-C-D) is extended in B cells and is similarly, although not 

identically, contracted in both thymocyte subsets.  In contrast, all median center-to-center 

distances measured across the 5’ end of the locus (A-B, A-C, A-D) were substantially 

reduced in DN thymocytes but then increased in DP thymocytes (Fig. 9, bottom row of 

panels).  The measured increases in the A-C and A-D distances likely reflect a selective 

extension of the A-B segment, since the B-C, C-D and B-D distances are all similar in 

DN and DP thymocytes.  Thus, the 5’ end of the locus (A-B) displays a strikingly 

different behavior than the 3’ end; it contracts in DN thymocytes but then decontracts in 
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DP thymocytes.  The results indicate that the Tcra/Tcrd locus possesses different 

contracted configurations in DN and DP thymocytes: in the former, it is contracted along 

its entire length, whereas in the latter, the 3’ portion is contracted but the 5’ portion is 

decontracted.   

 

 

Figure 9 Region-specific Tcra/Tcrd locus contraction and decontraction 

Scatter-plots display pairwise distance measurements between the centers of 
probe hybridization compiled from use of the A-B-D, A-C-D and A-B-C probe 
combinations.  Data were accumulated from 2-5 independent experiments for each cell 
type (184-592 total alleles) with 78-126 alleles per experiment.  Median values are 
indicated by horizontal lines.  **, P<0.01; ***, P<0.001; ns, not statistically significant. 
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3.2.3 Contracted conformation in DN thymocytes is not strain-specific 

Our results conflict with those of a previously published study, which claimed 

that the Tcra/Tcrd locus does not contract until the DP stage (Skok et al., 2007). One 

potential difference is that we focused on 129 mice, which have an internal duplication in 

the Tcra/Tcrd locus, whereas Skok et al., analyzed C57BL/6 mice, which have an internal 

triplication.  Therefore, we analyzed C57BL/6 mice using probes B and D, which were 

used in both studies (Skok et al., 2007).  We detected contraction in C57BL/6 Rag2−/− 

DN thymocytes as compared to C57BL/6 B cells, suggesting that the locus contraction in 

DN thymocytes is not 129 strain-specific.  

 

 

Figure 10 Analysis of 3’ end contraction in DN thymocytes of C57BL/6 mice 

Scatter-plots display measurements of distances between the centers of B and D 
probe hybridization in B cells (226 total alleles) and DN thymocytes (148 total alleles) of 
C57BL/6 mice.  Data were accumulated from two independent experiments for each cell 
type.  Median values are indicated by horizontal lines. 
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3.2.4 Contracted central V segments in DN thymocytes 

We noticed that on a fraction of alleles, probe B appeared to detect two or three 

foci rather than a single focus (Fig. 10).  In each instance, this complex hybridization 

pattern could be attributed to a single allele because the second allele was well separated 

as judged by simultaneous hybridization with additional probes.  Alleles with multiple 

foci did not result from DNA replication, because additional probes always detected 

single foci on the same allele (Fig. 10, bottom panel).  Because probe B hybridizes 

discontinuously to four segments spanning approximately 700 kb of the duplicated 

central portion of the Vα/δ array (Fig. 8, top panel), the detection of multiple foci by probe 

B is likely to reflect an extended conformation of this portion of the Tcra/Tcrd locus. 

 

Figure 11 Conformation of central Vαααα region 

Representative examples of alleles with multiple foci detected by probe B in B 
cells and DP thymocytes.  Tcra/Tcrd alleles were detected using a combination of probes 
A, B and C.  The top row of images shows probe B hybridization; the bottom row shows 
a combination of probes A and B.  Probe C identified a single focus in each instance (data 
not shown).  White scale bar = 1 µm. 
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We calculated the frequency of alleles with one, two, or three foci in B cells, DN 

and DP thymocytes.  Remarkably, examples of multiple probe B foci were frequent in B 

cells and DP thymocytes (38% and 30% of alleles, respectively), but were rare in DN 

thymocytes (5% of alleles) (Table 7).  These data in combination with previous results 

indicate that 5’-end extension of the Tcra/Tcrd locus includes both distal and central V 

gene segments.  

Table 7 Contracted central V segments in DN thymocytes 

Enumeration of alleles with one, two and three probe B foci in B cells (158 total 
alleles), DN thymocytes (140 total alleles) and DP thymocytes (166 total alleles) is 
shown.  Data are from one experiment for each cell type.  The proportion of alleles with 
multiple probe B foci in DN thymocytes is significantly different from B cells and DP 
thymocytes (p<0.0001 by Fisher’s exact test). 

 

 

3.2.5 Three-dimensional models of Tcra/Tcrd locus conformation 

To evaluate the overall organization of the locus in three-dimensional space, we 

calculated the coordinates of sites A, B, C and D from the full set of median distance 

measurements.  The resulting models (Fig. 12, which presents two different views of the 

superimposed models) depict the average conformation of the locus in nuclei of all three 

cell types.  The range of conformations adopted by the locus is obviously much more 
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complex, as indicated by the heterogeneous pattern of probe B hybridization and the 

broadly distributed probe-to-probe distance measurements on the entire population of 

alleles.  Nevertheless, the models highlight a nonlinear average configuration of the locus 

in nuclei of all three cell types.  Further, the models emphasize that the conformational 

difference between B cells and thymocytes affects the entire locus, whereas the 

conformational difference between DN and DP thymocytes preferentially impacts the 5’ 

half of the locus: there is a striking change in the A-B distance between DN and DP 

thymocytes, with relative conservation of spatial relationships among B, C and D.   

 

 

Figure 12 Three dimensional models of Tcra/Tcrd locus conformation 

Median distances for the three cell types, determined from the entire data set in 
Fig. 9, were used to generate three dimensional models that are aligned so that they share 
point A and the A-B axis.  Two views are shown from different angles.   
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3.2.6 Eαααα and Eδδδδ are not required for both contracted forms 

Although several factors have been shown to be required for Igh locus contraction 

in pro-B cells, the molecular mechanisms regulating locus contraction and decontraction 

are still unknown.  Prior work has indicated that Eα can regulate histone modifications 

and transcription of unrearranged V gene segment promoters at a distance of nearly 500 

kb (Hawwari and Krangel, 2005).  Since enhancer-promoter communication is thought to 

occur through direct long-distance interactions, we asked whether Eα plays a role in 3’-

end contraction of the Tcra/Tcrd locus in DP thymocytes.  However, comparison of wild-

type and Eα-deficient alleles in DP thymocytes revealed no significant difference in 3’-

end contraction (Fig. 13A).  We also observed no significant difference in locus 

contraction between wild-type and Eδ-deficient or Eα-deficient alleles in DN thymocytes 

(Fig. 13B).  Our data suggest that neither Eδ nor Eα is required for Tcra/Tcrd locus 

contraction. 
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Figure 13 Eαααα and Eδδδδ are not required for Tcra/Tcrd locus contraction 

(A) Measurements of distances between the centers of B and D probe hybridization in DP 
thymocytes are shown as scatter-plots.  DP thymocytes were obtained from anti-CD3 

antibody-injected Rag2−/− and Rag2−/−Eα
−/− mice.  Data include 280 wild-type alleles 

(three experiments) and 136 Eα-deficient alleles (one experiment).  Median values are 
indicated by horizontal lines. 

(B) A-B and B-D distances were measured in DN thymocytes obtained from Rag2−/− , 

Rag2−/−Eδ
−/− and Rag2−/−Eα

−/− mice.  Data include 348 wild-type alleles (three 

experiments), 130 Eδ-deficient alleles (one experiment) and 112 Eα-deficient alleles (one 
experiment). 
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3.3 Discussion 

Previous studies have linked locus contraction with V(D)J recombination at the 

Igh, Igk, Tcra, and Tcrb loci (Jhunjhunwala et al., 2009).  Here, we showed that the 

Tcra/Tcrd locus is contracted in both DN and DP thymocytes, but that the contracted 

configurations in the two developmental compartments are distinct.  We suggest that the 

two Tcra/Tcrd locus conformations support different modes of V gene segment usage 

during Tcrd and Tcra recombination.  We think that the globally contracted configuration 

adopted in DN thymocytes provides widely distributed Vδ gene segments the opportunity 

to undergo Vδ-to-Dδ-to-Jδ rearrangement, and that this is important because there is only 

one chance for Vδ-to-Dδ-to-Jδ rearrangement per allele.  In these ways, the Tcra/Tcrd 

locus in DN thymocytes resembles the Igh locus in pro-B cells.   In contrast, we believe 

that the 5’-decontracted, 3’-contracted conformation of Tcra/Tcrd locus in DP 

thymocytes insures that primary Vα-to-Jα rearrangement initiates with proximal Vα gene 

segments, thereby maintaining a large pool of distal Vα gene segments for subsequent 

rounds of recombination.  Because of the extended 5’ region, use of distal Vα gene 

segments would only be favored once they are brought into proximity of Jα gene 

segments by prior rounds of Vα-to-Jα recombination.  A limitation of our study is that we 

have only determined the conformation of unrearranged Tcra/Tcrd alleles in DP 

thymocytes, even though many Tcra/Tcrd alleles would normally have undergone prior 

Vδ-to-Dδ-to-Jδ rearrangement in DN thymocytes.  We presume that the remaining 

upstream Vα gene segments on previously rearranged alleles would adopt an extended 
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configuration in DP thymocytes, thereby promoting ordered Vα usage on these alleles as 

well.   

Previous studies have implicated decontraction of the Igh locus in pre-B cells and 

the Tcrb locus in DP thymocytes in feedback inhibition of V segment recombination that 

is associated with allelic exclusion (Roldan et al., 2005).  Notably, analyses of 

decontracted Igh alleles in µ transgenic mice and in Pax5- or YY1-deficient mice have 

demonstrated residual recombination that involves proximal VH segments only (Fuxa et 

al., 2004; Liu et al., 2007).  However, in none of these cases does restricted 

recombination of proximal VH segments represent a significant physiological process.  In 

contrast, our data suggest a potential novel physiological role for locus decontraction as a 

means to direct initial Tcra recombination events to relatively proximal Vα gene 

segments, thus allowing a robust progression of primary and secondary Vα-to-Jα 

recombination events. 

It is intriguing that Eα has been documented to regulate Tcra/Tcrd locus 

chromatin across a remarkably long 500 kb region that corresponds to the contracted 

portion of the locus in DP thymocytes (Hawwari and Krangel, 2005).  Since 3’-end 

contraction appears to occur in an Eα-independent fashion, we speculate that when Eα is 

activated in DP thymocytes, this pre-existing conformation may promote interactions 

between Eα and distant promoters, much as it may promote interactions between distant 

RSSs for Vα-to-Jα recombination.  If the 3’-end contracted conformation of the locus in 

DP thymocytes dictates the region that is influenced by Eα, this conformation may be 

viewed as promoting not only RSS synapsis, but RSS accessibility to RAG proteins as 
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well.  The same general principal may hold at other antigen receptor loci; enhancers and 

promoters may establish direct molecular contacts over long distances (Liu and Garrard, 

2005; Oestreich et al., 2006), but they may do so only after having been brought into 

proximity by an enhancer- and promoter-independent conformational change.  

We cannot easily explain the apparent absence of contraction in DN thymocytes 

in previously published study (Skok et al., 2007), since both studies analyzed 3’-end 

contraction in Rag2−/− DN thymocytes using probes B and D.  The background 

differences in mice do not account for the different results, since we also detected 

contraction in C57BL/6 mice (Fig. 10).  It remains possible that distinct methodologies 

for distance measurements may account for the different conclusions of the two studies. 

We suggest that a contracted configuration of the locus in DN thymocytes provides a 

logical basis for long-distance Tcrd gene recombination events that are known to occur in 

DN thymocytes.   

In conclusion, our data demonstrate a Tcra/Tcrd locus conformational change 

during thymocyte development that we propose facilitates a transition from a Tcrd-mode 

to a Tcra-mode of V gene segment usage.  The unique 5’-end extended and 3’-end 

contracted configuration in DP thymocytes may provide a novel conformation-based 

mechanism to direct Vα-to-Jα recombination events to the most proximal of the available 

Vα gene segments.  The molecular basis for locus subregion-specific conformational 

changes will be important to unravel in future studies. Chromatin organizing proteins 

such as SATB1, CTCF and cohesin have been shown to promote long-distance looping 

interactions at non-antigen receptor loci (Cai et al., 2006; Nativio et al., 2009; Splinter et 
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al., 2006).  Whether they play similar roles at antigen receptor loci remains to be 

established.  
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4. T cell receptor alpha gene recombination is supported 
by a Tcra enhancer- and CTCF-mediated chromatin hub 
4.1 Introduction 

T and B cells produce diverse antigen receptors through the recombination of 

variable (V), diversity (D), and joining (J) gene segments at the T cell receptor (Tcra, 

Tcrb, Tcrg, and Tcrd) and immunoglobulin (Igh, Igκ, and Igλ) loci.  The process of 

V(D)J recombination is initiated by the recombination-activating gene-1 and-2 (RAG-1 

and RAG-2) proteins, which recognize the recombination signal sequences (RSSs) that 

flank all V(D)J gene segments, bring two RSSs into a synaptic complex, and then cleave 

the DNA between the RSSs and the adjacent coding gene segments (Schatz and Ji, 2011). 

V(D)J recombination is regulated developmentally by changes in RAG protein 

expression and RSS accessibility to RAG proteins, as well as by the ability of RAG-

bound RSSs to undergo synapsis (Schatz and Ji, 2011).  RAG binding to accessible D and 

J gene segments is thought to create a recombination center that supports D-to-J 

recombination and recruits distant V gene segments for V-to-DJ or V-to-J recombination 

(Schatz and Ji, 2011). 

Conformational changes of antigen receptor loci are believed to support V(D)J 

recombination events because they can bring distant RSSs into proximity and therefore 

increase the probability of RSS synapsis (Jhunjhunwala et al., 2009; Schatz and Ji, 2011).  

3D-FISH has shown that lineage- and development stage-specific locus contraction 

marks the recombination window at antigen receptor loci (Jhunjhunwala et al., 2009).  

For example, the three megabase Igh locus contracts specifically in pro-B cells, during 

which VH-to-DHJH recombination occurs (Kosak et al., 2002; Sayegh et al., 2005).  This 
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contracted conformation brings distal and proximal VH segments, which are separated by 

megabases in the linear DNA sequence, to the vicinity of DHJH cluster, presumably 

allowing all VH segments a similar opportunity for recombination (Jhunjhunwala et al., 

2008).  The mapping of Igh locus DNA contacts by chromosome conformation capture 

(3C) and circular chromosome conformation capture (4C) identified three domains, each 

composed of multiple DNA loops (Guo and Gerasimova et al., 2011).  The Igh enhancer, 

Eµ, was found to promote DNA contacts within the 3’ domain as well as locus 

contraction, potentially through regulating inter-domain interactions (Guo and 

Gerasimova et al., 2011).  However, our understanding of the molecular mechanisms 

regulating locus contraction and DNA looping of antigen receptor loci remains 

rudimentary. 

The CCCTC-binding factor (CTCF) is well-known as an insulator and a 

chromatin organizer that mediates DNA looping (Phillips and Corces, 2009).  Recently, 

several studies have suggested a role for CTCF in the regulation of V(D)J recombination 

at antigen receptor loci (Guo and Gerasimova et al., 2011; Guo, Yoon and Franklin et al., 

2011; Degner et al., 2011; Ribeiro de Almeida et al., 2011).  Knock-down of CTCF in a 

pro-B cell line reduced DNA contacts between regulatory elements that flank the DHJH 

cluster, reduced antisense transcription through the DH region, and partially suppressed 

Igh locus contraction (Degner et al., 2011).  Deletion of a pair of CTCF-binding sites 

between VH and DH segments led to activation of proximal VH gene segments as well as 

elevated and developmentally inappropriate proximal VH recombination (Guo, Yoon and 

Franklin et al., 2011).  In addition, conditional knock-out of CTCF allowed increased 



 

76 

interactions of the intronic Igk enhancer with proximal Vκ segments and a bias towards 

proximal Vκ recombination (Ribeiro de Almeida et al., 2011).  These studies suggest that 

CTCF may influence V(D)J recombination by mediating DNA contacts that insulate or 

restrict enhancer activity to defined portions of the Igh and Igk loci.  Whether CTCF 

impacts V(D)J recombination by playing a more direct role in facilitating RSS synapsis 

remains unclear.  

The Tcra/Tcrd locus is a complex genetic locus that contains both Tcra and Tcrd 

gene segments that are distinctly regulated during thymocyte development (Shih et al., 

2011).  In CD4−CD8− double negative (DN) thymocytes, the Tcrd enhancer (Eδ) activates 

Dδ and Jδ gene segments to promote Vδ-to-Dδ-to-Jδ rearrangement.  In CD4+CD8+ double 

positive (DP) thymocytes, the Tcra enhancer (Eα) activates proximal Vα promoters and 

the TEA promoter (TEAp) at the 5’ end of the Jα array to initiate Vα-to-Jα rearrangement. 

Recent work indicates that Vα-to-Jα recombination, as well as the ability of Eα to interact 

with and activate the TEAp, are compromised in mice conditionally deficient in cohesin 

(Seitan et al., 2011).  Cohesin binds to Eα and the TEAp and is known to physically and 

functionally interact with CTCF genome-wide (Parelho et al., 2008; Wendt et al., 2008, 

Rugio et al., 2008).  These observations suggest that cohesin (and perhaps CTCF) 

regulates Tcra recombination by promoting looping interactions between cis-regulatory 

elements needed to generate accessible RSSs.  

We previously used 3D-FISH to document that the 5’ portion of the Tcra/Tcrd 

locus undergoes a large-scale conformational change between DN and DP thymocytes, 

but that the 3’ end of the locus is contracted similarly in both thymocyte stages (Shih and 
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Krangel, 2010).  In addition, contraction of the 3’ end is independent of either Eδ or Eα in 

DN and DP thymocytes.  Because Eα activity and Vα-Jα recombination occur specifically 

in DP thymocytes, we predicted that there must be DP-thymocyte specific DNA looping 

and DNA contacts within the contracted 3’ region that cannot be resolved by 3D-FISH.  

Here, we used 3C to document an Eα-dependent chromatin hub at the 3’ end of Tcra/Tcrd 

locus that forms specifically in DP thymocytes.  This chromatin hub brings proximal Vα 

and 5’ Jα gene segments into proximity to support initial Tcra rearrangement.  We show, 

as well, that the Tcra/Tcrd locus is rich in binding sites for CTCF and that loss of CTCF 

in DP thymocytes dysregulates long-distance interactions among cis-regulatory elements, 

suppresses chromatin hub formation, and impairs Vα-to-Jα rearrangement.  Our data 

suggests that Eα and CTCF protein cooperate to create and organize a DP thymocyte-

specific chromatin hub that sets the stages for synapsis and recombination of proximal Vα 

and 5’ Jα segments in DP thymocytes.   
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4.2 Results 

4.2.1 Eα-dependent, DP stage-specific interactions within the Jα array 

Previous studies indicated that Eα regulates up to 500 kb of the Tcra/Tcrd locus, 

including the proximal Vα gene segments and the entire Jα array (Hawwari et al., 2005a; 

Sleckman et al., 1997).  Activation of the TEA promoter (TEAp) at the 5’ end of the Jα 

array is believed to occur through direct enhancer-promoter interaction in DP thymocytes 

(Seitan et al., 2011).  However, it is unclear how the Eα-TEAp interaction is regulated 

during thymocyte development and whether Eα activates proximal Vα genes through 

direct interactions as well.  To answer these questions, we performed 3C assays to assess 

long-distance interactions across the Eα-proximal 400 kb of the Tcra/Tcrd locus (Fig. 14, 

red box).  In 3C, interacting DNA sequences are trapped by formaldehyde-crosslinking. 

After digestion with restriction enzymes, interacting DNA sequences are ligated and then 

detected by quantitative PCR.  To map interactions in cells carrying homogeneous, 

unrearranged Tcra/Tcrd alleles, we harvested DN thymocytes from recombinase-

deficient Rag2−/− mice, in which thymocyte development is blocked at the DN3 stage.  

We harvested DP thymocytes by injecting Rag2−/− mice with anti-CD3 antibody to 

stimulate DN-to-DP differentiation.  To address the role of Eα, we analyzed Eα
−/−Rag2−/− 

mice in similar fashion.  As a control, we also analyzed splenic B cells.            
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Figure 14 Scheme of the Tcra/Tcrd locus 

The 1.6Mb Tcra/Tcrd locus, which is composed of an array of V segments across 
1.5Mb and D, J, and C segments at the 3’ end of the locus, is shown.  The 3’ 400kb 
region is expanded to show the distribution of unique proximal Vα/δ segments, the DδJδCδ 

cluster and the Jα array.  V, D, J and C gene segments are shown as rectangles and 
enhancers are shown as ovals.  Arrows denote promoters. 
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We first measured DNA interactions across the Jα-Cα region, spanning 120 kb 

from TRDJ2, a segment 90 kb upstream of Eα, to Dad1, an unrelated gene extending 30 

kb downstream of Eα (Fig. 15A).  Using an Eα-containing HindIII fragment (#14) as an 

anchor, in control splenic B cells (black line) we detected strong signals from 

neighboring fragments (#13 and #15), but very low signals at increasing distances from 

Eα, reflecting the absence of long-distance interactions within this region.  In DP 

thymocytes (red line), Eα was found to interact strongly with TEAp (#4) and to display 

gradually diminishing interactions moving from 5’ to 3’ across the Jα region (#6 to #11).  

Preferential interactions of Eα with 5’ Jα gene segments likely reflects the presence of an 

array of minor Jα promoters that are distributed across this region (Hawwari et al., 2005a 

and Fig. 18A).  In addition to these interactions, we noted relatively strong interactions 

above the B cell background at sites flanking the anchor (#12 and #16).  This suggests 

that the whole region may be more compact in DP thymocytes as compared to B cells. 
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Figure 15 Eαααα-dependent long-distance interactions across Jαααα array 

Long-distance interactions during thymocyte development were assessed by 3C 
assays. (A) The Eα-containing HindIII restriction fragment (black bar) is used as an 

anchor to analyze Eα interactions across this 120kb region.  The position and size of 
numbered HindIII fragments are indicted by grey bars.  CTCF binding sites are labeled as 
yellow dots (DN thymocytes, n=3-8; DP thymocytes, n=4-10; Eα

-/-DP thymocytes, n=3-
9).  (B) TEA promoter HindIII restriction fragment (black bars) was used as an anchor to 
analyze TEAp interaction with Eα (DN thymocytes, n=3; DP thymocytes, n=2-4; Eα

-/-DP 
thymocytes, n=2; B cells, n=2).  The mean±SEM is shown in the graph. 
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DN thymocytes displayed substantially reduced interactions between Eα and 

TEAp and between Eα and Jα segments (Fig. 15A, blue line).  However, interactions with 

sites around the TEAp region (#3 to #5) were clearly elevated above the B cell 

background.  To verify this point, we also analyzed TEAp interactions with Eα using the 

TEAp-containing fragment (#4) as an anchor (Fig. 15B).  Indeed, TEAp strongly and 

specifically interacted with Eα (#14) in DP thymocytes.  Again, this interaction was 

reduced in DN thymocytes but was substantially elevated as compared to B cells. 

To determine the role of Eα in mediating interactions across the Jα-Cα region, we 

analyzed Eα
−/− DP and Eα

−/− DN thymocytes.  In Eα
−/−DP thymocytes, the interactions 

between the Eα and TEAp and between Eα and Jα fragments were all reduced to the level 

of the B cell background, suggesting that these interactions are strictly Eα-dependent (Fig. 

15A and B, purple line).  In addition, the weak but significant Eα-TEAp interaction 

detected in DN thymocytes was also dependent on the presence of Eα (Fig. 16).  Because 

Eα is not active in DN thymocytes, the weak Eα-TEAp interaction in these cells must be 

mediated by Eα-bound factors independent of ongoing transcription.  Overall, our data 

demonstrate that Eα participates in a range of lineage- and developmental stage-specific 

long-distance interactions across the Jα array in DN and DP thymocytes. 
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Figure 16 An Eαααα-dependent Eαααα-TEAp interaction in DN thymocytes 

Eα-fragment (#14) was used as an anchor to analyze long-distance interactions in 

Eα
-/-DN thymocytes as Fig. 15A (Eα

-/-DN thymocytes , n=2; DN and Eα
-/-DP thymocyte 

data are the same as Fig. 15A).  The mean±SEM is shown in the graph. 
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4.2.2 Eα-proximal V α interactions in DP thymocytes 

We asked whether Eα similarly regulates the proximal Vα genes through direct 

physical contacts in DP thymocytes.  Using the Eα-fragment as an anchor, we found that 

Eα interacted with several Vα gene segments (TRAV19, TRAV21, TRDV1, TRDV2-1 

and TRDV2-2) at distances of 280~400 kb (Fig. 17A).  These interactions were lineage-

specific, developmental stage-specific and Eα-dependent, since they were greatly 

diminished in DN thymocytes, in Eα
-/- DP thymocytes and in B cells.  Similar results 

were obtained by analysis using TRAV21 or TRDV2-2 as an anchor (Fig 17B).  We 

conclude that Eα interacts with multiple elements extending across the proximal 400 kb of 

the Tcra/Tcrd locus in DP thymocytes.  

Eα could interact in pair-wise fashion with TEAp and Vα segments that are 

themselves widely separated in nuclear space, or could interact with these sites with all in 

close physical proximity.  To test this, we analyzed interactions between TEAp and 

proximal Vα segments.  Indeed, the association between TEAp and proximal Vα segments 

(TRAV19, TRAV21 and TRDV2-2) and between two proximal V segments (TRAV21 

and TRDV2-2) is high in DP thymocytes but low in DN thymocytes or B cells, 

suggesting these elements stay in proximity in DP thymocytes (Fig. 17C, D and E).  

Importantly, all of these interactions were Eα-dependent, indicating that Eα not only 

interacts with proximal Vα segments and TEAp through direct pairwise interactions, but 

also tethers them together to form a multi-component chromatin hub.   

Notably, both Eα and TEAp interacted less well with intergenic regions (Fig 17A 

and C, sites b and e).  Therefore, we suspect that non-functional regions are looped-out 
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from this Eα-dependent, DP-specific chromatin hub.  We propose that this chromatin hub 

functions to approximate Vα and Jα RSSs to increase the probability of RSS synapsis, in 

this way supporting primary Vα-Jα rearrangement. 
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Figure 17 An Eα-dependent chromatin hub in DP thymocytes 

Interactions between Jα array and Jα-proximal Vα region (280~400 kb upstream of 
Eα) were analyzed using multiple combinations of primers and probes.  (A) The 

distribution of proximal Vα segments is shown. CTCF binding sites are labeled as yellow 

dots.  Interactions between Eα and proximal Vα segments were analyzed using (A) Eα, 
(B) TRAV21 (left) or TRDV2-2 (right) fragments as an anchor (DN thymocytes, n=3, DP 

thymocytes, n=4-7, Eα
-/-DP thymocytes, n=2-4, B cells, n=2-4).  Interactions between the 

TEAp and proximal Vα segments were analyzed using (C) TEAp, (D) TRAV21 (left) or 

TRDV2-2 (right) as an anchor (DN thymocytes, n=3, DP thymocytes, n=2-5, Eα
-/-DP 

thymocytes, n=2-4, B cells, n=2-4).  (E) Interactions between proximal Vα segments were 
analyzed using TRAV21 (left) or TRDV2-2 (right) as an anchor (DN thymocytes, n=3; 
DP thymocytes, n=4; Eα

-/-DP thymocytes, n=2; B cells, n=2-4).  The mean±SEM is 
shown in all graphs. 
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4.2.3 The TEAp regulates Eαααα interactions in DP thymocytes 

Because the TEA promoter region interacts with Eα and multiple Vα segments in 

the DP stage-specific chromatin hub, we asked whether the TEAp regulates long-distance 

interactions among these elements.  To answer this, we collected TEAp-deleted DP 

thymocytes from anti-CD3 injected TEAp−/−Rag2−/− mice and performed 3C assays using 

the Eα-fragment as an anchor.  As compared to wild-type alleles (Fig. 18B, red line), the 

TEAp-deficient alleles demonstrated reduced interactions between Eα and 5’ Jα segments 

(blue line, #5 and #6) and increased interaction with central Jα segments (#8 and #9).  

This shift is consistent with the fact that 5’ Jα promoters are down-regulated and central Jα 

promoters are up-regulated on TEAp-deleted alleles (Fig. 18A and Hawwari et al., 

2005a).  Notably, we detected only a slight reduction of Eα-TEAp interaction on TEAp-

deleted alleles (#4), but dramatically increased Eα-interactions with sites upstream of 

TEAp, including the regions covering TRDJ2, Eδ, Cδ, and TRDV5 (#1 to #3).  Increased 

interactions, however, did not extend as far as the proximal Vα segments (Fig. 19A and 

B).  We suspect that increased interaction between Eα and TRDV5 obscured a diminished 

Eα-TEAp interaction on TEAp-deleted alleles.  Further analysis also revealed that 

interactions between the TEAp and the proximal Vα region (TRAV21 and TRDV2-2) 

were reduced, but interaction between Tcrd gene region (TRDJ2) and proximal Vα region 

(TRDV2-2) was elevated in TEAp-deleted DP thymocytes (Fig. 19C and D).  Taken 

together, our data indicate that the TEAp region is looped out from the Eα-dependent 

chromatin hub in TEAp-deleted DP thymocytes and that the nearby Tcrd gene segments 

are newly included in that hub.  
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TEA promoter deletion could impact long-distance interactions due to reduced 

TEA transcription or simply due to loss of TEAp-bound factors.  To distinguish these 

possibilities, we analyzed TEA-T DP thymocytes which have an active TEAp but carry 

an introduced transcription terminator immediately downstream (Fig. 18A).  TEA-T 

alleles mimic TEAp-deleted alleles with respect to the shift in promoter activity from 5’ 

Jαs to central Jαs (Abarrategui and Krangel, 2007), suggesting that TEA transcription 

rather than the TEAp itself targets Eα to different regions of the Jα array.  As compared to 

wild-type, we found that the Eα-TEAp interaction was unperturbed on TEA-T alleles 

(Fig. 18B, dashed line, #4), that an Eα-5’ Jα interaction (#6) was clearly suppressed, and 

that an Eα-central Jα interaction (#8) was clearly increased.  We suspect that reduced 

interactions with 5’ Jα segments are partially obscured by high level interaction with the 

TEAp (#5).  However, in other respects, Eα interactions across the Jα array are quite 

similar on TEAp-deleted and TEA-T alleles.  Importantly, TEA-T alleles do not display 

the strong Eα-Tcrd gene interactions that were apparent on TEAp-deleted alleles.  This 

indicates that TEAp-bound factors, rather than TEAp-directed transcription, limit Eα from 

interacting with upstream Tcrd gene segments.  Our data demonstrate that TEAp limits 

Eα interactions with Tcrd gene segments and with central Jα gene segments through 

distinct mechanisms.  
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Figure 18 The TEAp regulates Eαααα interaction with Tcrd and Jαααα segments 

(A) The wild-type and two TEA mutant alleles are diagrammed.  The 5’ and 
central Jα segments are shown as black rectangles.  Arrows denote identified promoters.  
Gray bars mark the regions that revealed reduced accessibility and promoter activity as 
compared with wild-type.  Brackets label the deleted part on the TEAp-/- alleles.  The 
location of inserted terminator is shown on the TEA-T allele.  (B) 3C assays were 
performed on TEAp−/− and TEA-T DP thymocytes using the Eα-fragment (black bar) as 

an anchor (wild-type DP data is the same as Fig. 15A; TEAp−/−
 DP thymocytes, n=4-11; 

TEA-T DP thymocytes, n=3-5).  The mean±SEM is shown in the graph. 
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Figure 19 The TEAp regulates interactions in the chromatin hub  

(A) Interactions between Eα and the proximal Vα region were analyzed using the 

Eα fragment as an anchor (wild-type DP thymocytes, n=5; TEAp−/−
 DP thymocytes, n=2) 

(B) Interactions between Eα and proximal Vα region were analyzed using proximal Vα 
(left: TRAV21; right: TRDV2-2) fragments as anchors (wild-type DP thymocytes, n=5; 
TEAp−/−

 DP thymocytes, n=2).  (C) The interactions between proximal Vα genes and the 

TEAp were analyzed using proximal Vα (left: TRAV21; right: TRDV2-2) fragments as 

anchors (wild-type DP thymocytes, n=5; TEAp−/−
 DP thymocytes, n=2).  (D) The 

interaction between proximal Vα gene (TRDV2-2) and Tcrd gene (TRDJ2) was analyzed 

using TRDV2-2 as an anchor (wild-type DP thymocytes, n=4; TEAp−/−
 DP thymocytes, 

n=4).  The mean±SEM is shown in all graphs. 
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4.2.4 The TEAp regulates upstream transcription and histone 
modification 

To evaluate the biological consequence of increased interactions between Eα and 

Tcrd gene segments on TEAp-deleted alleles, we analyzed transcriptional activity and 

chromatin accessibility.  Interestingly, TEAp-deleted alleles revealed 2-5-fold increased 

transcription in the region upstream of TEAp, including TRDV4, TRDD1, TRDJ1, 

TRDJ2 and TRDV5 (Fig. 20A).  However, increased transcription did not extend to 

further upstream proximal Vα segments (such as TRAV17, TRAV19, TRAV21 and 

TRDV2-2), suggesting that the impact of TEAp is regional.  We also analyzed histone H3 

acetylation, a marker related to chromatin accessibility.  Indeed, H3 acetylation was also 

increased at Tcrd gene segments immediately upstream of TEAp (TRDJ1, TRDJ2 and 

TRDV5), but not at more distant sites (Fig. 20B).  Hence, the TEAp regulates the ability 

of Eα to activate Dδ and Jδ gene segments. 
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Figure 20 The TEAp locally regulates Tcrd transcription and histone 
modification. 

(A) Analysis of transcriptional activity on wild-type (WT) and TEAp−/− alleles 

from anti-CD3 stimulated Rag2−/− and TEAp−/− Rag2−/− mice (WT DP thymocytes, n=5; 

TEAp−/−
 DP thymocytes, n=3).  (B) Analysis of H3 acetylation on wild-type (WT) and 

TEAp−/− alleles from anti-CD3 stimulated Rag2−/−  and TEAp−/− Rag2−/− mice (WT DP 

thymocytes, n=2; TEAp−/−
 DP thymocytes, n=2).  The mean±SEM is shown in both 

graphs. 

     



 

94 

4.2.5 CTCF binds regulatory elements at the Tcra/Tcrd locus 

Because CTCF has been implicated in long-distance DNA interactions, we asked 

whether CTCF contributes to the DNA contacts at the 3’ end of the locus.  CTCF ChIP-

seq data were kindly provided by Ann Feeney’s laboratory.  They assessed the 

distribution of Tcra/Tcrd locus CTCF binding sites in Rag2−/− DN thymocytes, Rag2−/− 

Tcrb transgenic DP thymocytes, and Rag2−/− pro-B cells.   A large number of CTCF 

binding sites were identified across the Tcra/Tcrd locus, and the majority of these sites 

were occupied in all three cell types (Fig. 21A).  Included among these are a CTCF site 

associated with Eα that is eliminated on Eα-deleted alleles and a CTCF site associated 

with TEAp that is eliminated on TEAp-deleted alleles.  These two sites were also shown 

to bind cohesin subunit Rad21 in a previous study (Seitan et al., 2011).  CTCF sites also 

appear to mark many of the Vα segment promoters (Fig. 21A and B; yellow dots in Fig. 

1b and 2a).  For example, among the 12 proximal Vα gene segments, nine have a nearby 

CTCF binding site, most within 200bp upstream of the first exon (Fig. 21B and yellow 

dots in Fig. 17A).  Among the three CTCF-free Vα segments (TRAV22, TRDV4, and 

TRDV2-1), one (TRAV22) is a pseudogene and one (TRDV4) is used selectively in fetal 

thymocytes.  Similarly, CTCF binds to most distal Vα promoters (data not shown).  The 

localization of CTCF at most regulatory elements suggests that CTCF may play a role in 

the regulation of Tcra/Tcrd locus.   
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Figure 21 CTCF binding across the Tcra/Tcrd locus 

CTCF ChIP-seq analysis was performed in Rag2−/− DN thymocytes, Rag2−/−Tcrb 

transgene DP thymocytes, and Rag2−/− pro-B cells on a C57BL/6 background.  Called 
peaks are marked by vertical lines below the graph.  (A) Entire Tcra/Tcrd locus and (B) 
3’ 400kb regions are shown with gene annotation in red on the bottom. 
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4.2.6 Eαααα-dependent CTCF binding in DP thymocytes 

The above ChIP-Seq experiments were conducted using samples that were of 

C57BL/6 origin.  Because 3C experiments were conducted on strain 129 Tcra/Tcrd locus 

alleles, it was important to verify that CTCF binding at sites across the proximal portion 

of the locus was conserved despite substantial Tcra/Tcrd polymorphism between these 

strains.  In addition, although CTCF binding was generally conserved in thymocytes and 

B cells, some sites displayed binding that was stronger in or unique to DP thymocytes, 

including sites at TRAV18, TRAV20, TRAV21, TRDV3 and Jα42 (Fig. 21A and B).  

Therefore, we also analyzed CTCF binding by ChIP-qPCR to confirm constitutive and 

DP stage-specific binding to the various sites on 129 alleles (Fig. 22A).  Indeed, all 

CTCF binding sites identified on the C57BL/6 alleles were also positive in 129 DP 

thymocytes, as compared to a negative site upstream of Dβ1 (UDb).  Among these sites, 

AV21 and Jα42 were positive in DP thymocytes but negative in DN thymocytes, 

consistent with the developmental-stage specific CTCF binding displayed in ChIP-seq.  

To ask whether DP stage-specific CTCF binding was Eα-dependent, we compared wild-

type to Eα
−/− DP thymocytes (Fig. 22B).  We found that sites displaying DP thymocyte-

specific CTCF binding were Eα-dependent whereas sites displaying constitutive CTCF 

binding were not.  Because CTCF binding sites co-localized with regions that physically 

interact with Eα (Fig 15B and 17A), we hypothesized that CTCF is situated at the base of 

DNA loops and contributes to formation of the Eα-dependent chromatin hub.   
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Figure 22 Eαααα-dependent and independent CTCF binding in thymocytes 

 (A) CTCF ChIP-qPCR assays were performed in DN and DP thymocytes 

collected from Rag2−/− mice and anti-CD3 stimulated Rag2−/− mice, respectively (DN 
thymocytes, n=1; DP thymocytes, n=1). (B) CTCF ChIP-qPCR assays were performed in 
DP thymocytes collected from anti-CD3 stimulated Rag2−/− wild-type and Rag2−/− Eα-

deficient mice (DP thymocytes, n=4; Eα
−/−DP thymocytes, n=4).  For both (A) and (B), 

qPCR primers were designed based on the CTCF binding sites identified by CTCF ChIP-
Seq.  Myc and PDb are positive and negative controls, respectively.  The mean±SEM is 
shown in both graphs. 
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4.2.7 Conditional knockout of CTCF in DP thymocytes 

To examine the role of CTCF in regulating the Tcra/Tcrd locus, we analyzed DP 

thymocytes of Ctcf -conditional knockout mice (Fig. 23A).  In previous studies of mice 

deficient for cohesin subunit Rad21, deletion was triggered by a Cd4-Cre transgene.  This 

led to deletion in DP thymocytes that was too late to impact early Tcra recombination 

events.  To better assess the potential influence of CTCF in Tcra recombination, we bred 

Ctcf f/f mice obtained from the Galjart laboratory with Lck-Cre mice to initiate CTCF 

deletion in DN thymocytes.  We also bred these alleles onto a Rag2-deficient background 

to study changes in germline transcription and locus conformation in the absence of 

CTCF.  In Ctcf f/f Lck-Cre mice, deletion of CTCF is initiated in DN2 thymocytes (data 

not shown) and thymocyte development was partially blocked at the immature single 

positive stage during the DN-to-DP transition, as was described previously (Fig. 23B and 

Heath et al., 2008).  We sorted CTCF-deficient DP thymocytes based on their expression 

of a LacZ marker and compared them to DP thymocytes sorted from their wild-type (Lck-

Cre−) littermates (Fig. 23B).  CTCF-deficient DP thymocyte preparations typically 

displayed over 85% loss of CTCF alleles and CTCF protein (Fig. 23C-E).   
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Figure 23 Conditional deletion of Ctcf in DP thymocytes 

(A) CTCF floxed alleles are diagrammed.  Exons of the Ctcf gene are represented 
by numbered black rectangles, loxP sites are represented by triangles, a PGK-puromycin 
cassette (puror) is represented by a yellow rectangle, and a Splice acceptor-lacZ cassette, 
SA-LacZ, is represented by a white/red rectangle.  The Ctcf-deleted alleles transcribe a 
Ctcf-LacZ hybrid product that can be used as a selection marker.  (B) Representative 
FACS analysis of Ctcf f/f Lck-Cre mice (KO). Wild-type (WT) are mice from the same 
litter without Lck-Cre transgene.  Gatings of CD4+CD8+ (left panel) and CD71+ or 

CD71− cells (central panel) are shown.  Signals from FDG, a substrate of lacZ, in 

CD71+ (top) or CD71− (bottom)  DP thymocytes are displayed in the right panel (KO, 
black line; WT, gray shade).  (C) Analysis of CTCF mRNA (left) and genomic DNA 
(right) levels in sorted wild-type (WT) and CTCF-deficient (KO) DP thymocytes (WT, 
n=1; KO, n=2).  The mean±SEM is shown in the graph.  (D) Analysis of CTCF genomic 
DNA levels in sorted CD71+ (left panel) and CD71− (right panel)  DP thymocytes from 
anti-CD3 stimulated wild-type (WT) and CTCF-deficient (KO) mice (WT, n=1; KO, 
n=2).  (E) Representative western blot analysis of CTCF protein levels in the same 
samples in (D).   
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4.2.8 CTCF deficiency impairs primary Vαααα-Jαααα recombination 

To examine the effect of CTCF-deletion on the efficiency of Tcra rearrangement, 

we quantified Tcra coding joints by qPCR using various combinations of Vα and Jα 

primers (Fig. 24).  We sorted LacZ+ DP thymocytes from LckCre+ Ctcf f/f mice and 

LacZ- DP thymocytes from LckCre- Ctcf f/f mice. Using a Vα primer targeting TRAV12 

family members that are widely distributed across the central portion of the Vα array, we 

observed 50-90% reductions in rearrangements to different Jα segments in CTCF-

deficient DP thymocytes as compared to wild-type DP thymocytes (Fig. 24A).  Previous 

studies already suggested that initial, or primary, Tcra rearrangement typically joins 

proximal Vα segments to 5’ Jα segments and these rearrangements can then be replaced 

by secondary rearrangements that use progressively more 5’ Vα and 3’ Jα gene segments 

(Shih et al., 2011).  Because secondary rearrangements are sensitive to DP thymocyte 

lifespan (Guo et al., 2002), we asked whether CTCF-deficiency impacted the lifespan of 

DP thymocytes.  We measured cell survival of DP thymocytes ex vivo, and found that 

survival of CTCF-deficient DP thymocytes in culture was slightly reduced as compared 

to wild-type (data not shown).  To assess a direct effect of CTCF deletion on Vα-to-Jα 

recombination, we specifically assayed primary recombination using primers specific for 

3’ Vα and 5’ Jα gene segments in early DP thymocytes distinguished based on their large 

size and CD71 expression (Fig. 23B).  In wild-type large (CD71+) DP thymocytes, we 

observed reduced and Jα61-biased recombination as compared to small (CD71-) DP 

thymocytes, suggesting that we indeed isolated the cell population that was undergoing 

initial Vα-to-Jα recombination.  Interestingly, we observed 70-80% reduction in proximal 
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Vα -5’ Jα recombined products in both large and small CTCF-deficient DP thymocytes, as 

compared with wild-type DP thymocytes.  Impaired rearrangement of proximal Vα 

segments to 5’ Jα segments displayed in CTCF-deficient large DP thymocytes indicated 

that CTCF is essential for efficient Vα-to-Jα rearrangement (Fig. 24B) , independent of 

any effects on DP thymocytes lifespan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

102 

A 

Ja61 Ja57 Ja42 Ja40 Ja17 Ja2
0

1

2

3

4

KO

WT

Vα Jα

V
α

-J
α

 r
ec

om
bi

na
tio

n

 
 

B 

17-61 17-56 17-49 19-61 19-56 19-49
0.0

0.5

1.0

1.5

2.0 WT 71+DP
KO 71+DP
WT 71-DP
KO 71-DP

V
α

-J
α

 r
ec

om
bi

na
tio

n

   
 

Figure 24 CTCF deficiency impairs Vαααα-Jαααα recombination 

(A) Genomic DNA isolated from wild-type (WT) and CTCF-deficient (KO) DP 
thymocytes was analyzed to determine the frequency of Vα-to-Jα recombination.  A 

primer targeting TRAV12 family was paired with six different Jα primers across Jα array 

individually in qPCR to quantify recombined VαJα products (WT, n=1-6; KO, n=1-4).  

(B) Genomic DNA isolated from CD71+ and CD71−  DP thymocytes of wild-type (WT) 

and CTCF-deficient (KO) mice were analyzed to determine the frequency of primary Vα-

to-Jα recombination.  Primers targeting two unique proximal V segments, TRAV17 and 

TRAV19, were paired with three different 5’ Jα primers (Jα61, Jα56 and Jα49) in qPCR to 

quantify recombined Vα-to-Jα products (WT, n=4; KO, n=4).  Results for each PCR are 
normalized to those for unfractionated WT thymocytes.  The mean±SEM is shown in 
both graphs. 
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4.2.9 CTCF is required to support normal transcription and 
architecture within the DP stage-specific chromatin hub 

To understand the mechanism by which CTCF regulates primary rearrangement, 

we analyzed germline transcription and locus conformation on Tcra/Tcrd alleles in sorted 

LacZ+ DP thymocytes from anti-CD3 antibody-stimulated Ctcf f/f Rag2−/− Lck-Cre mice.  

Similar to Rad21 -deficient mice, loss of CTCF caused reduced transcription at TEA 

(Fig.25).  Remarkably, CTCF-deficiency impacts different gene sections across the 

Tcra/Tcrd locus in distinct ways; it reduces transcription of some proximal V gene 

segments (TRAV21, and TRDV2-2), but increases transcription of Tcrd gene segments 

(TRDJ1, TRDJ2 and TRDV5) (Fig. 25).   

To ask whether the changes in transcriptional activity reflect changes in CTCF-

dependent long-distance interactions, we assessed interactions within the DP thymocyte-

specific chromatin hub.  Loss of CTCF reduced Eα interactions with TEAp, with Jα 

segments (Fig. 26A and B) and with proximal Vα gene segments (Fig. 26C and D), and 

reduced interactions of TEAp with proximal Vα gene segments (Fig. 26E and F).  

However, loss of CTCF increased Eα interactions with Tcrd gene segments (Fig. 26A) 

and slightly increased interactions between TRDV2-2 and TRDJ2 (Fig. 26G).  We 

conclude that CTCF promotes primary Tcra gene rearrangement by targeting proximal 

Vα and 5’Jα segments to interact with Eα and inhibits Tcrd recombination by preventing 

Eα from activating Tcrd genes in DP thymocytes.  
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Figure 25 CTCF is required for normal transcription 

Transcriptional activity on the Tcra/Tcrd locus was analyzed in wild-type (WT) 
and CTCF-deficient (KO) Rag2−/− DP thymocytes (WT, n=2-3; KO, n=4-6).  The 
mean±SEM is shown in the graph. 
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Figure 26 CTCF is required to support a normal DP-specific chromatin hub 

(A) 3C assays were performed in sorted wild-type (WT) and CTCF-deficient 

(KO) Rag2−/− DP thymocytes using the Eα-fragment (black bar) as an anchor (WT, n=1-9; 

KO, n=1-9).  (B) Interactions between Eα and the TEAp were analyzed using the TEAp 

fragment as an anchor (WT, n=6; KO, n=6).  (C) Interactions between Eα and proximal 

Vα region were analyzed using the Eα fragment as an anchor (WT, n=6; KO, n=6).  The 

location of HindIII fragments is as shown in Fig. 17A.  (D) Interactions between Eα and 

proximal Vα region were analyzed using proximal Vα (left: TRAV21; right: TRDV2-2) 

fragments as anchors (WT, n=5; KO, n=5).  (E) The interactions between proximal Vα 
gene and the TEAp were analyzed using the TEAp fragment as an anchor (WT, n=5; KO, 
n=5).  The location of fragments is shown in Fig. 17A.  (F) The interactions between 
proximal Vα gene and TEAp were analyzed using the proximal Vα (left: TRAV21; right: 
TRDV2-2) fragments as anchors (WT, n=5; KO, n=5).  (G) The interaction between 
proximal Vα gene (TRDV2-2) and Tcrd gene (TRDJ2) was analyzed using TRDV2-2 as 
an anchor (WT, n=5; KO, n=5).  The mean±SEM is shown in all graphs. 
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4.2.10 CTCF is not required for locus contraction in DP thymocytes 

Because CTCF is required for supporting normal chromatin interactions at the 3’ 

end of the locus, we asked whether CTCF is also involved in the large-scale contraction 

in DP thymocytes.  Using probe B and D in 3D-FISH (Fig. 8), we observed a slightly 

more contracted conformation in CTCF-deficient DP thymocytes as compared to wild-

type (Fig. 27), suggesting that CTCF is not required for locus contraction.  Similar results 

were obtained from both 129 and C57BL/6 background mice.   
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Figure 27 CTCF is not required for locus contraction in DP thymocytes 

Scatter-plots display measurements of distances between the centers of B and D 
probe hybridization in wild-type (WT) and CTCF-deficient (KO) Rag2−/− DP thymocytes 
from both 129 and C57BL/6 background mice.  Median values are indicated by 
horizontal lines.  Data are from one experiment for each cell type.  *, P<0.05; **, P<0.01. 
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4.3 Discussion 

We previously used 3D-FISH to show that the 3’ end of Tcra/Tcrd locus is 

contracted similarly in DN and DP thymocytes as compared to its extended configuration 

in B cells.  Here we used 3C to detect a network of interactions between cis-regulatory 

elements at the 3’ end of Tcra/Tcrd locus specifically in DP thymocytes.  This result 

indicates the formation of a multi-component chromatin hub within the contracted 

portion of the locus.  We showed that formation of this hub depends critically on Eα but 

is fine-tuned by chromatin organizer CTCF.  In this regard, Eα deletion disrupted all 

detected interactions, whereas conditional knockout of CTCF dysregulated interactions 

such that some were suppressed and others were increased.  Eα is a potent enhancer that 

was known to regulate Tcra/Tcrd locus transcription and histone modifications across 

500kb in DP thymocytes.  Here we showed that long-distance regulation by Eα occurs 

through physical interactions with individual Vα and Jα gene segment promoters.  More 

importantly, Eα recruits Vα and Jα gene segments into proximity and thus mediates their 

interactions that could facilitate synapsis of Vα and Jα RSSs.  Tcra recombination is 

ordered and starts with primary recombination events that use proximal Vα and 5’ Jα gene 

segments.  Since these are the gene segments preferentially recruited into the initial 

chromatin hub by Eα, our data suggest that this hub serves as a platform for supporting 

ordered Tcra recombination.   

CTCF is a strong candidate for regulating the DP-thymocyte chromatin hub 

because it has been shown to facilitate DNA looping in other instances.  Using ChIP-Seq 

and ChIP-qPCR assays, we demonstrated that CTCF binds to Eα and TEAp, and in the 
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vicinity of a large number of V gene segments, in both DN and DP thymocytes.  The 

location and abundance of CTCF binding sites implies that CTCF may play a role in the 

regulation of this locus.  Indeed, the Eα-TEAp interaction is partially diminished in CTCF 

conditional knockout DP thymocytes, suggesting that the CTCF binding at these two sites 

may contribute to their interaction.   In addition, loss of CTCF also reduced interactions 

between proximal Vα and Eα and between proximal Vα and 5’Jα.  The defect in these 

DNA contacts may also be related to their CTCF binding and may be the basis for down-

regulated Tcra gene transcription and impaired Vα-to-Jα recombination in CTCF-

deficient DP thymocytes.    

A previous study using a knockdown system demonstrated that CTCF is essential 

for complete Igh locus contraction.  However, in CTCF-knockout DP thymocytes, we did 

not observe loss of Tcra/Tcrd locus contraction as compared to wild-type DP thymocytes 

(Fig. 27), indicating that CTCF is not required for Tcra/Tcrd locus contraction.  

Similarly, loss of Eα results in disruption of Eα-TEA interaction but no change in 

contraction in DP thymocytes.  We concluded that neither CTCF nor Eα is required for 

3’end contraction.  Moreover, the fact that the Eα-TEAp interaction is detectable in DN 

and DP thymocytes but not in B cells, even though CTCF binds to Eα and TEAp in all 

three cell types, suggests that CTCF protein can only mediate Eα-TEA interaction when 

the 3’ end is contracted.  We speculate that 3’end contraction may be essential to allow 

CTCF and Eα to mediate long-distance interactions.   

Although the 3’ end of the locus is contracted and CTCF binds to Eα and TEAp 

similarly in both DN and DP thymocytes, the Eα-TEAp interaction is relatively low in 
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DN as compared to DP thymocytes.  Deleting Eα disrupted the weak Eα-TEAp interaction 

in DN thymocytes.  Because Eα is inactive in DN thymocytes, loss of interaction may 

reflect loss of CTCF binding, consistent with a role of CTCF in the Eα-TEAp interaction.  

The increased Eα-TEAp interaction in DP thymocytes may then depend on DP stage-

specific Eα activity.  We propose that the 3’end of the locus already possesses a CTCF-

mediated “stand-by” status at the DN stage, which primes TEAp to be targeted by Eα 

when Eα is activated in DP thymocytes.    

Notably, in CTCF knockout DP thymocytes, Eα reduced its interactions with 

CTCF-associated sites, but increased its interactions with Tcrd gene segments that are not 

associated with CTCF.  Therefore, CTCF is not essential for long-distance contacts by 

Eα.  Rather, it preferentially targets these interactions to discrete sites in the locus and 

thereby suppresses aberrant interactions.  Our data suggest that Eα and CTCF coordinate 

the formation of a DP stage-specific chromatin hub.   

Interestingly, both TEAp-deleted and CTCF-knockout thymocytes revealed 

increased activation of Tcrd gene segments and recruitment of this region into the DP-

specific chromatin hub.  The similarity between these two systems suggests that the Tcrd 

activation phenotype of TEA-deleted alleles results from loss of CTCF binding at the 

TEA promoter.  It has been shown that the CTCF-associated regions between VH and 

DHJH and between VΚ and JΚ segments can insulate downstream enhancers from 

activating the proximal V segments and, therefore, and promote Igh or Igk V segment 

repertoires that are not biased to proximal V segments (Guo, Yoon and Franklin et al., 

2011; Ribeiro de Almeida et al., 2011; Xiang et al., 2011).  Here, we demonstrated that 
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CTCF binding at the TEA promoter inhibits Eα from activating Tcrd gene segments 

upstream of the Jα.  In this sense, the TEAp CTCF site may similarly be functioning as an 

insulator, which would prevent Tcrd recombination in DP thymocytes.  We found that 

roughly one-third of Tcra/Tcrd alleles in newly arrived DP thymocytes have not yet 

undergone Vα/δ-to-Dδ recombination (data not shown).  Therefore, inhibition of Tcrd 

transcription/recombination might be important for the commitment to Vα/δ-to-Jα rather 

than Vα/δ-to-Dδ recombination at DP stage.  



 

112 

5. Discussion and future directions 

To build great diversity of antigen receptors and to insure that each lymphocyte 

expresses a unique receptor complex, TCR and BCR loci are organized as arrays of gene 

segments that undergo recombination in a highly regulated fashion.  RAG expression and 

RSS accessibility that are controlled in lineage-and developmental stage-specific ways 

provide the basic regulatory framework for V(D)J recombination.  These properties, 

however, only explain part of the regulation.  During the past decade, researchers have 

explored the regulation of antigen receptor loci beyond RSS accessibility.  Three aspects 

were focused on, including (1) nuclear localization (2) locus contraction/decontraction, 

and (3) loop/chromatin hub formation.  These elements are believed to positively and 

negatively regulate recombination events at each antigen receptor locus by promoting 

synapsis of two RSSs or forcing allelic exclusion.  This dissertation contributed recent 

advancement about how V(D)J recombination is regulated beyond RSS accessibility, 

especially at the level of three-dimensional conformations of antigen receptor loci. 

As mentioned in chapter 1, contraction and decontraction of four large antigen 

receptor loci have been suggested to support or inhibit recombination activity (Fig. 6).  

Among these loci, the Tcra/Tcrd locus is unique in that it contains both Tcrd and Tcra 

gene segments, which recombine at two developmental stages in distinct ways. Using 

3D-FISH, we demonstrated that the Tcra/Tcrd locus also possesses unique changes in its 

configuration that may support the distinct recombination events.  The locus is fully 

contracted in DN thymocytes and reveals a 5’-extended, 3’-contracted configuration in 

DP thymocytes.  We proposed that the fully contracted Tcra/Tcrd locus in DN 
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thymocytes provides a basis for long-distance Tcrd gene recombination events, 

potentially similar to the contracted Igh locus, which recruits both distal VH and proximal 

VH to the proximity of DHJH cluster pre-B stage (Jhunjhunwala et al., 2008).   A fully 

contracted conformation may be important for Igh and Tcrd recombination because both 

have only one chance to recombine various V segments on each allele.  

In DP thymocytes, the Tcra/Tcrd locus can undergo multiple rounds of Vα-to-Jα 

recombination.  This is unique because other antigen receptor loci do not have large J 

arrays that would allow an allele to recombine so many times (Fig. 4).  Previous studies 

have suggested that Vα segments recombine to Jα segments in an order such that Jα-

proximal Vα and 5’Jα gene segments are preferentially used in initial recombination, 

while more Jα-distal Vα and more 3’J gene segments are progressively used in secondary 

recombination.  Notably, a recent study showed that the distribution of RAG proteins on 

the Tcra/Tcrd locus focuses at the 5’end of the Jα array (Ji et al., 2010a), forming a 

potential recombination center.  Therefore, the 5’-extended, 3’-contracted configuration 

we identified in DP thymocytes may facilitate the ordered Vα-to-Jα recombination by 

selectively recruiting proximal Vα segments to the recombination center and excluding 

distal Vα segments during the initial rounds of recombination.   

To date, the mechanisms that cause locus contraction are not understood.  

Although several factors, including Pax5, YY1, Ikaros, and CTCF, and an enhancer, Eµ, 

have been shown essential for complete Igh locus contraction (Fuxa et al, Liu et al., 2007; 

Reynaud et al., 2008; Degner et al., 2011; Guo and Gerasimova et al., 2011), how these 

factors coordinate at the Igh locus and whether they are involved in the regulation of 
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other loci remains unknown.  Among these factors, Pax5 is unlikely to be involved in 

Tcra/Tcrd locus contraction because it is a B-lineage specific transcription factor.  We 

examined the role of known enhancers and CTCF in the regulation of the Tcra/Tcrd locus 

contraction. However, neither Eα nor Eδ was found to be required for locus contraction in 

DN thymocytes (Fig. 13B), and neither Eα nor CTCF was found to be required for 3’end 

contraction in DP thymocytes (Fig. 13A and 27).  We were unable to assess the role of 

CTCF in DN thymocytes because CTCF deletion was not complete at the DN3 stage in 

our lck-Cre-induced conditional knockout system.  It is possible that the Tcra/Tcrd locus 

contraction is regulated by unknown factors that are distinct from those required for Igh 

locus contraction.    

The mechanism of locus decontraction is also a mystery.  Increased separation of 

two foci under microscopy, which we call “decontraction”, could result from loss of 

locus contraction or from enforced locus decontraction, which may be mechanistically 

distinct.  The less contracted Igh locus in pre-pro B cells or in Pax5-, YY1-, and Ikaros-

deficient pro-B cells may be organized differently from the decontracted Igh locus in pre-

B cells as a consequence of such mechanistic difference.  Unfortunately, we lack detailed 

comparison of the decontracted states of the Igh locus under these different 

circumstances.  It will be interesting to comprehensively analyze Igh conformation in 

these cells by using 12 genomic markers in 3D-FISH as described before (Jhunjhunwala 

et al., 2008).   

Although the 3’end of the Tcra/Tcrd locus is contracted similarly in DN and DP 

thymocytes (see Chapter 2), our 3C studies revealed dramatically distinct loop formation 



 

115 

within this region during the DN-to-DP transition.  In DP but not in DN thymocytes, an 

Eα-dependent chromatin hub is formed at the 3’end of the locus.  This chromatin hub 

revealed strong associations with proximal Vα (Fig. 17A and C), 5’ Jα segments, and Eα 

(Fig. 15A and B), but weak associations with intergenic regions (Fig. 17A and C), Tcrd 

gene segments, and central J segments (Fig. 15A and B).  This conformation nucleates 

essential elements required for initial Vα-to-Jα recombination, and potentially functions 

as a scaffold to facilitate initial Vα-to-Jα recombination.  Notably, we found that Eα is 

required for interactions between proximal Vα and 5’ Jα segments in DP thymocytes (Fig. 

17C and D).  Although an Igh enhancer has been shown to be partially involved in the 

locus contraction, our data provided the first direct evidence supporting the idea that the 

synapsis of two RSSs can be favored by a regulatory element.  We conclude that Eα 

contributes to Tcra recombination not only at the transcription level but also at the 

higher-order chromatin conformation level that promotes RSS synapsis.   

How does Eα mediate interactions between proximal Vα and 5’ Jα segments? One 

possibility is that Eα introduces these elements into the same nuclear subcompartment.  

Because germline transcription is required for recombination and RAG proteins prefer to 

bind highly transcribed regions, transcription factories have been proposed to overlap 

with the recombination centers (Lucas et al., 2011).  The existence of transcription 

factories was first proposed based on the observation that new transcription occurred in a 

limited number of nuclear regions (Iborra et al., 1996).  In addition, active genes tend to 

colocalize and interact with each other (Osborne et al. 2004; Li et al., 2012), presumably 

in these transcription factories.  Eα may, therefore, promote interactions between 
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proximal Vα and 5’ Jα segments by recruiting them to the same transcription factories for 

transcriptional activation.  However, to prove this hypothesis is technically difficult 

because currently there is no perfect way to identify or define transcription factories other 

than by detecting foci of active RNA polymerase II by microscopy.   

As mentioned, the Tcra/Tcrd locus is fully contracted in DN thymocytes.  We 

expected that Tcrd gene segments may also form a unique chromatin hub to support Tcrd 

recombination.  However, in 3C assays, we only detected weak interactions between 

TRDV2-2 and TRDJ2/Eδ fragments (data not shown) in DN thymocytes, even though 

these segments can undergo Tcrd recombination in DN thymocytes.   Similarly, the 

interaction between TRDV2-2 and TEA (very close to TRDV5) was low in DN 

thymocytes (Fig. 17C and D).  These data suggests that there are no high frequency DNA 

contacts for Tcrd recombination and that the fully contracted locus conformation may be 

sufficient to support Tcrd recombination in DN thymocytes.  This point could be further 

verified by a more comprehensive analysis of interactions between Tcrd segments in DN 

thymocytes. 

Although we identified multiple interactions at the 3’ end of Tcra/Tcrd locus in 

DP thymocytes, the breadth of interactions we can analyze is limited by the 3C technique.  

To understand the global relationships between all sites at the locus, we will perform 4C-

seq, which allows unbiased analysis of all interactions with a specific anchor site.  4C-seq 

has been performed to identify three multi-looped structures as well as two different 

types of interactions at the Igh locus (Guo and Gerasimova et al., 2011).  Using 4C, we 
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could also detect any potential interchromosomal interactions and learn about the 

complex genomic network of interactions at different developmental stages. 

CTCF is well-known as a chromatin organizer and an insulator (Phillips and 

Corces, 2009).  Strikingly, within the Tcra/Tcrd locus, CTCF binds almost all elements 

essential for Tcra recombination, including most Vα promoters, TEAp and Eα.  On the 

contrary, CTCF does not bind the DδJδ cluster and Eδ regions (Fig. 21A and B).  This 

unique CTCF distribution is distinct from the CTCF distributions at the Igh and Igk loci 

(described in Chapter 1.5, p.39-41) and may imply a unique role for CTCF in Tcra 

recombination.  However, knockout of CTCF does not completely disrupt the formation 

of the Eα-dependent chromatin hub as Eα-deletion does, suggesting that CTCF is not 

essential for Eα interactions (Fig. 26).  In addition, in DP thymocytes Eα slightly 

increases the amount of CTCF binding at certain proximal Vα segments (Fig. 22A and 

B), which may be important to stabilize the internal architecture of the chromatin hub.  

As mentioned, knockout of CTCF in pre-B cells has recently been shown to 

increase interactions between Jκ-proximal Vκ regions and regulatory elements at the 3’ 

end of Igk locus.  Consistent with this, transcription of proximal-Vκ increased and the 

repertoire of Vκ usage became proximal-Vκ biased in CTCF-deficient pre-B cells 

(Ribeiro de Almeida et al., 2011).  Similarly, deletion of CTCF-associated Sis (at Igk) 

and IGCR1 (at Igh), both located between V and (D)J segments, resulted in proximal-V 

biased repertoires, suggesting that these two CTCF site may play similar roles in 

orchestrating V segment usage at each locus (Xiang et al., 2011; Guo, Yoon and Franklin 

et al., 2011).  However, in our research, knockout of CTCF in DP thymocytes resulted in 
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reductions rather than increases of proximal Vα segment transcription and interactions 

with Eα.  Strikingly, we observed aberrant interactions between Tcrd segments and 

Eα and increased Tcrd transcription in CTCF-deficient DP thymocytes (Fig. 26A and G).  

Similar phenotypes were also observed in TEAp−/− DP thymocytes (Fig. 18B), in which a 

CTCF site at the core promoter is deleted.  These data indicate that the CTCF binding at 

TEAp prevents Eα from activating Tcrd segments in DP thymocytes.  Therefore, the 

CTCF binding at TEAp may function similarly as at Sis and IGCR1, and the different 

phenotypes reflect replacement of proximal V segments by Tcrd gene segments at the 

Tcra/Tcrd locus.  Nevertheless, the physiological role of the TEAp CTCF binding site is 

difficult to formally evaluate because it is located within the core promoter and is 

required for TEAp activity in luciferase assays (Liang Chen, personal communication).  

Although potentially irrelevant to regulation in DP thymocytes, it will be interesting to 

determine whether TEAp has insulator activity by analyzing transcripts of rearranged 

Tcrd genes in TEAp−/−
 γδ T cells; transcription of recombined Tcrd genes is known to be 

dependent on Eα (Sleckman et al., 1997). 

Previous studies have shown that both conditional knockout of CTCF by lck-Cre 

in DN thymocytes and by Cd4-Cre in DP thymocytes results in defective TCRαβ-lineage 

development (Heath et al., 2008; Ribeiro de Almeida et al., 2009).  Both mice revealed 

reductions of DP and SP cellularity, but only Ctcf f/f lck-Cre mice displayed an increase in 

ISP cells.  The defect in thymocyte development in Ctcf f/f lck-Cre mice was claimed to 

be caused by impaired cell cycle progression during DN-to-DP transition.  However, 

what impairs DP-to-SP development in Ctcf f/f Cd4-Cre mice is unknown.  In our Ctcf f/f 
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lck-Cre mice, we observed impaired Vα-to-Jα recombination in DP thymocytes.  This 

may partially contribute to the reductions of SP cells documented in previous studies.   

The cohesin complex has been shown to frequently colocalize with CTCF and to 

function as an insulator and a chromatin organizer in a CTCF-dependent manner. In a 

previous study, conditional knockout of cohesin subunit Rad21 by Cd4-Cre resulted in 

reduced germline transcription of TEAp, reduced Eα-TEAp interaction in DP thymocytes 

and impaired secondary Vα-to-Jα recombination (Seitan et al., 2011).  Using CTCF ChIP-

seq and ChIP-qPCR, we confirmed that CTCF and Rad21 colocalize at TEAp and Eα, as 

described in the previous study (Seitan et al., 2011).  Similar to the phenotypes in Rad21 

f/f Cd4-Cre mice, we detected reduced germline transcription of TEAp and reduced Eα-

TEAp interaction in CTCF-deficient DP thymocytes isolated from Ctcf f/f Lck-Cre mice.  

However, we observed that the defect in Vα-to-Jα recombination could be traced to a 

defect in primary recombination instead of a selective defect in secondary recombination 

as in CTCF-deficient DP thymocytes.  In addition, we detected aberrantly increased Tcrd 

transcription and Eα interactions with the Tcrd gene region in CTCF-deficient DP 

thymocytes, that were not shown in Rad21-deficient DP thymocytes.  The former 

difference can be explained by the different timing of deletion.  The Rad21 f/f Cd4-Cre 

mice used previously initiate deletion of Rad21 in early DP thymocyte, leaving sufficient 

Rad21 protein to support primary Tcra recombination.  The Ctcf f/f Lck-Cre mice that we 

used initiate deletion of CTCF in DN2 thymocytes, causing substantial CTCF depletion 

in early DP thymocytes, thus, impact primary recombination.  However, it is still possible 

that CTCF and cohesin have functions that are independent of each other.  To prove that 
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the different phenotypes of Rad21 f/f Cd4-Cre mice and Ctcf f/f Lck-Cre mice result simply 

from a difference in the timing of deletion, we have generated Ctcf f/f Cd4-Cre mice that 

will be used to compare with Rad21 f/f Cd4-Cre mice.   

According to Ann Feeney’s CTCF ChIP-seq data, only a few CTCF binding sites 

are located within intergenic regions.  Among these CTCF binding sites, two of them, 

which are located between TRDV3 and TRDV4 are particularly noticeable (Fig. 21).  

They stand out not only because of abundant CTCF binding but also because of their 

unique location in the Tcra/Tcrd locus.  These CTCF sites and the TEAp CTCF site form 

the 5’ and 3’ borders of a region containing two Vδ, two Dδ and two Jδ segments that are 

used uniquely in γδ T cells.  Interestingly, we observed distinct regulation of 

transcriptional activity upstream and downstream of these two CTCF sites in both TEA-

deleted and CTCF knockout DP thymocytes (Fig. 20 and 25; the two CTCF sites are 

located between DV2 and DV4), suggesting that they may function as an insulator for 

this set of Tcrd gene segments.   

A complication of studying these two CTCF sites is that they are also located 

within a novel 7kb potential/predicted regulatory element (PRE), which we identified by 

a formaldehyde-assisted isolation of regulatory elements method (data not shown).  The 

accessibility of PRE varies in a developmental stage-specific way as TEAp and Eα, 

suggesting that PRE may play a role in Tcra recombination.  However, besides CTCF 

binding, PRE also possesses several properties, including (1) a novel sense germline 

transcript across PRE (data not shown), (2) an upstream RSS (termed δ receptor deleting 

element or δRec, not attached to any coding gene segment and thought to delete the DδJδ 
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cluster by recombining to the 5’ Jα in human DP thymocytes (de Villartay et al., 1988), 

and (3) abundant RAG protein binding (David Schatz, personal communication).   These 

properties make it difficult to predict the physiological role of PRE and its CTCF binding 

sites.  In addition, the fact that PRE is only activated at the DP stage and can be deleted in 

any Tcrd and Tcra recombination events gives PRE a very narrow window to function.  

Nevertheless, PRE still may be important to allow alleles that did not recombine in DN 

thymocytes (~30%) to commit to Vα-to-Jα recombination in early DP thymocytes before 

the Tcrd genes are deleted by the first round of Vα-to-Jα recombination.     

 The mechanism of secondary recombination is less well understood than primary 

recombination, but is thought to be driven by active promoters of rearranged Vα segments 

rather than by TEAp or other Vα promoters (Hawwari et al., 2007).  We noticed that Ann 

Feeney’s Rad21 ChIP-seq data suggests that Rad21 preferentially binds CTCF binding 

sites in proximal Vα promoters but not those in distal Vα promoters, and that, like CTCF 

binding, Rad21 binding is partially regulated by Eα (data not shown).  As mentioned, 

Rad21 is required for secondary Tcra recombination (Seitan et al., 2011).  Therefore, we 

wonder whether Rad21 functions through binding to newly introduced Vα segments. To 

further understand the regulation of secondary Tcra recombination, we will analyze 

HYKI alleles, which replace proximal Vα and 5’Jα segments with a recombined VαJα 

sequence to mimic rearranged Tcra alleles (Buch et al., 2002).  We will ask (1) whether 

the newly introduced Vα segments are regulated by Eα through physical interactions; (2) 

whether Rad21 binds to newly introduced Vα to target them for secondary recombination; 

(3) whether CTCF is required for secondary recombination. 
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To summarize, this dissertation enhanced our knowledge about regulation of Tcrd 

and Tcra recombination by chromatin conformation both at the levels of large-scale 

chromatin organization and DNA contacts.  At the same time, organizational mechanisms 

were partially revealed.  In DN thymocytes, the fully contracted Tcra/Tcrd locus may 

facilitate Tcrd recombination without high frequency DNA contacts.  In DP thymocytes, 

however, the Tcra/Tcrd locus adopts a 5’extended, 3’ contracted configuration and forms 

a DP stage-specific chromatin hub within the contracted 3’end.  This configuration 

potentially facilitates initial Tcra recombination by recruiting the proximal Vα segments 

to the 5’Jα recombination center and thereby promoting RSS synapsis.  Contraction and 

decontraction of Tcra/Tcrd locus is independent of known enhancers and CTCF, while 

formation of the DP stage-specific chromatin hub is dependent on Eα and is orchestrated 

by CTCF.   
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