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Abstract 
 

 
 
 
 

The diversification of the lymphocyte antigen receptor occurs through the somatic 

recombination of discontinuous variable (V), diversity (D) and joining (J) gene segments 

at specific stages of lymphocyte development in a process known as V(D)J 

recombination. In T lymphocytes, four T cell receptor (TCR) loci rearrange at distinct 

developmental stages in the thymus.  Recombination of the TCRβ, TCRγ and TCRδ loci 

occurs during the CD4/CD8 double negative (DN) stage, and TCRα rearrangement 

occurs subsequently during the CD4/CD8 double positive (DP) stage.  In DN thymocytes 

it has been unclear whether individual cells are capable of rearranging TCRβ, TCRδ and 

TCRγ simultaneously or if there is a temporal separation of rearrangement at distinct loci. 

V(D)J recombination involves the transient induction and repair of DNA double strand 

Title of Dissertation: ABNORMAL V(D)J RECOMBINATION 
IN ATAXIA TELANGIECTASIA 
MUTATED (ATM) DEFICIENT 
CD4/CD8 DOUBLE NEGATIVE 
THYMOCYTES 

Author: Steven Edward Bowen 
Doctor of Philosophy 2012 

Dissertation advisors: Ferenc Livak M.D.  
Assistant Professor 
Molecular Microbiology and Immunology 
University of Maryland Baltimore 
 
Richard Hodes M.D.  
Senior Investigator 
Experimental Immunology Branch 
National Cancer Institute 



 

breaks, which activate components of the cellular DNA damage response (DDR), 

mediated by the apical PI3-like kinase Ataxia Telangiectasia mutated (ATM). The DDR 

serves to physically stabilize broken DNA ends as well as transduce signals between the 

DSB and downstream effectors involved in cell cycle checkpoint activation, apoptosis, 

and DNA repair.  

Here we demonstrate that the absence of ATM impairs thymocyte development at 

the DN stage as a result of defective rearrangement at the TCRβ locus.  We also describe 

non-canonical TCR rearrangements that occur between TCR loci on different 

chromosomes (trans rearrangements) as a result of simultaneous recombination in DN 

thymocytes.  We find that the frequency of trans rearrangement is dramatically increased 

in ATM-/- mice, and that cells carrying trans rearrangements can survive thymic 

selection and be found in the periphery. Furthermore we identify peripheral T cells in WT 

and ATM-/- mice that express a hybrid Vγ-Cβ TCR chain on the cell surface encoded by 

a trans rearranged chromosome.  Cells expressing the Vγ-Cβ hybrid receptor are 

developmentally dependent on TCRα expression, CD4 or CD8 single positive, MHC 

restricted and capable of differentiating into memory T cells.  This work provides insight 

into the molecular mechanism of TCR trans rearrangement, as well as the selection and 

function of rare but detectable TCR chains encoded by trans rearrangement in mouse T 

cells. 
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Chapter 1: Introduction  
 
 

 

T Lymphocyte Development 
 

Pre-thymic development 
T lymphocyte differentiation occurs within the thymus. However, immature 

thymocytes lack the capacity to self renew, and the thymus must be continuously seeded 

with progenitor cells that migrate from the bone marrow. All cells of the adult 

hematopoietic system are originally derived from a pool of long-term self renewing 

hematopoietic stem cells (HSCs) in the bone marrow [1]. Hematopoiesis occurs through a 

step-wise differentiation process that progressively restricts lineage potential with each 

developmental stage.  The earliest undifferentiated precursors in the bone marrow, 

including HSCs, display a surface phenotype devoid of markers specific for mature cell 

lineages (referred to as Lin-), and positive for stem cell antigen 1 (Sca1) and the stem cell 

factor (SCF) receptor cKit. These are referred to as LSK cells.  HSCs, which are the most 

primitive of the LSK population, are also negative for the cytokine receptor Flt3.  

Upregulation of Flt3 is thought to denote the earliest differentiation step from HSCs to 

multipotent progenitors (MPPs), which are LSK cells capable of differentiating into all 

hematopoietic lineages, but lacking the capacity to self-renew[2].   

In T and B lymphocyte development, the cells immediately downstream of MPPs 

are lymphoid primed multipotent progenitors (LMPPs) which retain myeloid potential but 

enact a lymphoid specific genetic program, including the expression of recombination 

activating gene 2 (RAG2), interleukin 7 receptor (IL7r) and sterile transcription of the 
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immunoglobulin loci.  Thus, while maintaining the potential to differentiate into cells of a 

non-lymphoid lineage, LMPPs display a marked bias toward a lymphoid fate[3, 4].  

Common lymphoid progenitors (CLPs), which are cKit- and thus not LSK cells, are the 

progeny of LMPPs and display further lymphoid-restricted lineage potential [5].   

The exact identity of the T cell precursors that leave the bone marrow and migrate 

via the blood to the thymus is not completely understood.  All of the aforementioned T 

cell progenitors are detectable in blood at similar relative frequencies as are found in the 

bone marrow[6]. Thus it is possible that all of these precursors are mobilized out of the 

bone marrow with roughly equal efficiency. However, cell transfer experiments with 

sorted populations of HSCs, LMPPs and CLPs have shown that only LMPPs and CLPs 

are capable of seeding the thymus from the blood to support further T cell differentiation, 

suggesting that these may be the critical subsets which mobilize from the bone marrow to 

populate the thymus[7] (Fig 1).   
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Figure 1 T lymphocyte development in bone marrow and thymus. Early stages of 
hematopoiesis occur in the bone marrow. There is a stepwise differentiation from self-
renewing hematopoietic stem cells (HSCs) to multipotent progenitors (MPPs)which lose 
the capacity for self-renewal. The expression of certain lymphoid specific genes marks 
the progression to lymphoid primed MPPs (LMPPs) which then further differentiate into 
common lymphoid progenitors (CLPs).  LMPPs and CLPs are capable of seeding thymic 
settling, and it is possible that these are the populations that exit the bone marrow and 
travel to the thymus.  After extravasation through the thymic venules at the cortico-
medullary junction, CD4/CD8 double negative (DN) 1 stage cells migrate toward the 
subcapsular zone, upregulate CD25 and become DN2 cells. Downregulation of CD44 
marks passage from DN2 to DN3 stage. For αβ T cells, expression of the pre-TCR at the 
end of the DN3 stage causes the downregulation of CD25 and passage into the highly 
proliferative DN4 stage.  This is followed by migration into the cortex and upregulation 
of CD4 and CD8 to enter the double positive (DP) stage.  Positive selection of the αβ 
TCR on cortical thymic epithelial cells (cTECs) is accompanied by migration into the 
medulla, downregulation of CD4 or CD8, and passage into the single positive stage.  In 
the medulla autoreactive T cells are deleted through strong interactions with peptide 
MHC complexes on medullary thymic epithelial cells (mTECs) or thymic DCs before 
release into the periphery.   
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Thymic development 
T cell development within the thymus ensures the generation of a functional T 

cell antigen receptor (TCR) repertoire [8]. Each TCR chain consists of a membrane 

proximal constant (C) domain and an extracellular membrane distal variable (V) domain.  

The V domain is encoded through the somatic rearrangement of discontinuous variable 

(V), diversity (D) and joining (J) gene segments in a process known as V(D)J 

recombination. Immature T cells rearrange four T cell receptor loci (TCRβ, TCRγ, TCRδ 

and TCRα) during the course of development in the thymus. The TCRβ and TCRδ loci 

consist of V, D and J gene segments and, in the mouse, undergo D-J recombination prior 

to V-DJ rearrangement whereas the TCRα and TCRγ loci lack D segments and 

recombine directly between V and J elements. Interestingly TCRα and TCRδ occupy the 

same locus, with all of the Vδ, Dδ, and Jδ genes located between the Vα and Jα 

clusters[9] (Fig 2). All V(D)J rearrangements are mediated by a complex of the 

recombination activating gene products 1 and 2 (hereafter referred to as RAG) which are 

expressed only at specific points in development and will be discussed in detail in later 

sections. 

  Developing αβ T cells progress sequentially through the CD4/CD8 double 

negative (DN), double positive (DP), and single positive (SP) stages before being 

released into the periphery as mature T cells. The DN stage is further subdivided into 

DN1 (CD44+ CD25-), DN2(CD44+ CD25+), DN3(CD44- CD25+), and DN4(CD44- 

CD25-) stages[10]. D-J rearrangement of the TCRβ and TCRδ loci as well as V-J 

rearrangement at TCRγ is initiated in DN2 cells but that the bulk of rearrangement at 
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TCRβ, TCRγ and TCRδ occurs in the DN3 population[11, 12] (Fig 4). Rearrangement of 

the TCRα locus occurs  

 

 

 

 

 

 
 
 
Figure 2 Organization of the TCR loci.  The four TCR loci are arranged as arrays of 
variable (V), diversity (D) and joining (J) gene segments. The TCRδ locus exists between 
the Vα cluster and the Jα cluster, such that any Vα-Jα rearrangement deletes the entire 
TCRδ locus. The nomenclature used for TCRγ genes is derived from Garman et al[13]. 
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subsequently during the DP stage[14] (Fig 4). Each TCR locus encodes a distinct TCR 

chain. However, a complete TCR molecule exists as a heterodimer of α and β (αβ TCR) 

or γ and δ subunits (γδ TCR) (Fig 3). TCR heterodimers do not contain intracellular 

signaling domains, and therefore must associate with the CD3 complex, which mediate 

intracellular signaling upon TCR stimulation.  αβ TCRs associate with the γ, δ, ε and ζ 

chains of the CD3 complex, while the γδ TCR associates only with γ, ε, and ζ chains[15]. 

Figure 3 T cell receptor structure. The TCR exists as a heterodimer of TCRα and 
TCRβ or TCRγ and TCRδ on the surface of αβ and γδ cells respectively.  Each TCR 
chain consists of a variable (V) domain encoded by the developmentally recombined V, 
D and J genes and a constant (C) domain encoded by the C genes.  Highly conserved 
cysteine residues immediately after the C domains participate in disulfide bonding 
between chains.  Complementarity determining regions (CDRs) within the V domains 
mediate specific TCR-ligand interactions.   
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The thymus is structurally compartmentalized into four major regions: the cortex, 

medulla, cortico-medullary junction (CMJ), and the subcapsular zone (SCZ). Movement 

between these regions exposes developing T cells to specialized signals provided by each 

zone that direct migration, differentiation and selection[16] (Fig 1). TCR and other 

critical receptors mediate interactions between developing thymocytes and the thymic 

microenvironment.  

DN1 
T cell progenitors enter the thymus through a dense network of blood vessels at 

the CMJ.  It is here that DN1 cells remain for ~10 days while proliferating 

substantially[17, 18].  DN1 cells are not fully committed T cells, and retain myeloid, 

natural killer and B lymphocyte potential[19].  Signals received by DN1 thymocytes 

through Notch receptor interactions with the delta-like 4 (DLL4) ligand on thymic 

epithelial cells (TECs) further constrain them to the T lineage, by both inducing a T cell-

specific genetic program and also by inhibiting the programs of alternate lineages[19].   

DN2/3 
During migration from the CMJ to the SCZ, DN1 cells upregulate CD25 and 

differentiate into DN2 cells at which point rearrangement is initiated at the TCRβ, TCRγ 

and TCRδ loci.  Recombination of these three loci continues after downregulation of 

CD44 and progression into the DN3 stage[12].  It is during this stage that the major 

bifurcation between the αβ and γδ T cell lineage occurs, the mechanism of which remains 

controversial[20]. It is possible that all DN3 cells are equally likely to adopt a γδ or αβ 

fate, and the lineage selected simply depends on which loci successfully rearrange and 

express a functional receptor first. This is known as the “instructive” model[21]. In the 
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case of γδ cells this would require productive recombination events at both TCRγ and 

TCRδ which would be expressed on the surface as a complete γδ TCR.  For αβ cells, in 

which TCRβ rearrangement precedes TCRα rearrangement by a full developmental 

stage, only a productive rearrangement at TCRβ would be required, which would then be 

expressed and pair intracellularly with the surrogate TCRα chain, preTα, resulting in the 

surface expression of the pre-T cell receptor (pre-TCR)[22, 23].   

A second model for αβ/γδ T cell bifurcation postulates that individual DN3 cells 

have enacted a genetic program predisposing them to either a γδ or αβ lineage prior to 

receptor expression, and that survival and selection of individual cells is dependent on the 

agreement of the receptor signal and the predisposed fate of that cell. This is known as 

the “stochastic/ selective” model.  In a third model, known as the “signal strength” 

model, γδ versus αβ lineage decisions are determined by strength of the signal coming 

from the TCR.  γδ TCR is expressed at a significantly higher level on the cell surface 

than is pre-TCR, thus the cumulative magnitude of the signal transduced per γδ cell could 

be significantly greater than that from a pre-TCR expressing cell, and it may be 

differential signal strength that drives γδ versus αβ lineage decisions[15, 21, 24].   

For αβ T cells, productive rearrangement of TCRβ and expression of pre-TCR 

allows the cells to traverse and critical checkpoint known as β selection[22, 23, 25].  

Signaling through pre-TCR is ligand independent and relies instead on the 

oligomerization of pre-TCR complexes on the cell surface[26].  This is due, in part, to 

preferential localization of pre-TCR complexes within lipid rafts. The process of β-

selection is accompanied by proliferation, differentiation and transient downregulation of 
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RAG gene expression and TCR recombination resulting in allelic exclusion of TCRβ 

rearrangement[21, 27, 28]. 

 

 

 

 

 

 
 
Figure 4 T cell development and TCR gene rearrangement.  V(D)J recombination is 
initiated at TCRβ, TCRγ  and TCRδ in the DN2 stage and continued into the DN3 stage.  
In the DN3 stage the bifurcation between αβ and γδ T cells occurs.  Productive 
rearrangements at TCRγ and TCRδ allows the expression of the γδ TCR and γδ T cell 
differentiation.  Productive rearrangement at TCRβ allows expression of the TCRβ chain 
which pairs with the pre Tα surrogate chain to form the pre-TCR.  Signals received 
through the pre-TCR drive downregulation of CD25 and expansion in the DN4 stage.  
TCRα recombination is initiated in the DP stage.  Multiple Vα-Jα rearrangements can be 
made at each allele during the process of receptor editing. Expression of an αβ TCR with 
intermediate avidity for peptide MHC complexes on cTECs results in positive selection 
into the SP stage and the termination of V(D)J rearrangement.   
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DN4 
Expression of pre-TCR and passage through β selection induces the 

downregulation of CD25 on the cell surface which marks the transition from DN3 to 

DN4 stages.  DN4 cells undergo a 100-1000 fold proliferative expansion in the SCZ and 

migrate into the thymic cortex.  DN4 cells in the cortex upregulate first the CD8 

coreceptor on the cell surface, resulting in CD8-expressing immature single positive 

(ISP) thymocytes, followed by the CD4 coreceptor and enter the DP stage of 

development (Fig 1,4).  

 

DP 
DPs represent 80-90% of total thymocytes, and it is during this stage that cell 

selection based on expression of a complete functional αβ TCR takes place. The RAG 

recombinase is re-expressed in DP cells and rearrangement of the TCRα locus is 

initiated. Productive TCRα rearrangement results in intracellular expression of the TCRα 

chain which pairs with the previously rearranged TCRβ chain, and is trafficked to the cell 

surface as a complete αβ TCR.   

Unlike immunoglobulin molecules which are capable of recognizing soluble 

antigens, TCRs are only capable of recognizing peptide antigens in the context of major 

histocompatibility (MHC) molecules displayed on the surface of antigen presenting cells 

(APCs)[29-31]. MHC class I (MHC I) and MHC class II (MHC II) molecules on the 

thymic stromal cells, macrophages and dendritic cells are responsible for the selection of 

CD8 SP and CD4 SP cells respectively[32]. Animals deficient in MHC I expression have 

a severe lack of CD8 T cells, and similarly MHC II deficiency results in a loss of CD4 
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cells[33, 34].  Mid-range avidity interactions between αβ TCR expressing DP cells and 

MHC molecules on cortical thymic epithelial cells (cTECs) provide critical survival 

signals that allow the cell to progress to the CD4 or CD8 single positive stage.  This is 

known as positive selection.  If an expressed αβ receptor on a DP cell has an avidity for 

MHC that is below a certain threshold, the survival signal will not be received and the 

cell will die by apoptosis (death by neglect).  Conversely, a DP cell will be negatively 

selected if the expressed TCR demonstrates a high avidity for self peptide-MHC 

complexes and the signal is above an optimal threshold[35].  A subset of DP thymocytes 

appear to survive high avidity interactions and become CD4+/CD25+, Foxp3-expressing 

regulatory T-cells [36].  

SP 
Positively selected thymocytes downregulate either CD4 or CD8 and enter the SP 

stage of development. This transition is accompanied by a migration from the cortex to 

the medulla, where more stringent negative selection occurs, mediated by medullary 

thymic epithelial cells (mTECs) and thymic dendritic cells[35, 37].  Negative selection in 

the medulla serves to shape the TCR repertoire such that T cells with a strong avidity for 

peptide-MHC complexes commonly found in the body are deleted, thereby reducing the 

possibility of autoimmunity.  To this end, mTECs express the autoimmune regulator 

(AIRE) transcription factor which mediates the expression and presentation of tissue 

specific antigens in the thymic medulla[38, 39]. This provides central tolerance of the T 

cell repertoire to self antigens that are likely to be encountered in the periphery. After 

roughly 10-12 days in the medulla, SP cells emigrate from the thymus into the periphery 
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as mature SP T cells where they populate the secondary lymphoid tissues such as the 

spleen and lymph nodes. 

V(D)J recombination and generation of TCR diversity 
The mechanism underlying lymphocyte antigen receptor diverisification was first 

discovered in the mid 1970’s by Susumu Tonegawa [40]. It was observed that the V and 

C gene segments of the IgH locus, which were already known to be separated within the 

genome, were found together on restriction digested fragments of Ig-expressing myeloma 

DNA but not in embryonic DNA, suggesting a developmentally programmed 

rearrangement of genomic DNA at the Ig loci had taken place[41]. Details of the process 

were subsequently elucidated by Tonegawa and others, with the discovery that Ig light 

chain V genes recombine to one of several small J gene segments proximal to the C 

genes, but not directly to the C gene[42, 43]. It was further described that VJ-C joining 

resulted from a splicing event on the mRNA transcript[42, 43].  Later, it was found that 

similar mechanisms were at work in T lymphocytes to generate T cell receptor genes.   

By the late 1980’s it was understood that antigen receptor loci existed as arrays of 

multiple V, D, and J gene segments that recombined in a developmentally programmed 

fashion and that recombination signal sequences (RSS) flanking the gene segments were 

essential, autonomous elements that could mediate recombination[44-46].  However, the 

molecular mechanism of recombination remained unclear. In 1989 and 1990 David 

Schatz and Marjorie Oettinger in the laboratory of David Baltimore identified the 

recombination activating genes 1 and 2 (RAG1 and RAG2) as the key elements 

mediating the V(D)J recombination reaction[47, 48].   
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RAG binding and synaptic complex formation 
Each V, D and J gene segment is flanked by a short, partially conserved RSS[44].  

These are comprised of a conserved heptamer sequence that is adjacent to the gene 

segment and a conserved nonamer sequence that is distal to the gene.  The heptamer and 

nonamer are separated by a less conserved spacer sequence of either 12 or 23 base pairs. 

RAG1 and RAG2 form a heterotetrameric complex (consisting of two RAG1/2 

heterodimers bound through RAG1-RAG1 interactions) that is formed prior to RSS 

binding. RAG1 and RAG2 are both absolutely required for V(D)J recombination, and 

mice deficient in either protein completely lack T and B cells due to an inability to 

express an antigen receptor[49, 50].  

RAG1 and RAG2 both contain “core” regions that are minimally sufficient to 

carry out recombination in vitro[51-56].  The RAG1 core region consists of a nonamer 

binding domain (NBD), which mediates initial binding of the RAG complex to the RSS 

as well as a region involved in heptamer binding that guides the precision of the 

subsequent DNA cleavage event.  It also contains the RAG2 binding domain and the 

active site for DNA cleavage catalysis.  RAG2 alone has no DNA binding capacity, but 

RAG1 requires bound RAG2 to efficiently cleave DNA.  DNA binding affinity and 

specificity are also greatly enhanced through the binding of RAG2. A plant 

homeodomain (PHD) motif within the non-core region of RAG2 may also help target 

RAG to transcriptionally active antigen receptor loci through interactions with 

trimethylated hisone 3 lysine 4 (H3K4me3)[57, 58]. In addition to RAG1 and RAG2,  in 

vitro recombination assays have also shown to be greatly enhanced by the presence of 

high mobility group proteins B1 (HMGB1) and B2 (HMGB2), which are ubiquitously 
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expressed molecules involved in DNA binding and bending. However, no non-redundant 

role in rearrangement has been demonstrated for these proteins in vivo[59]. 

A current model of initiation of rearrangement begins when the RAG 

heterotetramer binds to a single RSS via interactions between the NBD of RAG1 and the 

RSS nonamer sequence (Fig 5A).  Further interactions between the RAG complex and 

the RSS spacer and heptamer induce a conformational change that facilitates single 

stranded nicking of the DNA precisely at the junction of the gene segment and the 

heptamer exposing a 3’-OH at the end of the gene segment(Fig 5A). It appears that initial 

binding of the RAG complex occurs around the J gene clusters in most antigen receptor 

loci and another RSS from a separate V or D gene segment is captured to form a 

complete synaptic complex in which synchronous double strand breaks are induced 

[60](Fig 5B). There is a strong preference for synaptic complexes to form between RSSs 

with different spacer lengths according to the “12/23 rule” [42, 61].  In addition to spacer 

length, more subtle variations in the RSS sequence and the flanking gene segment can 

drastically influence the efficiency of RAG binding and rearrangement between two 

genes[62].  This is illustrated by the TCRβ locus, in which Vβ and Jβ segments are 

associated with a 23bp and 12bp RSS respectively, yet direct Vβ-Jβ rearrangement does 

not take place due to incompatibility of the RSSs. This phenomenon is known as the 

“beyond 12/23 rule”[63-65].  
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Figure 5 V(D)J recombination. On TCR loci containing D gene segments, D-J 
rearrangement precedes V-DJ rearrangement.  Interactions between the RAG1 nonamer 
binding domain (NBD) and the nonamer of the recombination signal sequence (RSS) 
initiate RAG binding at antigen receptor genes.  The complete cohort of RAG molecules 
bind to a single RSS as a heterotetramer and a single stranded DNA nick is induced at the 
junction of the gene and the heptamer.  The second RAG1 molecule in the complex 
“captures” and nicks the second RSS.  RAG catalyzes double strand break formation by 
direct transesterification of the –OH group exposed by DNA nicking resulting in hairpin 
terminated coding ends and blunt signal ends. The blunt ends require no processing and 
can be ligated directly into a signal joint that exists on an excised circle of intervening 
DNA. The coding ends require processing by molecules of the non homologous end 
joining pathway and are ligated into a coding joint that is part of the exon. 
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DNA cleavage, processing and repair 
After formation of the synaptic complex, consisting of a RAG tetramer bound to 

two nicked RSSs of separate gene segments, the 3’-OH exposed by nicking participates 

in a direct transesterification reaction with the opposite DNA strand, resulting in a  pair of 

DNA double strand breaks (DSB) (Fig 5C).  The products of the transesterification are 

hairpin-sealed coding ends (CEs) containing the gene segment and 5’ phosphorylated 

(blunt) signal ends (SEs) containing the RSS[66-74].  The DSBs generated by RAG 

during recombination activate molecules of the general cellular DNA damage response 

(DDR) machinery that respond to both endogenously (V(D)J recombination) and 

exogenously (genotoxic chemicals, radiation) generated DSBs encountered by all cell 

types[75].  The DDR, particularly the PI3-like serine/threonine kinase Ataxia 

Telangiectasia mutated (ATM), coordinate cellular responses to DNA damage, physically 

stabilize broken DNA ends and aid in the recruitment of DNA repair factors to the site of 

the break. The DDR will be discussed in detail in later sections. 

The four DNA ends generated by RAG are held together in a post-cleavage 

complex until they are resolved by components of the classical non-homologous end 

joining (NHEJ) apparatus (Fig 5D).  Unlike homologous recombination, which is 

restricted to S and G2 phases of the cell cycle because of its dependence on a sister 

chromatid as a repair template, NHEJ can directly join two broken DNA ends without 

sequence homology.  DNA breaks are initially detected by the DNA dependent protein 

kinase (DNA-PK) complex composed of a Ku70/Ku80 heterodimer and the large DNA-

PK catalytic subunit (DNA-PKcs).  Ku70/Ku80, based on its crystal structure, forms a 

hollow ring around the broken DNA ends [76] (Fig 6) and recruits and stabilizes DNA-

PKcs at the site of the break.  DNA-PKcs is a PI3-like serine/threonine kinase with 
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similar structure to ATM and ATM/Rad3-related (ATR), a molecule primarily involved 

in response to single stranded DNA damage in S phase. In addition to being a key 

activator of other repair factors, there is evidence that DNA-PKcs physically tethers DNA 

ends to prevent separation prior to joining[77, 78]. Mice deficient in DNA-PKcs have a 

severe combined immune deficient (SCID) phenotype due to a dramatic defect in V(D)J 

recombination[79-83]. 

The covalently sealed CEs require additional processing and this is performed in 

part by the enzyme Artemis, which is recruited via interactions with activated DNA-PKcs 

(Fig 6).  Upon phosphorylation by DNA-PKcs, Artemis’s endonucleolytic activity opens 

hairpin sealed ends at random points resulting in palendromic (P) nucleotides at the CEs.  

Artemis-deficient animals display a similar SCID phenotype to DNA-PKcs mutants, 

resulting from an inability to process hairpin-terminated coding ends.  Signal ends are 

resolved normally in Artemis-deficient mice because they are blunt ended and require no 

processing. Additional end processing is carried out by DNA polymerases µ and λ that 

synthesize the strand complementary to the P nucleotides as well as nucleases, which 

delete nucleotides from the CEs (Fig 6).  

An additional layer of CE processing is carried out by the DNA polymerase 

terminal deoxynucleotidyl transferase (TdT).  TdT is expressed only in developing T and 

B cells where it catalyzes the addition of non-templated (N) nucleotides to the available 

CEs (Fig 6).  The template-independent nature of TdT activity allows the introduction of 

tremendous variation from the germline sequence of the antigen receptor genes. 

Ligation of the processed coding ends into a coding joint is carried out by DNA 

ligase IV, which mediates all NHEJ ligation reactions (Fig 6). DNA ligase IV deficiency 
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results in embryonic lethality and older embryos display a nearly complete lack of 

lymphocytes, illustrating the importance of this molecule in DNA repair[84].   XRCC4 

and XRCC4-like factor (XLF) are additional non-enzymatic molecules that facilitate 

DNA ligase IV activity.  XRCC4 has an apparent role in the stabilization of DNA ligase 

IV, and XRCC4 deficient mice are viable but display a SCID phenotype. There is 

evidence that XLF, recruited by the Ku complex, allows DNA ligase IV to join 

incompatible DNA ends, or DNA ends that have no terminal microhomology[85, 86] and 

XLF deficiency has been associated with numerous cases of human SCID[87]. 

The blunt SEs in the post cleavage complex require no processing prior to 

ligation, and are resolved into a signal joint (SJ) by DNA ligase IV/ XRCC4, typically 

with no nucleotides lost or gained at the junctions. For most rearrangements, the signal 

joint creates an excision circle of intervening DNA between the rearranging genes. This 

DNA is ultimately lost from the chromosome upon multiple rounds of cell division. 

Coding joint formation occurs much more rapidly following DNA cleavage than signal 

joint formation.  This could be due to the fact that coding ends are released from the post-

cleavage complex, while signal ends remain bound to RAG, possibly protected from 

DNA ligase IV activity [66, 67, 71, 88].   
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Figure 6 Non homologous end 
joining (NHEJ). The DSBs 
induced during V(D)J 
recombination are resolved by non-
homologous end joining (NHEJ) 
enzymes that can directly ligate 
broken DNA ends that have little 
or no microhomology.  Broken 
ends are initially detected by the 
Ku70/Ku80 complex which 
recruits DNA-PKcs. Together 
Ku70, Ku80 and DNA-PKcs form 
the DNA-PK holoenzyme.  DNA-
PK recruits and activates Artemis 
which is a nuclease responsible for 
opening the covelantly closed 
hairpins at the coding ends.  
Imprecise opening of the hairpin 
causes single stranded overhangs at 
the ends which can be deleted by 
additional nuclease activity or 
filled in with complementary 
nucleotides on the other strand by 
DNA polymerases µ or λ. This 
results in short stretches of 
palendromic (P) nucleotides at the 
DNA end (red).  Additional 
modification of the junctional 
sequence is carried out by terminal 
deoxynucleotidyl transferase (TdT) 
which is a polymerase that 
randomly adds nucleotides 
(orange) to DNA ends in a 
template-independent fashion (N 
nucleotides). The joining step is 
carried out by a complex of DNA-
ligase IV, XRCC4 and XLF. Thus 
the resulting junction can contain 
many modifications both in the 
form of deletions, P nucleotide 
additions, and N nucleotide 
insertions. 
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TCR repertoire diversity 
The sequence variation introduced to the antigen receptor loci through V(D)J 

recombination allows the production of receptors with tremendous amino acid sequence 

diversity, capable of recognizing peptides derived from multitude of potential pathogens.   

An expressed immunoglobulin or TCR chain contains three complementarity determining 

regions (CDRs) that physically interact with antigen and MHC molecules.  CDRs 1 and 2 

are germline encoded within the V gene segments.  CDR3 is encoded by the V-D-J or V-

J junction and thus is the most diverse region of the receptor.   

In order for a rearranged antigen receptor gene to be expressed, the added and 

deleted nucleotides at the CDR3 must not disrupt the reading frame of the gene.  If a 

rearrangement is out-of-frame or introduces a premature stop codon, the mRNA will be 

unstable and degraded by nonsense-mediated decay (NMD)[89, 90].  For the TCRβ 

locus, D-J rearrangements occur at both alleles in each cell, but V-DJ rearrangement is 

asynchronous, such that only one allele undergoes V-DJ rearrangement at a time[91, 92].  

This monoallelic initiation of V-DJ rearrangement is the basis for allelic exclusion at the 

TCRβ locus. If the first V-DJ rearrangement is out-of-frame (non-productive), there is no 

pre-TCR signal and the second TCRβ allele may initiate V-DJ rearrangement.  If the 

second allele rearranges non-productively the lack of pre-TCR signal ultimately results in 

death. The TCRα locus is not allelically excluded and V-J rearrangement occurs at both 

alleles simultaneously.  Furthermore, each allele can undergo multiple rounds of 

rearrangement if initial rearrangements are non-productive, during the process of receptor 

editing[14, 93]. Once an in-frame TCRα rearrangement occurs with the appropriate 

aviditiy for MHC molecules on cTECs, the cell is positively selected, RAG is 

downregulated and rearrangement ceases[94].     
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As mentioned previously, the antigen receptor loci contain multiple gene 

segments of each type (V, D or J) and these gene segments recombine in many different 

combinations.  The receptor diversity achieved by utilizing all possible combinations of 

gene segments is referred to as combinatorial diversity.  Even greater diversity is 

imparted to the receptor through the DNA end processing during the NHEJ stage of 

V(D)J recombination. This is referred to as junctional diversity. Thus, even though the 

combinatorial diversity of a receptor is derived from a limited number of different V-D-J 

gene combinations, random nucleotide deletions and insertions at the CDR3 allow a 

much higher level of repertoire diversity to be achieved. For each antigen receptor chain 

the theoretical diversity is a product of the combinatorial diversity of the locus and the 

junctional diversity of the CDR3.   Total diversity is compounded further by the pairing 

of two different antigen receptor chains on the cell surface.   

In the case of αβ T cells the total theoretical diversity of a TCR is >5x1015 unique 

heterodimers[95].  However, this estimate is far beyond what would be observed in a 

single human or mouse.  The process of positive and negative selection in the thymus 

reduces the functional repertoire released into the periphery by ~100 fold, resulting in an 

estimated theoretical diversity in the periphery to ~1013 unique αβ TCRs[96].  

Furthermore, the diversity in a single animal cannot exceed the number of T cells in that 

animal. Thus the maximum possible αβ TCR diversity is ~1-2x108 for an individual 

mouse and ~1x1012 for an individual human. Direct estimates of the actual αβ T cell 

repertoire in individual mice and humans have been made using multiple CDR3 

sequencing approaches and have produced numbers in the range of 2x106 unique αβ 

TCRs for the mouse and 2.5x107 for humans[97-100].  With such a disparity between the 
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observed diversity and the theoretical diversity of the T cell repertoire, it would be 

expected that there would be very little overlap in TCR repertoire between individuals.  

Indeed, analysis of the TCRβ repertoire between individual inbred mice has revealed that 

~80% of the TCRβ sequences are found only within a single animal, while the remaining 

~20% are shared between animals[97].  The repertoire variation between individuals 

contributes to the “private” T cell response, where the activated clone has a CDR3 amino 

acid sequence unique to that particular animal.   This is in contrast to “public” T cell 

responses in which a given antigen will activate clones with identical amino acid 

sequences in multiple animals[101].   

 

DNA Double Strand Break Response 
DNA damage can be introduced to the genome in multiple forms by multiple 

mechanisms.  Developmentally induced double strand breaks (DSBs), like the ones 

created by RAG during V(D)J rearrangement or by activation induced cytidine 

deaminase (AICDA) during the B cell specific process of class switch recombination, are 

particularly hazardous lesions because they leave no complementary strand to serve as a 

template for repair.  Thus, DSBs are highly susceptible to mutation in the form of 

nucleotide additions or deletions, chromosomal translocations or loss of chromosomal 

fragments.  In addition to the endogenous breaks that occur during the physiologic 

processes of V(D)J recombination, DSBs are also induced by exogenous factors like 

ionizing radiation and genotoxic chemicals.  

Repair of DSBs occurs by two major pathways, homologous recombination (HR) 

and NHEJ. Post replicative cells in S and G2 phases of the cell cycle implement HR by 
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utilizing the homologous sequence on the sister chromatid as a template to repair the 

DNA while preserving the exact sequence without mutation.  In contrast, NHEJ mediates 

the direct ligation of DNA ends without any sequence homology in all phases of the cell 

cycle. Due to the lack of homology, NHEJ is more error prone than HR, and is more 

likely to introduce mutations to the DNA junction[102].   

Beyond the repair factors that directly mediate the resolution of DNA breaks, 

cells have evolved a highly sensitive and efficient DNA damage response (DDR) capable 

of recognizing DNA breaks and transducing signals that modulate cell cycle progression, 

induction of apoptosis, and recruitment of DNA repair factors. The molecular 

components of the DDR can be broadly categorized as sensors, transducers and effectors. 

The sensor molecules for DSBs in G1 stage are a complex of Mre11, Rad50 and Nbs1 

(hereafter referred to as the MRN complex)[103, 104].  Upon direct binding of the MRN 

complex to DNA ends, interactions between the C-terminal domain of NBS1 and the 

inactive homodimeric form of ATM induce autophosphorylation of ATM and 

dissociation into its active monomeric form[105-109] (Fig 7).  Activated ATM kinase is 

the apical signal transduction molecule of the DDR, with many confirmed and putative 

phosphorylation targets[110-112]. Among the earliest targets of ATM phosphorylation 

following a DSB is the variant of histone 2A, H2AX (Fig 7).  H2AX represents about 

10% of total H2A in chromatin, and it is selectively phosphorylated by activated ATM on 

its C-terminal tail[113, 114]. The phosphorylated form of H2AX, referred to as γH2AX, 

interacts directly with mediator of DNA damage checkpoint 1 (MDC1), and together 

these molecules play a critical role in the recruitment and retention of DDR molecules at 

sites of damage[115, 116] (Fig 7). Mice deficient in H2AX have pronounced genomic 
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instability accompanied by immune deficiency[117]. ATM also modulates the chromatin 

structure in the immediate vicinity of the break by phosphorylating Kap1, which relaxes 

chromatin surrounding the DSB, possibly improving the accessibility of the region to 

repair factors[118-121].   

Additional effector molecules involved in broad downstream cellular responses 

are recruited to the site of the break and activated by ATM.  A critical function of the 

DDR is to enforce DNA damage checkpoints that prevent cell cycle progression prior to 

repair of DSBs as well as induce apoptosis if the DNA damage is persistent and 

irreparable. ATM initiates complex signaling cascades that ultimately result in the 

downstream activation of tumor suppressor molecules like p53, CHK1 and CHK2 which 

regulate cell cycle progression through direct and indirect interactions with cyclin 

dependent kinases (CDKs) at the G1-S transition (Chk2, p53) and the G2-M transition 

(CHK1, CHK2)[122-127]. These molecules also control the induction mitochondrial 

apoptosis in instances of prolonged DNA damage.  Additional factors that localize to the 

site of DSBs include p53 binding protein 1 (53BP1)[128-130], and breast cancer 

susceptibility gene 1 (BRCA1). 

Recruitment and activation of effector molecules to sites of DNA damage initiates 

positive feedback loops resulting in the accumulation of DDR molecules within a 

massive region of chromatin (1-2 megabases) extending outward from a DSB.  These foci 

of DDR molecules are visible by fluorescent microscopy and have been used extensively 

to evaluate the presence of DNA damage as well as the kinetics of the DDR[131, 132].  

Using a combined immunofluorescence/ fluroescent in situ hybridization technique it has 

been shown that NBS1 and γH2AX foci are present at the TCRα locus in DP thymocytes, 
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suggesting that these molecules form foci in response to RAG mediated cleavage[75]. It 

is speculated that the accumulation of signaling molecules on such a large region of 

chromatin surrounding a break may aid in both the physical stabilization of the DNA 

ends as well as the amplification of signals that promote a rapid cellular response to as 

few as one DSB[116].    For most focus-forming molecules, the foci are visible within 

minutes of DSB induction and remain for ~8-12 hours, with each molecule having 

slightly different kinetics. Following repair of the DNA lesion, foci are disassembled over 

the course of several hours through the activity of protein phosphatases such as 

PP2A[133, 134]. 

Thus DNA DSBs trigger a response mediated in large part by the serine/threonine 

kinase ATM that serves to maintain the stability of the genome by blocking cell cycle 

progression to prevent the replication of damaged DNA and by initiating a pro-apoptotic 

program to eliminate cells with intractable DNA damage.  In addition to these pathways, 

there is interplay between the ATM-mediated DDR and the NHEJ apparatus.  

Hyperphosphorylation of Artemis following DNA damage requires ATM[135-137].  

Molecules involved in end-joining however do not form detectable foci, suggesting that 

accumulation of these factors en masse is not required for efficient resolution of 

DSBs[138].   
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Figure 7 DNA double strand break (DSB) response. DSBs are initially bound by a 
complex of Mre11, Rad50 and Nbs1 (MRN complex).  Direct interactions between Nbs1 
and the inactive dimeric form of ATM induce ATM autophosphorylation and dissociation 
into activated monomers.  Activated ATM phosphorylates H2AX to make γH2AX which 
is bound by MDC1.  MDC1 and γH2AX recruit and retain additional effector molecules 
in a feedback loop that can extend across 2 megabases of chromatin.  Downstream 
effectors include Chk1, Chk2, and p53 which enforce cell cycle checkpoints and induce 
apoptosis in cases of chronic DNA damage.  ATM also activates repair molecules such as 
Artemis which facilitates resolution of DNA breaks in conjunction with other NHEJ 
molecules.   
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AtaxiaTelangiectasia and other DDR deficiencies 
Ataxia Telangiectasia (AT) is an autosomal recessive disorder caused by an 

inherited homozygous mutation in the ATM gene.  In most cases, the mutation results in 

a truncated non-functional or hypomorphic ATM protein.  The disorder generally 

manifests in early childhood and is characterized by progressive cerebellar ataxia 

(uncoordinated movements), severe radiosensitivity, enlarged blood vessels of the skin 

and eyes (telangiectasia), absence of or very small thymus gland and pronounced 

immunodeficiency.  The average life expectancy of AT patients is 25 years, and the most 

common causes of death are chronic lung infections (33%), and cancer (25%). 

One of the most striking features of AT is the dramatically increased risk of 

leukemia and lymphoma, typically of T cell origin.  These tumors are primarily of three 

types: T cell acute lymphocytic leukemia (T-ALL), particularly in the younger subset of 

AT patients, T cell prolymphocytic leukemia (T-PLL), and T cell chronic lymphocytic 

leukemia (T-CLL), more commonly developed in adult AT patients.  These tumors carry 

multiple chromosomal abnormalities, invariably including translocations or inversions 

with breakpoints at the TCR loci. Most frequently observed is an inversion or 

translocation of chromosome 14 with breakpoints mapping to the TCRα/δ locus and the 

T cell leukemia 1 (TCL1) protooncogene[139].  TCL1 is an AKT kinase coactivator that 

enhances AKT mediated survival and proliferation[140].  These translocations juxtapose 

the TCL1 gene with the powerful enhancers and promoters of the TCRα/δ locus.  For this 

reason, the overexpression of TCL1 in T cells is thought to be the major transforming 

event in the majority of these tumors.  Less commonly translocations are observed 

between the TCL1 locus and the TCRβ locus on chromosome 7[139].  
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It has also been observed that ~10% of non-transformed peripheral T cells of AT 

patients carry chromosomal abnormalities involving the TCR loci.  However, unlike the 

tumors which contain clonal translocations involving TCL1, peripheral T cells have a 

high incidence of translocations between TCR loci, referred to as trans rearrangements. 

In the human both the TCRβ and TCRγ loci are located on opposite arms of chromosome 

7, and the most common chromosomal rearrangement observed in non-transformed T 

cells is a chromosome 7 inversion, with breakpoints at the TCRβ and TCRγ loci.  Trans 

rearrangements also occur between the TCRα/δ locus on chromosome 14 and TCRβ or 

TCRγ[141-143].   

The presence of normal lymphocytes in AT patients is evidence that ATM is not 

absolutely required for normal V(D)J recombination, but clearly has an effect on the 

efficiency and fidelity of rearrangement as evidenced by the reduced numbers of normal 

lymphocytes and increased frequency of TCR associated chromosomal abnormalities. 

The cytogenetic abnormalities in AT point to a critical role of ATM in stabilizing DNA 

and promoting the timely repair of breaks during the process of V(D)J recombination. 

Mutations in other DDR molecules have also been attributed to genomic 

instability disorders in humans. Nijmegen breakage syndrome (NBS)  and Ataxia 

Telangiectasia like disorder (ATLD), caused by hypomorphic mutations in the NBS1 and 

Mre11 genes respectively, are similar to AT in clinical presentation[144].   Both of these 

molecules are components of the MRN complex, which contributes to the initial 

recruitment and activation of ATM in response to DSBs, and the phenotypes of these 

deficiencies is likely due in part to reduced ATM activity.   
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ATM-/- mice  
ATM-/- mice were generated by introducing a truncation mutation to the ATM 

gene on mouse chromosome 11, similar to that found in many AT patients[145].  This 

model recapitulates many features of the human disease, including radiosensitivity, 

impaired thymic development and immunodeficiency corresponding to a severe 

peripheral lymphopenia.  Unlike human AT patients who develop T cell leukemia and 

lymphoma arising from peripheral T cells, ATM-/- mice develop thymic lymphoma with 

a high (>80%) penetrance between 2-6 months of age.  The phenotype of the tumors is 

that of an immature DP thymocyte (CD3-, CD4+, CD8+).   Similar to the human tumors, 

the thymic lymphomas carry characteristic translocations involving TCR loci, however 

the most commonly observed rearrangement in these cells is a translocation between the 

TCRα/δ locus on chromosome 14 and variable points on chromosome 12[146, 147].  

There has been no recurrent proto-oncogenic partner of the TCRα/δ locus identified in 

these tumors.  Recent studies have shown that the breakpoint within the TCRα/δ locus 

maps to the TCRδ region, suggesting that this translocation occurs during TCRδ 

rearrangement in DN2/3 stage rather than during TCRa rearrangement in DP stage[148].  

Knockout or hypomorphic mouse models of many other DDR molecules such as 

H2AX, Nbs1, Mre11 and 53BP1 have been developed and in most cases display 

phenotypic overlap with ATM deficiency, although generally not as severe[117, 149-

151].  Interestingly, 53BP1 deficient mice have a severe defect in class switch 

recombination[152] perhaps suggesting a function in the large scale reorganization of 

chromatin to facilitate gene interactions across long spans of DNA[153].   
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Chapter 2: The effect of ATM deficiency on TCRβ  locus 
rearrangement and repertoire formation 
 

Introduction 
Productive rearrangement of TCR loci is required for passage through numerous 

developmental checkpoints.  For αβ T cells the two major receptor-dependent 

checkpoints occur at the DN3-DN4 transition where productive rearrangement of TCRβ 

is required for expression of the pre-TCR, and the DP-SP transition where TCRα 

rearrangement and expression is required for positive selection of DP thymocytes.  

Previously it has been shown that ATM-/- mice have a pronounced developmental block 

at the DP-SP transition.  Of total thymocytes, the proportion of CD4 or CD8 SP 

thymocytes is significantly reduced in ATM-/- mice compared to WT.  This decrease 

corresponds to a relative increase in the proportion of DP cells, consistent with impaired 

transition from the DP to SP stages resulting in an accumulation of cells at the DP 

stage[145, 154, 155].  Real-time PCR analysis revealed that ATM-/- DPs have a ~50% 

reduction in the fraction of TCRα alleles with complete Vα-Jα rearrangements compared 

to WT DPs[155].  Furthermore, unresolved coding ends accumulate in ATM-/- DPs 

compared to WT cells, reflecting a delay in DSB repair in the absence of ATM[155, 156]. 

Introduction of an αβ TCR transgene to ATM-/- mice bypasses the need for efficient 

V(D)J rearrangement and rescues the DP-SP transition defect[155].  Taken together, 

these data suggest that impaired rearrangement of the TCRα locus in ATM-/- DPs 

reduces the proportion of cells expressing a complete αβ TCR and thus the proportion of 

cells capable of undergoing positive selection to the SP stage.   
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Defects in the TCRβ dependent DN3-DN4 transition in ATM-/- mice have been 

more difficult to demonstrate.  This could be due to the fact that DN4 cells undergo a 

tremendous proliferative burst that may compensate for reduced numbers of DN3 cells 

successfully passing through β selection.  It has been shown that ATM-/- DN2/3 cells 

have an accumulation of coding end breaks at the TCRβ locus, but it has not been 

demonstrated that there is an overall reduction in complete TCRβ rearrangement in these 

cells[156].  We hypothesized that, similar to the TCRα dependent DP-SP transition, 

impaired rearrangement of the TCRβ locus in ATM-/- DN2/3 cells results in a smaller 

proportion of pre-TCR-expressing DN3 cells and consequently a smaller population 

passing into the DN4 stage.  

A delay in coding joint formation in ATM-/- DN2/3 cells could also have 

consequences for the TCRβ repertoire, due to additional coding end processing that may 

take place at a prolonged break.  It is possible that in the absence of ATM, broken coding 

ends are available to end processing enzymes, such as nucleases and TdT, for a longer 

period of time and that coding joints in ATM-/- lymphocytes would reflect this in the 

frequency of nucleotide additions or deletions at the Vβ-Dβ-Jβ junction.  Here we 

analyze the effect of ATM deficiency on complete Vβ-Dβ-Jβ rearrangement in DN2/3 

thymocytes and on the passage through the β-selection checkpoint.  We also use deep 

sequencing of the TCRβ locus to analyze ATM-dependent effects on the junctional 

repertoire at the TCRβ locus in peripheral T lymphocytes as well as thymocytes. 
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Materials and Methods 

Mice.  
ATM-/- mice were generated through a mutation of the ATM gene at nucleotide 

5790 resulting in a truncation of the protein[145].  ATM+/- breeders were used to 

generate ATM-/- progeny as well as ATM+/+ littermates that were used as WT controls.  

All analysis was done at 6-12 weeks of age. Animals were maintained at Bioqual 

(Rockville, MD) and all procedures were approved by the National Cancer Institute 

Animal Care and Use Committee.   

Real-time PCR analysis of TCRβ  rearrangement 
Genomic DNA was isolated from flow sorted DN2/DN3 thymocytes (Lin-, 

CD25+) from a pool of 5-7 ATM-/- mice and ATM+/+ controls. 40-75ng of genomic 

DNA was used to amplify specific Vβ-Jβ rearrangement combinations using RT² 

SYBR® Green qPCR Mastermix (SA Biosciences).  Primer sequences are as follows: 

BV3F CCTTCAAACTCACCTTGCAGC, BV5F CCCAGCAGATTCTCAGTCCAAC, 

BV6F TCTGCCCAGAAGAACGAGAT, BJ1.1R ACTGTGAGTCTGGTTCCTTTACC, 

BJ1.4R GACAGCTTGGTTCCATGACCG, BJ2.1R 

GTGAGTCGTGTCCCTGGTCCGAAG, BJ2.7R CTAAAACCGTGAGCCTGGTGC. 

Reactions were run on a 7900HT Fast Real Time PCR System (Applied 

Biosystems) and data were collected and analyzed with SDS 2.3 software (Applied 

Biosystems).  Each Vβ-Jβ reaction was normalized to a control amplification on the same 

DNA sample of an invariant, non-rearranging region of the TCRα locus (Cα) using the 

following formula: 1.9−CtV-J
β/1.9−CtCα where Ct is the threshold of amplification.  The 

normalized values were averaged between five independent experiments and statistical 
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significance was calculated using a paired Student’s T test.  Amplification products were 

verified by dissociation curve analysis and gel electrophoresis.   

Immuno FISH analysis of TCRβ  and 53BP1 foci 
Flow sorted DN2/DN3 thymocytes from 5-7 ATM-/- and ATM+/+ mice were 

affixed to glass Shandon Cytoslides (Thermo Scientific) coated with BD CellTak and 

Tissue Adhesive (BD Biosciences) by incubation at 37C in 1X PBS. Cells were fixed in 

100% methanol, washed in 1X PBS and blocked in 1X PBS, 5% goat serum, 1% BSA.  

Slides were stained with rabbit anti-53BP1 (Novus), washed in 1X PBS and stained with 

goat anti-rabbit IgG conjugated to Alexa-647 (Invitrogen).  Chemical crosslinking was 

performed using ethylene glycol bis(succinimidyl succinate) (EGS) solution (Sigma) 

followed by RNase A treatment.  Chromosomal DNA was denatured with 0.1M NaOH 

followed by the application of a denatured TCRβ-specific FISH probe generated by nick 

translation labeling of the RP23 284 D11 BAC construct with biotin-conjugated dUTP 

(Roche).  After overnight hybridization the slides were washed and stained with FITC-

conjugated streptavidin (BD Biosciences).  Imaging of the slides was done using a Zeiss 

LSM 510 Meta confocal microscope with a 63x objective. Blinded analysis of 53BP1 

focus colocalization with TCRβ FISH signals was done using Zeiss AIM software and 

scored for 300-400 individual cells for each genotype in two independent experiments.   

 

Cell staining and purification. Single cell suspensions were prepared and stained for 

flow cytometry as previously described and analyzed on an LSR II (BD Biosciences). All 

data analysis was performed using FlowJo software (Tree Star, Inc., Ashland, OR). To 

identify DN cells, lineage-positive cells were gated out by staining with biotin-conjugated 
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mAbs specific for CD4, CD8, H57, TCRγδ, B220, Mac-1, NK1.1, and GR-1 followed by 

staining with Avidin-Alexa 594. DN subsets were identified by staining with anti-CD25 

and anti-CD44 mAb. All sorting was done on a FACSAria cell sorter (BD Biosciences).  

High throughput sequencing of Vβ-Dβ-Jβ  rearrangements  
Naïve CD4 T cells (CD4+,CD44-) were electronically sorted from the pooled 

splenocytes of 2 ATM-/- and the pooled splenocytes of 2 ATM+/+ mice. CD4/CD8 DP 

thymocytes were sorted from 2 individual ATM-/- TCRα-/- and 2 individual ATM+/+ 

TCRα KO mice. Genomic DNA was isolated from the sorted populations and deep 

sequencing of TCRβ rearrangements was performed by ImmunoSEQTM sequencing 

(Adaptive Biotechnologies, Seattle WA). Analysis of the derived sequences was done 

using the ImmunoSEQ Analyzer software.  Between 85,000 and 140,000 unique TCRβ 

Vβ-Dβ-Jβ junctional sequences were obtained for each sample. For each sequence the 

number of nucleotides deleted from the germline sequence as well as the number of N 

nucleotides added at the junctions were calculated by the ImmunoSEQ Analyzer software 

and the average was calculated for all unique sequences within that sample.  

 

Results 

ATM-deficient DN2/DN3 thymocytes exhibit defective V(D)J rearrangement 
at TCRβ  

To determine if ATM deficiency has an effect on TCRβ recombination, we 

evaluated the TCRβ locus, which undergoes RAG-mediated cleavage and recombination 

during the DN2/3 stage.  First, we sought to learn whether the delay in DNA repair in the 

absence of ATM resulted in a higher fraction of DN2/3 thymocytes containing DSBs at 
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the TCRβ locus.  To do this, we used fluorescent in situ hybridization (FISH) for the 5’ 

end of the TCRβ locus, combined with immunofluorescent staining for 53BP1, a DNA 

damage response molecule that accumulates at chromatin flanking a DSB and can be 

detected as an immunofluorescent focus. 53BP1 is an ideal marker of DNA damage for 

this particular study because it is efficiently recruited to sites of DSBs both in the 

presence and absence of ATM, thus 53BP1 foci can be readily detected in ATM-/- 

cells[129].  This approach enabled us to visualize DNA breaks at the TCRβ locus in 

sorted DN2/3 thymocytes from WT and ATM-/- mice.  We found that, in WT mice, the 

TCRβ locus colocalized with 53BP1 foci in 4.5% of DN2/3 thymocytes, compared to 

10.9% in the ATM-/- (Fig 8B).  This is consistent with reports that ATM-/- DN2/3 

thymocytes contain an elevated frequency of coding end breaks at TCRβ gene segments 

compared to WT[156].   

 



   

 

36 

 

Figure 8 Persistent DNA breaks in ATM-/- DN2/3 thymocytes.  Immunofluorescent 
staining for 53BP1 was combined with fluorescent DNA hybridization at the TCRβ 
locus. A) A representative cell showing colocalization of 53BP1 and the TCRβ locus. B) 
Summary of 3 independent experiments plotted as the average percentage of cells with 
53BP1/ TCRβ colocalization for at least one TCRβ allele. p=0.00075. Figure adapted 
from K. Hathcock 

 

One potential consequence of increased persistence of broken coding ends at the 

TCRβ locus would be a reduction in partial Dβ-Jβ or complete Vβ-DβJβ rearrangement 

in ATM-/- DN2/DN3 thymocytes.  We evaluated this possibility using real-time PCR of 

genomic DNA from flow sorted DN2/DN3 thymocytes with primers specific for multiple 

Vβ and Jβ gene segments.  The primer sites are positioned such that only rearrangement 

between the indicated gene segments will yield a product. All reactions were normalized 

to an invariant region of the Cα locus, to adjust for any differences in the quantity of 
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template DNA in the reaction. Of the 12 Vβ-Jβ combinations analyzed, 7 show a 

statistically significant reduction in complete recombination in the ATM-/- when 

compared to WT, suggesting that a lower fraction of DN2/DN3 thymoctyes in the ATM-

/- are able successfully rearrange the TCRβ locus (Fig 9A).    These results demonstrate a 

correlation between ATM deficiency and the persistence of DNA breaks at the TCRβ 

locus in DN2/DN3 thymocytes, and a possible consequent impairment of complete Vβ-

Dβ-Jβ recombination.  From this we conclude that repair of DNA breaks at TCRβ is 

delayed in ATM-/- cells undergoing rearrangement, and that ATM is important for 

normal levels of TCRβ recombination to occur.  
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Figure 9 Rearrangement and expression of TCRβ  is impaired in ATMKO DN3 cells 
A) Genomic DNA was isolated from sorted ATMWT and KO DN2/3 cells. Vβ-DJβ 
rearrangements were assessed by real-time PCR analysis and normalized to invariant Cα. 
This plot is the average expression + SEM of seven ATM WT and KO data sets analyzed 
in four real-time PCR experiments. *p<0.05, **p<0.01 B) Flow cytometric histograms 
showing intracellular TCRβ staining in DN3 and DN4 cells from a representative 
ATMWT and KO comparison. Five ATM WT and KO comparisons were analyzed. As 
compared to ATMWT DN3 cells 30 + 6% fewer ATMKO DN3 cells express intracellular 
TCRβ (p=0.004). Figure adapted from K. Hathcock. 
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Intracellular expression of TCRβ  is impaired in ATM-/- DN3 cells 
To determine if the reduction of complete Vβ-Dβ-Jβ rearrangement observed in 

ATM-/- DN2/3 cells corresponds to a reduction in the percentage of DN3 cells positive 

for intracellular TCRβ protein we performed intracellular staining using an antibody 

specific for the Cβ domain of the TCRβ chain.  We found a significant (~2-fold) 

reduction in the percentage of Cβ+ cells in the DN3 population from the ATM-/- but not 

in the post selection DN4 population (Fig 9).  This is consistent with the similarly 

reduced fraction of cells successfully rearranging the TCRβ locus (Fig 9A).   

ATM-/- thymocytes have a developmental block at the DN3-DN4 transition 
A reduction in complete TCRβ rearrangement and expression of TCRβ protein 

suggests a possible defect in the ability of ATM-/- DN3 thymocytes to pass through the 

β-selection checkpoint.  To test this, we analyzed the DN3:DN4 ratio in thymocytes from 

WT and ATM mice. We found that ATM-/- mice had significantly higher DN3:DN4 

ratios than WT mice (Fig 10). This indicates an excess of DN3 cells relative to DN4s in 

the absence of ATM, consistent with a developmental block at this transition.   
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Figure 10 ATM deficiency impairs the DN3-DN4 transition Flow cytometric profiles 
depicting CD44 and CD25 staining in lineage negative ATM WT and KO DN cells and 
the corresponding DN3/DN4 ratios. (C) Quantification of DN3/DN4 ratios measured in 
ATM WT and KO thymi (p<0.025). Figure adapted from K. Hathcock 
 
 

Altered TCRβ  CDR3 characteristics in ATM-/- T cells 
We next analyzed particular features of Vβ-Dβ-Jβ CDR3 junctions in WT and 

ATM-/- mice by deep sequencing of the TCRβ locus.  To do this we used ImmunoSeq 

technology (Adaptive Biotechnologies) which utilizes a multiplex PCR approach to 

amplify all Vβ-Jβ combinations from a genomic DNA sample, followed by massive 

parallel sequencing of the PCR products to give the full spectrum of TCRβ 

rearrangements within the sample. We performed three comparisons between WT and 

ATM-/- mice on two different cell populations.  We analyzed four samples of genomic 

DNA from thymic DPs sorted from TCRα KO mice on either a WT (2 samples) or ATM-

/- (2 samples) background.  TCRα KO mice cannot express a complete αβ TCR and thus 

cannot be positively selected and mature into SP thymocytes.  This allows us to analyze 

the effect of ATM on the TCRβ repertoire independent of any selection events beyond β 

selection.  We also analyzed sorted naïve (CD44-) CD4 T cells from the spleen of WT or 
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ATM-/- mice to investigate any repertoire differences that may exist in the functional 

peripheral T cell pool.  

Each sample provided 3x106-15x106individual sequences of which 8x104-15x104 were 

unique. Because we used genomic DNA as a template, the sequences were a mix of in-

frame and out-of-frame rearrangements which we segregated for further analysis. For 

each individual sequence, we analyzed the number of nucleotides deleted from the coding 

flank of 3’Vβ, 5’Dβ, 3’Dβ and 5’Jβ genes as well as the number of template independent 

N nucleotides present at the Vβ-Dβ and Dβ-Jβ junctions.  The average number of 

nucleotides deleted or inserted from all of the unique in-frame or out-of-frame 

rearrangements show small but highly significant differences between the WT and ATM-

/- samples (Fig 11A-E).  Furthermore the pattern of observed differences between WT 

and ATM-/- mice for both in-frame and out-of-frame sequences is consistent across all 

samples analyzed.  TCRβ CDR3 junctions from ATM-/- mice appear to have more 

nucleotides deleted from the 3’Vβ, and the 5’Dβ coding flanks.  Interestingly, the ATM-

/- samples consistently have fewer nucleotides deleted from the 3’Dβ coding flank and 

the pattern of Jβ deletions did not appear to be consistent across samples. The average 

number of N nucleotides added at both the Vβ-Dβ (n1 insertions) and Dβ-Jβ (n2 

insertions) are significantly increased in the ATM-/- samples. ATM deficiency does not 

appear to have a significant effect on the overall length of the CDR3, but there is a 

significant decrease in CDR3 length in peripheral CD4+ T cells compared with 

thymocytes for pooled in-frame and out-of-frame sequences (Fig 

11
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Figure11 ATM deficiency alters the in-frame and out-of-frame sequences of TCRβ  
CDR3 regions in pre- and post-selection T cells. A,C) Nucleotide deletions and additions 
from in-frame TCRβ CDR3 regions sequenced from ATM WT and KO TCRα KO DPs (A) 
and naïve CD4+ T cells (C) . B,D) Nucleotide deletions and additions from out-of-frame 
TCRβ CDR3 regions sequenced from ATM WT and KO and TCRα KO DPs (B) and naïve 
CD4+ T cells (D). Each data point represents more than 55,000 sequences and p values are 
indicated (E). P values for all comparisons shown in (A-D).  F)CDR3 length comparison 
between TCRα KO DPs and naïve splenic CD4 cells. ATM WT and KO samples were pooled. 

 

E 
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Discussion 
ATM deficiency in mice and humans is characterized by immunodeficiency 

corresponding to T cell lymphopenia in peripheral tissues.  The block in thymocyte 

development between the DP and SP stages observed in ATM-/- mice has been thought 

to be the primary mechanism by which this lymphopenia occurs.  The data presented here 

demonstrate for the first time that ATM deficiency affects earlier stages of T cell 

development by causing prolonged DNA breaks at TCRβ and consequently an 

impairment of complete TCRβ rearrangement.  This impairment results in a block in the 

DN3-DN4 transition perhaps more subtle than the block in the DP-SP transition due to 

compensatory proliferation in the DN4 stage.  Thus the immunodeficiency caused by T 

cell lymphopenia in ATM-/- mice is the result not only of the severe DP-SP transition 

block but also of a DN3-DN4 transition block caused by defective TCRβ recombination, 

preTCR expression and β-selection. 

Our analysis of TCRβ CDR3 regions reveals that, in addition to an overall 

decrease in TCRβ rearrangement in ATM-/- mice, there are qualitative differences in the 

rearrangements that do take place.  The reduced CDR3 length observed in peripheral T 

cells compared to thymocytes has been described previously and is thought to be due to 

preferential positive selection of cells with shorter CDR3 sequences[157]. Our 

demonstration using ImmunoFISH that there are prolonged DNA breaks at the TCRβ 

locus in DN2/3 thymocytes suggests that coding ends within the post-cleavage synaptic 

complex may exist for a longer period of time prior to resolution into a coding joint.  This 

extended exposure to DNA processing enzymes (e.g. nucleases, TdT) could be 

responsible for the small but measurable increase in the number of nucleotides deleted 

from the Vβ and Dβ coding flanks as well as N nucleotides present at both Vβ-Dβ and 
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Dβ-Jβ junctions in ATM-/- samples. In extreme cases of prolonged DNA breaks, such as 

in NHEJ-deficient SCID mice, the low frequency rearrangements that do occur contain 

larger than normal deletions of the coding ends[158]. Thus it is possible that a less severe 

delay in break repair in the absence of ATM could also result in a significant increase in 

coding end deletions.   

It is not clear why the 3’ end of the Dβ gene consistently had fewer deletions in 

the ATM-/- compared to WT, but one possibility is that the orientation of the synaptic 

complex in the absence of ATM is such that the 3’ Dβ coding end is less exposed to 

nuclease activity. Alternatively, ATM may phosphorylate and modulate the activity of 

some, but perhaps not all DNA repair polymerases (λ, µ and/or Tdt) which may 

differentially act upon the various TCRβ locus coding ends. Overall, these data suggest a 

previously unappreciated role for ATM in not only promoting the efficiency of V(D)J 

recombination at the TCRβ locus, but also in shaping the TCR repertoire through the 

regulation of DNA end processing.   
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Chapter 3:Mechanism of TCR trans rearrangement in ATM-/- 
DN2/3 thymocytes 

 
Introduction 

Previous efforts to investigate the developmental timing of recombination at 

specific TCR loci have relied on analysis of rearrangements present within sorted sub-

populations of immature T cells.  These experiments indicate some rearrangement at 

TCRβ, TCRγ and TCRδ is initiated in DN2 cells but that the bulk of rearrangement at all 

three loci occurs in the DN3 population. Subsequent rearrangement of the TCRα locus 

occurs after the αβ/γδ bifurcation during the DP stage[11, 12, 93].   

DN3 thymocytes thus potentially coordinate rearrangement (and the consequent 

DNA DSBs) at six separate TCR alleles during the same developmental stage.  However, 

although the aforementioned studies indicated that multiple TCR loci rearrange in the 

DN3 thymocyte population, it was unclear whether only a single locus undergoes 

rearrangement at any point in time in a single cell or whether individual cells allow 

rearrangement at multiple loci simultaneously within the same nucleus[12]. 

ATM plays a critical role in both the physical stabilization of broken DNA ends 

as well as signal transduction between DSB detector molecules and downstream effectors 

that coordinate cellular responses to DNA damage. The importance of ATM in 

maintaining the efficiency and fidelity of V(D)J recombination is evidenced by gross 

chromosomal abnormalities associated with antigen receptor loci in ATM-/- mice and in 

human AT patients.   
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In ATM-/- mice unresolved DNA breaks associated with TCRα rearrangement 

result in the accumulation of TCRα coding ends in DP thymocytes[155, 156].  

Furthermore DNA breaks at TCRα/δ can survive multiple rounds of cell division and are 

detectable in ATM-/- peripheral T cells[159].  Persistent and unstable coding ends at the 

TCRα/δ locus frequently resolve abnormally by translocating to simultaneously broken 

chromosomes, as ~10% of ATM-/- peripheral T cells carry translocations involving 

chromosome 14 (the site of the TCRα/δ locus) and monoclonal thymic lymphomas that 

arise with high penetrance in ATM-/- mice invariably harbor translocations between the 

TCRδ locus on chromosome 14 and a variable partner on chromosome 12[146, 147, 160].  

As previously mentioned, approximately 10% of peripheral T cells from human 

AT patients contain chromosomal translocations or inversions, most commonly involving 

chromosome 7 (where TCRβ and TCRγ are located) and chromosome 14 (where TCRα/δ 

is located[139].  Interestingly, the most common rearrangement observed in these 

patients is an inversion of chromosome 7 with breakpoints at the TCRβ and TCRγ loci 

(referred to as trans rearrangement) in their peripheral T cell pool The sequences of these 

trans rearrangements closely resemble V(D)J junctions formed by normal cis 

recombination of the TCR loci[142, 161, 162]. Because of the precise nature of these 

junctions, it has been proposed that trans rearrangement occurs through the RAG-

mediated formation of a trans synaptic complex between TCRβ and TCRγ on opposite 

arms of chromosome 7, and a recombination event that proceeds as it would for a 

rearrangement in cis[163].  However, an alternative model of trans rearrangement 

involves the formation of two cis synaptic complexes (one at TCRβ and the other at 

TCRγ) simultaneously.  In the absence of ATM the post-cleavage synaptic complexes 
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may be unstable and allow the release of unresolved coding or signal ends from one 

locus, which would then become susceptible to translocations with unresolved DNA ends 

released from the second locus.    

Unlike the human, the mouse TCRβ and TCRγ loci are located on separate 

chromosomes (6 and 13 respectively).  Here we demonstrate that ATM-/- mice retain a 

dramatically elevated frequency of TCRβ/TCRγ trans rearrangement compared to WT, 

and that these events occur early in development during the DN2/3 stage.  Using a 

combined immunofluorescence/ fluorescent in situ hybridization (ImmunoFISH) 

approach, we perform single cell analysis of DNA DSBs at TCRβ, TCRγ and TCRα/δ in 

individual DN2/3 thymocytes from WT and ATM-/- mice to assess temporal dynamics of 

recombination at this stage and the frequency of simultaneous DNA breaks at multiple 

TCR loci.  Also, since it has been proposed that in general, loci prone to recurrent 

translocations tend to be found in preferential proximity to one another within the 

subnuclear space[164-167], we also analyze the spatial positioning of the TCR loci 

within the nucleus of DN2/DN3 thymocytes.  Finally, we investigate the mechanism of 

trans rearrangement by determining the biochemical feasibility of trans synaptic complex 

formation, and identifying sequences of unexpected trans rearrangements as evidence of 

their origins in simultaneous unstable cis synaptic complexes. 

 

Materials and Methods 

Mice.	  	  
ATM-/- mice were generated through a mutation of the ATM gene at nucleotide 

5790 resulting in a truncation of the protein[145].  ATM+/- breeders were used to 
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generate ATM-/- progeny as well as ATM+/+ littermates that were used as WT controls.  

All analysis was done at 6-12 weeks of age. Animals were maintained at Bioqual 

(Rockville, MD) and all procedures were approved by the National Cancer Institute 

Animal Care and Use Committee.   

Cell purification  
DN2/3 thymocytes were flow sorted by gating on thymocytes negative for the 

following biotinylated lineage specific antibodies: TCRβ (H57-597), CD4, CD8, B220, 

NK1.1, MAC1, GR-1, and GL3 (BD Pharmingen) and positive for CD25 (BD 

Pharmingen).  Each DN2/3 sample was prepared from a pool of 5-8 mice of each 

genotype. Peripheral T cells were sorted electronically by gating on B220-, TCRβ (H57-

597)+ splenocytes. Each peripheral T cell sample was prepared from one individual 

mouse. All sorting was done on a FACSAria cell sorter (BD Biosciences). 

Standard PCR analysis of TCR trans rearrangement.  
Genomic DNA was purified from sorted DN2/3 and peripheral T cells using a 

DNeasy Blood and Tissue Kit (Qiagen).  The following primers were used to amplify Vγ-

Jβ trans rearrangements: GV4F1; 5’AAAATGGAGGCAAGTAAAAATCC 3’, 3Jb1b , 

3Jb2.  Reactions for Vγ2-Jβ trans rearrangements were performed on 100ng, 20ng and 

4ng of genomic DNA.  The following primers were used with GV4F1 to amplify Dβ-Vγ2 

trans rearrangements: 5Db1SE, 5Db2SE To amplify Jγ1-Jβ trans rearrangements the 

following primer was used with 3Jb1b and 3Jb2: GJ1R1; 5’ 

TTCCTATGAGCTTAGTTCCTTCTG 3’. Reactions for Jγ-Jβ and Dβ-Vγ 

rearrangements were performed on 100ng of genomic DNA.  All PCR reactions were 

done with JumpStart Taq ReadyMix (Sigma).   
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Real Time PCR analysis of TCR trans rearrangement.   
A 20 cycle preamplification reaction was performed using GV4F1 and either 

3Jb1b or 3Jb2.  The reaction was diluted 500 fold and used as a template for real time 

PCR.  GV4F1 was used as a forward primer to amplify individual Vγ-Jβ rearrangements 

using the following nested reverse primers: BJ1.1R1; 

5’ACTGTGAGTCTGGTTCCTTTACC3’, BJ2.7R1;  

5’CTAAAACCGTGAGCCTGGTGC3’. Reactions were run on a 7900HT Fast Real 

Time PCR System (Applied Biosystems) using RT2 Sybr Green qPCR Mastermix (SA 

Biosciences) and data were collected and analyzed with SDS 2.3 software (Applied 

Biosystems).  Each Vγ-Jβ reaction was normalized to a control amplification on the same 

DNA sample of an invariant, non-rearranging region of the TCRα locus (Cα) using the 

following formula: 1.9−CtVg-Jb/1.9−CtCα .  The normalized values were averaged between 

five independent experiments and statistical significance was calculated using a paired 

Student’s T test.  Amplification products were verified by dissociation curve analysis and 

gel electrophoresis.   

Chromosome Painting.  
Splenocytes from WT and ATM-/- mice were stimulated in vitro with a-CD3 + 

IL2 for 48 hours.  Metaphase spreads were prepared according to standard protocols 

(www.riedlab.nci.nih.gov/index.php/protocols), with Colcemid (Roche) treatment 

followed by hypotonic (0.075 M KCl) incubation.  This was followed by fixation in 

methanol and acetic acid (3:1) before being dropped onto Shandon Cytoslides (Thermo) 

in a humidified chamber.   

Triple color mouse whole chromosome paints were generated in-house using PCR 

labeling techniques.  Chromosome 6 was labeled in Spectrum Orange (Abbott 
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Laboratories), chromosome 13 in Dy505 (Dyomics), and chromosome 14 in Avidin Cy5 

(Jackson ImmunoResearch Laboratories). 

Hybridization and detection of chromosome specific paints were performed as 

previously described [168].  Imaging was done with a Zeiss Axio Imager microscope.  A 

minimum of 350 metaphases for each group were detected and imaged using Metafer 

software (MetaSystems).   

 Immuno FISH analysis. 

Immunofluorescence for DNA damage foci was combined with fluorescent in situ 

hybridization (FISH) as previously described (Chen, Bhandoola). Briefly DN2/3 

thymoctyes were affixed to Shandon Cytoslides (Thermo) coated with Cell Tak (BD 

Pharmingen).  Cells were then fixed in methanol, blocked in 4X SSC with 3% BSA and 

Tween20.  Slides were stained with a rabbit anti-53BP1 (Novus) primary antibody 

followed by goat anti-rabbit IgG1 conjugated to Alexa-568 (Invitrogen).  Slides were 

chemically crosslinked with ethylene glycol bis(succinimidyl succinate) (EGS).  To 

denature genomic DNA slides were treated with 0.1M NaOH (pH 12.7) and DNA probes 

labeled with dUTPs conjugated to biotin (Roche), digoxigenin (Roche), or Cy5 (GE 

Healthcare) were denatured and hybridized to the slides overnight at 37 C.  Following 

hybridization cells are washed in 50% formamide/2X SSC at 45 C followed by 0.1X SSC 

at 60 C. DNA probes were then stained with streptavidin-Alexa 405 (Invitrogen) and 

anti-digoxigenin conjugated to fluorescein (Roche). 

The following BAC constructs obtained from the Childrens Hospital of Oakland 

Research Institute were used to generate labeled probes by nick translation: 3’TCRβ; 

RP24 299 B14, 3’ TCRα/δ; RP23 465 I7, 3’TCRγ; RP23 306 G1.  Imaging was 
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performed on a Zeiss Meta confocal microscope using LSM imaging software.  

Colocalization of 53BP1 foci was determined by blinded scoring analysis.   

 

3-Dimensional FISH analysis of DN2/3 thymocytes.   
Cells were prepared and hybridized as previously described[169].  Briefly, DN2/3 

thymocytes were attached to Shandon Cytoslides (Thermo) and fixed in 1x PBS plus 4% 

paraformaldehyde.  Permeablization was performed with 0.1% triton x-100 and 0.1% 

saponin in 1X PBS followed by incubation in 1X PBS plus 20% glycerol. Slides were 

frozen and thawed three times in liquid nitrogen and washed in 1X PBS.  Genomic DNA 

was denatured for 2.5 minutes in 50% fomamide/2x SSC followed by 1 minute in 70% 

formamide/ 2x SSC on a 75 C hot plate.  Denatured DNA probes labeled with dUTPs 

conjugated to biotin (Roche), digoxigenin (Roche), Spectrum Orange (Enzo) or Cy5 (GE 

Healthcare) were applied to the slides and they were incubated overnight at 37 C.  Cells 

were then washed and stained as for Immuno FISH analysis.   

Imaging was performed on a Zeiss Meta confocal microscope using LSM imaging 

software.  Single cells were isolated from fields and imported into the Imaris imaging 

program, where the center of homogeneous mass was calculated for each individual FISH 

signal.  Using the X, Y, and Z coordinates obtained, distances between spots were 

calculated using the following formula for Euclidian distance in 3 dimensional space:  

 where X, Y, and Z denote the spatial 

coordinates within the nucleus for spot 1 and spot 2.   
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The following BAC constructs were used to generate labeled probes by nick 

translation: 3’TCRβ; RP24 299 B14, 3’ TCRα/δ; RP23 465 I7, 3’TCRγ; RP23 306 G1, β 

Actin; RP23 97 O1.  

In vitro recombination assay.  
Artificial recombination substrates were cloned onto a CMV backbone construct 

and co-transfected along with constructs containing RAG1 and RAG2 into HEK293 cells 

using Lipofectamine LTX (Invitrogen) and incubated at 37 C for 36 hours.  Cells were 

harvested and plasmid DNA was extracted.  The recombined insert was PCR amplified 

using primers specific for the flanking sides of the CMV backbone.  PCR products were 

run on a 1.5% agarose gel and stained with ethidium bromide to detect DNA.   

Results 

Trans rearrangement between TCRβ  and TCRγ  occurs in DN2/DN3 
thymocytes 

Chromosome translocations, specifically those involving antigen receptor loci, 

occur at greatly increased frequency in lymphocytes from ATM-deficient mice.  However 

the stage of differentiation and the mechanism by which these translocations occur have 

not been fully defined.  We explored this question by first probing for the existence of 

trans rearrangements between TCRβ and TCRγ (on chromosomes 6 and 13 respectively), 

two loci known to undergo physiologic recombination in early thymocyte precursors of 

DN2/3 stage.  We analyzed DN2/3 thymocytes from WT and ATM-/- mice by real-time 

PCR with a forward primer specific for the Vγ2 gene and multiple reverse primers for 

individual Jβ genes within the first and second Jβ clusters (Fig 12B).  Vγ-Jβ trans 

rearrangements were detectable in genomic DNA from WT DN2/DN3 thymocytes, and 

occurred at a 10,000-100,000 fold higher frequency in ATM-/- thymocytes.  Similar 
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results were obtained using standard PCR amplification with a Vγ2 forward primer and a 

reverse primer that amplifies the entire Jβ1 or Jβ2 clusters from serially diluted genomic 

DNA from WT and ATM-/- samples (Fig 12A). DNA sequencing of the PCR products 

confirmed that the trans rearranged joints resembled bona fide V(D)J recombination 

products.  These data indicate that trans rearrangements between TCRβ and TCRγ occur 

in WT thymocytes, and at much higher frequencies in ATM-/- mice, in DN2/DN3 cells at 

the time when these TCR loci normally undergo recombination. 
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Figure 12 ATM-/- T lymphocytes exhibit an increased frequency of Vγ2-Jβ  trans 
rearrangement A,C) 100ng, 20ng and 4ng of genomic DNA from DN2/3 thymocytes or 
splenic T cells was PCR amplified with primers specific for Vγ2 and either the genomic 
region 3’ of Jβ1.4 or the genomic region 3’ of Jβ2.7. Products were run on a 1.2% 
agarose gel and stained with ethidium bromide to visualize DNA. B,D) Real-time PCR 
analysis of trans rearrangements between Vγ2 and either Jβ1.1 or Jβ2.7.   
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TCR trans rearrangements are present in peripheral T lymphocytes 
It is possible that cells that generate TCR trans rearrangements early in T cell 

development do not survive thymic selection and thus would not be found in the 

periphery.  To test this, we isolated genomic DNA from splenic T cells of WT and ATM-

/- mice and performed real time and standard PCR to detect trans rearrangements (Fig 

12C,D).  Similar to what was observed in DN2/DN3 thymocytes, trans rearrangements 

involving both Jβ1 and Jβ2 were clearly detectable in ATM-/- splenocytes and at 

significantly lower levels in the WT sample.  These data suggest that not only do trans 

rearrangements between TCRβ and TCRγ exist in the thymus during early T cell 

development, but that cells carrying these translocations can pass through positive and 

negative thymic selection and exist in the periphery as mature T lymphocytes.  

From this PCR analysis it is not possible to determine the absolute frequency of cells 

carrying trans rearrangements in the periphery of WT and ATM-/- mice.  In order to 

analyze the presence of trans rearrangements at the single cell level we used a whole 

chromosome paint approach on colcemid-arrested splenocytes from WT and ATM-/- 

mice that were stimulated in vitro for 48 hours with anti-CD3 and IL2.  Paints specific for 

chromosomes 6, 13 and 14 (the locations of TCRβ, TCRγ and TCRδ respectively) were 

hybridized to the chromosome spreads to visualize intact versus translocated 

chromosomes (Fig 13A). The ATM-/- sample contained translocations between all three 

TCR chromosome combinations (t(6,13), t(6,14), and t(13,14)) with an equal frequency 

of 0.8% of total metaphases counted, yielding a total TCR trans rearrangement frequency 

of 2.4% (Fig 13B-C).  The breakpoints of all translocations were consistent with the 

chromosomal positions of the respective TCR loci.  No translocations were detected in 

the 350 WT metaphases analyzed.   
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Figure 13 Trans rearrangement results in chromosomal translocation in ATM-/- T 
cells. A) 3 chromosomes containing TCR loci were hybridized with whole chromosome 
paint. B) The frequency of translocations observed between TCR loci in the ATM-/- 
expressed as the percent of total metaphases observed.  No translocations were detected 
in the WT sample. 350 WT and 350 ATM-/- metaphases were examined. C) 
Translocations were observed between the three TCR-bearing chromosomes in the ATM-
/- sample at equal frequency.   
 

DNA breaks occur concurrently at TCRβ , TCRγ  and TCRδ  loci in individual 
DN2/DN3 thymocytes.  

It has previously been reported that RAG-dependent DNA breaks occur at TCRβ, 

TCRγ and TCRδ loci in DN2/DN3 thymocytes.  However, it is not known whether 

breaks at multiple loci coexist concurrently in individual DN thymocytes. To address the 

question of whether individual DN2/DN3 thymocytes rearrange multiple TCR loci 

simultaneously we utilized a 4-color immuno FISH approach which allows visualization 
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of DNA damage at specific TCR loci by fluorescence microscopy.  Immunofluorescent 

stain for 53BP1, a DNA damage response molecule that forms foci at sites of DNA 

double strand breaks, was performed in conjunction with FISH using probes specific for 

the 3’ regions of the TCRβ, TCRγ and TCRδ loci.  Using this approach we are able to 

simultaneously detect the positions of the three TCR loci as well as foci formed by 

53BP1 within a single nucleus.  By analyzing colocalization of 53BP1 with the TCR loci 

we can estimate the frequency of cells rearranging a given locus at a particular time.   

We found that in sorted DN2/DN3 thymoctyes from WT mice ~12% of cells 

contained at least one 53BP1 focus, indicating the presence of DNA damage.  This 

percentage of cells was increased ~2-fold in ATM-/- DN2/DN3 thymocytes, consistent 

with more persistent RAG-mediated DSBs in the absence of ATM (Fig 14A-B). More 

than 90% of 53BP1 foci colocalized with one of the three TCR loci in both WT and 

ATM-/- samples.  TCRβ, TCRγ and TCRδ all had a similar frequency of colocalization 

with 53BP1 in WT (~3.5-5% of cells) and ATM-/- (~7-8% of cells) DN2/DN3 

thymocytes (Fig 14C-D).   

A fraction of cells contained 53BP1 foci at multiple TCR loci simultaneously 

within the same nucleus, suggesting concurrent V(D)J rearrangement. In the WT sample, 

simultaneous 53BP1 foci were present at each combination of two TCR loci (TCRβ and 

TCRγ, TCRβ and TCRδ, TCRγ and TCRδ)at a frequency of 0.25-0.75% of total cells, 

while in ATM-/- cells this frequency was substantially higher at 1.5-2.25%.  (Fig 15A-B) 

The observed increase in ATM-/- T cells is consistent with defective resolution of TCR 

associated DNA breaks. A smaller subpopulation of cells had 53BP1 foci simultaneously 

at all three TCR loci (~0.25% in WT, ~0.5% in ATM-/-).  If the three TCR loci rearrange 
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independent of one another (with the presence of rearrangement at one locus having no 

effect on the probability of rearrangement at the other two) the theoretical percentage of 

cells to have simultaneous rearrangement of multiple loci would be 0.0064% in WT and 

0.042% in ATM-/- thymocytes (calculated by multiplying the frequency of 

rearrangement at each locus individually).  The observed frequency of simultaneous 

rearrangement in both WT (0.25-0.75%) and ATM-/- (1.5-2.25%) cells was 50-100 fold 

greater (significance at p<.002* or <.0001** with chi square analysis), suggesting that 

rearrangement is more likely to be initiated in cells where rearrangement is already 

ongoing than in cells where it is not (Fig 15B).  This could reflect heterogeneity within 

the DN2/DN3 population in terms of locus accessibility or RAG expression, resulting in a 

subset of cells more likely to undergo recombination than others.   
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Figure 14 53BP1 foci are present at TCR loci in DN2/3 thymocytes A) DN2/3 
thymocytes stained with anti-53BP1 show foci marking sites of DNA double strand 
breaks.  B) The % of cells with 53BP1 foci is increased 2-fold in the ATM-/-. C) 
Fluorescently labeled probes for the TCRα/δ, TCRβ, and TCRγ were hybridized to 
interphase DN2/3 cells in addition to 53BP1 staining.  53BP1 foci are present at TCR 
loci. Three examples of cells with 53BP1 foci at TCR loci are shown. Top:TCR α/δ; 
Middle: TCRγ; Bottom: TCRβ. D) The frequency of cells with 53BP1 at TCR loci is 
increased in ATM-/- thymocytes, expressed as the percentage of total cells analyzed. 
Data are representative of two independent experiments.  A total of 846 WT cells and 753 
ATM-/- cells were counted.  
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Figure 15 DNA damage foci occur at multiple TCR loci simultaneously in DN2/3 
thymocytes A) ImmunoFISH analysis of 53BP1 focus colocalization with TCR loci. A 
subset of DN2/3 thymocytes exhibit multiple 53BP1 foci, each colocalizing with a 
different TCR locus. B) The frequency of DN2/3 cells with 53BP1 at multiple TCR loci 
is increased in ATM-/-, expressed as the percentage of total cells analyzed. Chi square 
analysis reveals that the observed frequency of simultaneous foci at multiple TCR loci is 
significantly greater than expected (based on the frequency for each locus individually, 
shown as horizontal bars). *p<0.002 **p<0.0001.  C) Of cells containing 53BP1 foci at a 
TCR locus, the percentage of cells rearranging 1, 2, or 3 TCR loci in the same nucleus is 
shown. Data are representative of two independent experiments in which 300-400 cells 
were counted for each group.  A total of 846 WT cells and 753 ATM-/- cells were 
counted. 

TCR loci do not exhibit subnuclear proximity in DN2/DN3 thymocytes. 
It has been reported that loci prone to chromosomal translocations tend to occupy the 

same subnuclear space as their translocation partner in cell types in which they 

occur[164, 166, 167, 170].  Using a 3 dimensional FISH (3D FISH) approach we 

investigated whether, in addition to being simultaneously broken in a subset of DN2/DN3 

thymocytes, the TCR loci also tend to be found in closer proximity to one another within 
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the nucleus than to a control locus (actin), which may further predispose to 

interchromosomal trans rearrangement.  Fluorescently labeled probes for each TCR locus 

as well as the β-actin locus on chromosome 5 were hybridized to sorted DN2/DN3 

thymocytes from WT and ATM-/- mice, and distances between loci were calculated (Fig 

16A). 

For each cell analyzed, all inter-TCR (TCRβ-TCRγ, TCRβ-TCRδ and TCRγ-

TCRδ) as well as control (TCRβ-actin, TCRγ-actin and TCRδ-actin) distances between 

probes were calculated, and the average of the 4 calculated distances was used to 

represent the value for that individual cell.    The average distance was then calculated for 

each interaction for all cells within the WT (n=111) and ATM-/- (n=116) groups. No 

significant difference was detected between inter-TCR distances and actin controls (Fig 

16B). Furthermore, no significant differences were seen between WT and ATM-/- 

samples in any combination (Fig 16B).  These results suggest that the three TCR loci are 

not localized closer to each other within the DN2/3 nucleus relative to other non antigen 

receptor loci that do not participate in translocations and that ATM-deficiency does not 

alter the subnuclear proximity of rearranging TCR alleles.   
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Figure 16 TCR loci are not in preferential spatial proximity in DN2/3 thymocytes A) 
Fluorescently labeled DNA probes for the TCRα/δ, TCRβ, TCRγ, and β-Actin loci were 
hybridized to sorted interphase DN2/3 thymocytes and distances between spots were 
calculated. B) Average interlocus distances (in µm) are shown for WT and ATM-/- cells. 
WT: n=111, ATM-/-: n= 116 interphase nuclei. No statistically significant differences 
were found between WT and ATM-/- samples or between TCR-TCR interactions and 
TCR-Actin interactions. 

Synaptic complexes form between TCRβ  and TCRγ  RSSs in vitro 
To explain the resemblance of trans rearrangements to bona fide VDJ 

recombination joints, it has been suggested that they may occur through the formation of 

trans-synaptic complexes between two gene segments located on two different 

chromosomes akin to cis-synaptic complexes formed between two gene segments on the 

same chromosome. In addition to the differing length of spacers that direct pairing of 

rearranging RSSs (12/23 rule), there are additional features within the conserved 

heptamer and nonamer as well as within the coding flank of the gene segment that 

determine RAG binding affinity, synaptic complex formation and consequently the 

compatibility of recombination partners (beyond 12/23 rule). For instance, despite having 

compatible spacers, the TCR Vβ and Jβ genes never undergo rearrangement in vivo 

whereas Dβ and Jβ do both in vitro and in vivo [171]. It was therefore of interest to 

determine whether there is efficient direct interaction between TCR Dβ and TCR Jγ 
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RSSs. We constructed artificial recombination substrates with the 3’ Dβ1 23 RSS cloned 

upstream of two 12 RSSs derived from a Jβ and a Jγ gene (Fig 17A). When co-

transfected with Rag1 and Rag2 into HEK 293 cells, these two 12 RSSs compete for 

recombination to the 23 RSS.  We found that the 3’ Dβ1 23 RSS rearranges equally to the 

Jγ1 12 RSS and the Jβ2.5 12 RSS (Fig 17B). Furthermore, the Jγ1 12 RSS dominates 

rearrangement compared to the 5’ Dβ1 12 RSS (which does not frequently rearrange to 

the 3’ Dβ1 23 RSS) similar to the Jβ2.5 12 RSS (Fig 17B). These data suggest that not 

only is synaptic complex formation possible between TCR Dβ and TCR Jγ RSSs but that 

it is as efficient as with endogenously rearranging Jβ RSSs. The finding of RSS 

compatibility is consistent with the model that trans rearrangement, at least in part, may 

be driven by formation of synaptic complexes in trans between two different TCR loci in 

DN2/3 thymocytes. 
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Figure 17 Synaptic complexes form in trans between RSSs of TCRβ  and TCRγ  A) 
Artificial recombination substrates were constructed containing one 23bp RSS from Dβ1 
oriented upstream of two 12bp RSSs of various combinations. Each construct was 
transfected separately into HEK 293 cells B) The recombined products from each 
construct were PCR amplified and run on an agarose gel. The 450bp and 350bp bands 
represent rearrangements to the proximal and distal RSSs respectively.   
 

Trans rearrangement coding joints violate the 12/23 rule 
An alternative model of trans rearrangement proposes that normally formed, 

simultaneous cis synaptic complexes become unstable in the absence of ATM which 

allows the broken DNA ends following RAG mediated cleavage to fall out and undergo 

joining in trans[172]. If this were the case, certain trans rearranged products would occur 

entirely independent of the 12/23 rule since no synaptic complex formation would be 

required between the rearranging RSSs in trans.  To test this we PCR amplified genomic 

DNA of WT and ATM-/- DN2/3 thymocytes for trans rearrangements between Jγ1 and 

the 5’ end of Dβ1 or multiple Jβ gene segments, all of which are flanked with 12 RSSs 
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(Table 1), as well as trans rearrangements between the 3’ end of Dβ1, Dβ2 and Vγ2 

genes, all of which are flanked with 23 RSSs (Table 2).  We readily detected such trans 

rearrangements in the ATM-/- but not in the WT sample.  The junctional sequences of 

these rearrangements resemble normal cis V(D)J junctions with N nucleotide additions 

and small deletions in the coding flank of both TCRβ and TCRγ genes (Tables 1-2).  

Interestingly, within the Jγ1-Jβ amplifications, rearrangements were present both directly 

between Jγ1 and Jβ genes as well as between Jγ1 and the 5’ end of Dβ, suggesting that 

trans-rearrangement can occur during attempted Dβ-Jβ rearrangement as well as Vβ-

DβJβ rearrangement (Table 1). One sequence contained a large portion of the Jβ1.3 RSS 

at the Jγ1-Jβ1.3 junction indicating off-target RAG cleavage activity.  These 12/23 rule 

violations during trans rearrangement strongly suggest that these particular 

rearrangements occur without canonical synaptic complex formation. 
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Table 1 12/12 trans rearrangements between Jγ  and Jβ  gene segments. Junctional 
sequences of PCR amplified rearrangements between Jγ1 and various Jβ genes. 
 
 
 

 
 
Table 2 3 23/23 trans rearrangements between Vγ  and Dβ  gene segments. Junctional 
sequences of PCR amplified rearrangements between Vγ2 and the 3’ end of Dβ1 or Dβ2. 
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Discussion 
 

T cell receptor trans rearrangement has been studied previously in humans and 

mice as a consequence of genomic instability in multiple contexts[161-163, 173-178]. 

Patients with AT have a dramatically increased frequency of trans rearrangements in their 

peripheral T cells compared to normal individuals[161, 162].  Healthy agricultural 

workers, exposed to certain genotoxic chemicals, also carry a significantly higher 

frequency of trans rearrangements than unexposed individuals[177]. To the same effect, 

it has been found that γ-irradiation drastically increases the rate of trans rearrangement in 

SCID mice, which have a genetic defect in DNA end joining[178].  Although they have 

not been identified in association with lymphoid malignancies, trans rearrangements are 

chromosomal translocations that presumably occur through a similar mechanism to 

oncogenic translocations. Indeed, it has been proposed that perhaps all antigen receptor 

locus-associated, oncogenic translocations are the result of aberrant V(D)J recombination 

and/or class switch recombination and somatic hypermutation[179]. Therefore, we chose 

to study trans-rearrangement between three recombining TCR loci as a model of 

chromosomal translocations in ATM-deficient mice. TCR trans rearrangements offer the 

advantage over random chromosome translocations of occurring at high frequency (>1%) 

in a known cell type and developmental stage (DN2/3 thymocytes) with well-defined 

breakpoints that are easily detectable by PCR.   

Spatial proximity, temporal coincidence and physical stability of DSBs are 

thought to be the three major factors contributing to recurrent chromosomal 

translocations, but the relative importance of each factor remains controversial[180, 181].  

The arrangement of chromosomes within the interphase nuclei of specific cell types is 
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non-random, in that certain chromosomes tend to occupy distinct subnuclear 

territories[182].  Thus, certain genes on different chromosomes could have a preferential 

spatial proximity in the nucleus that might predispose them to translocation if 

simultaneously broken[164, 166, 167, 170]. A major limitation of these studies was the 

inability to correlate spatial proximity with actual DNA DSB formation. In our study, we 

used ImmunoFISH to evaluate the frequency of simultaneous DNA DSBs in DN2/3 

thymocytes at multiple TCR loci and 3D FISH to measure the physical distances between 

TCR loci to assess the contribution of DSB formation and spatial proximity to trans 

rearrangement. We found that the frequency of total DN2/3 thymocytes with 

simultaneous breaks at multiple loci is increased 2-3-fold for each locus combination in 

ATM-/- mice. This phenotype is consistent with a defect in the timely repair of DNA 

damage in the absence of ATM which results in persistent DNA breaks[155, 156]and a 

higher frequency of cells with 53BP1 foci[135, 159].  However, the modest 2-3-fold 

increase in the frequency of simultaneous DSB at multiple TCR loci in the ATM-/- mice 

does not fully predict the dramatically (50-100 fold) higher frequency of trans 

rearrangements.  

A factor that could potentially contribute to the frequency of trans rearrangement 

would be preferential co-localization of TCR loci in the interphase nucleus, where 

rearrangement is taking place.  However, our 3D FISH analysis revealed no detectable 

difference in the average distance between the TCR loci in WT and ATM-/- cells.  

Furthermore, the inter-TCR distances were not significantly closer than distances 

between TCR loci and the β-actin locus, which does not rearrange or participate in 

known transocations.  These data suggest that the TCR loci in the interphase nucleus of 
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DN2/3 cells do not appear to be in preferential proximity to each other relative to the 

actin control, and that the absence of ATM does not substantially alter subnuclear 

proximity of the rearranging TCR loci relative to each other.  This does not exclude the 

possibility that ATM is mediating a spatial separation of two loci when they are 

simultaneously broken, but it indicates that interphase DN2/3 nuclei do not exhibit an 

overall tendency for TCR loci to be in the same subnuclear territory. 

Two fundamentally different, but not mutually exclusive, mechanisms may lead 

to TCR trans-rearrangement. First, formation of synaptic complex between two 

compatible RSS bound with Rag proteins in trans may result in coordinated cleavage and 

joining of two different loci in trans. The striking resemblance of trans rearrangements to 

junctions of normal, cis V(D)J recombination supports this mechanism. In contrast, rare 

TCR joints in DSB repair deficiency (SCID) are characteristically abnormal with large 

deletions and long P-nucleotide additions[81, 82, 158, 183]. We tested the possibility of 

this mechanism directly with a biochemical assay and found that, at least some 

combinations of, participating RSS can undergo recombination in vitro that would be an 

absolute prerequisite for synapsis and cleavage to occur in trans. A second proposed 

mechanism is that ATM, and several associated DNA damage response components, are 

important to physically stabilize broken DNA ends in the post-cleavage synaptic complex 

to prevent mobility of broken DNA ends[172]. Our finding of trans rearrangements 

occurring in violation of the 12/23 rule is compatible with this mechanism, Importantly, 

such trans rearrangements also appear to have joints with features of normal cis V(D)J 

rearrangements such as N nucleotide additions and small deletions in the coding ends. 

This indicates that trans-rearrangements with normal features can be formed without the 
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dependence on bona fide, trans-synaptic complex formation. Consistent with our failure 

to find evidence for increased proximity of TCR loci to each other in ATM-/- DN2/3 

thymocytes compared to WT, we therefore suggest that the marked instability of post-

cleavage synaptic complexes, combined with an increased frequency of simultaneous 

breaks, is mainly responsible for the dramatically elevated frequency of trans 

rearrangement in ATM-deficiency.  

It has been shown recently that target choice in chromosomal translocations with 

antigen receptor loci is governed by two mechanisms[180, 181]. When translocations 

occur due to low frequency random DNA DSBs, targeting is proportional to the spatial 

proximity of the locus to the antigen receptor locus. In contrast, DNA DSBs induced at 

high frequencies by developmentally programmed mechanisms, such as V(D)J 

recombination  [181]or AID-associated mutations [180], dictate translocations 

predominantly to sites where the most DNA damage occurs. TCR trans rearrangement in 

DN2/3 thymocytes clearly falls into the latter category as we demonstrate that the Rag 

proteins induce large number of simultaneous DNA DSBs at TCR loci which can 

undergo low frequency trans rearrangement even in WT cells. We have found no 

evidence of translocations other than those explained by TCR trans rearrangement in WT 

thymocytes. Although the frequency of trans rearrangement increases drastically in 

ATM-/- cells, there is no increase in proximity between TCR loci, consistent with the 

notion that elevated translocation targeting between the TCR loci is due to increased 

DNA damage (as a consequence of delayed DSB repair) as opposed to altered subnuclear 

localization. This conclusion is not entirely consistent with another recent report 

proposing that ATM plays a role in maintaining allele separation during TCRα locus 
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recombination in CD4/CD8 double positive (DP) thymocytes[184]. We find no evidence 

for a role of ATM in enforcing a general spatial separation of TCR loci in DN2/3 

thymocytes, despite the observation that such trans rearrangements create heterologous 

interchromosomal translocations. It is possible, however, that ATM plays a more 

selective role in controlling the subnuclear organization of antigen receptor loci, for 

example affecting the proximity of loci that are undergoing simultaneous recombination.  

In some cases, such as TCRα locus recombination in DP thymocytes, this may affect 

overall locus proximity and may be a significant factor in altering translocation target 

selection. Another DNA damage response protein, 53BP1, has also been implicated in 

large-scale chromosome organization during V(D)J recombination  and class switch 

recombination [152, 153] raising the possibility that the DNA damage response pathway 

in general contributes to the shape and organization of the interphase nucleochromatin. 

However, our data show that whatever this contribution may be, the most critical function 

of ATM during V(D)J recombination is to prevent extended, unrepaired DNA damage to 

occur that would predispose broken chromosomes to undergo translocations irrespective 

of their overall position in the nucleus. 

 

 

 

 

 



   

 

72 

Chapter 4: Identification and characterization of TCR chains 
encoded by Vγ2-Jβ  trans rearranged loci 
 

Introduction 
Thus far we have shown that trans rearrangements between TCR loci can occur in 

WT T cells, and with greater frequency in ATM-/- T cells.  These trans rearrangements 

result in chromosomal translocations with precise breakpoints between V, D, or J gene 

segments with junctional modifications similar to rearrangements that occur in cis.  Trans 

rearrangements occur in gene segment combinations that resemble cis recombination 

products (Vγ-Dβ-Jβ) and it is conceivable that such a rearrangement could be transcribed 

and expressed as a protein if the reading frame is intact. The alternative trans 

rearrangements that violate 12/23 pairing (Vγ-3’Dβ(23/23), Jβ-Jγ(12/12)) would be 

unlikely to encode a functional protein because the resulting genes would lack key 

structural elements of a TCR chain (the V or C domain).   

For the TCRβ locus during cis recombination, the C gene segments lie telomeric 

of the Jβ genes on chromosome 6, and the 3’Jβ is joined to the 5’Cβ through an intronic 

splicing event on the gene transcript resulting in a complete Vβ-Dβ-Jβ-Cb mRNA.  After 

translation, the expressed TCRβ chain pairs with the TCRα chain through a disulfide 

bond between highly conserved cysteine residues immediately after the C domains, 

although there are multiple points of contact between the TCRβ and TCRα chains in both 

the V and C domains that contribute to complementarity[185, 186]. As mentioned 

previously, the complete αβ TCR mediates selection and survival in the thymus as well 

as activation in the periphery through interactions between the TCR V domains and 

peptide/MHC complexes.   
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Here we demonstrate the presence of Vγ2-Jβ trans rearranged mRNA in splenic T 

cells in WT and (at an increased frequency) in ATM-/- mice. Furthermore, using flow 

cytometry we identify cells expressing a Vγ2-Cβ hybrid TCR chain on the cell surface 

and characterize its participation in TCR complex formation, MHC-dependent selection, 

and activation/ memory differentiation.   

 

Materials and Methods 

Mice.  
ATM-/- mice were generated through a mutation of the ATM gene at nucleotide 

5790 resulting in a truncation of the protein [145].  ATM+/- breeders were used to 

generate ATM-/- progeny as well as ATM+/+ littermates that were used as WT controls.  

All analysis was done at 6-12 weeks of age. MHCII-/-, β2M-/- and TCRα-/- were 

maintained by homozygous breeding. Animals were maintained at Bioqual (Rockville, 

MD) and all procedures were approved by the National Cancer Institute Animal Care and 

Use Committee.   

Flow cytometry.  
Flow cytometry for analysis only was done on a LSR Fortessa (BD Biosciences).  

Cell sorting was done on a FACS Aria (BD Biosciences).  For cell sorting a pool of 5-10 

mice were used for each sort.  Total splenocytes were pre-enriched on a CD19-negative 

selection column (Miltenyi) and subsequently stained with antibodies for B220, TCR Cδ 

(GL3), Vβ2,3,5,6,7,8,11 and 12, Vγ2, and Cβ (H57) (BD Biosciences). Flow cytometry 

data was analyzed with FlowJo software.   
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Real-time PCR analysis of Vγ-Cβ  transcripts 
RNA was isolated from sorted cells using a RNeasy Mini Kit (Qiagen).  The 

reverse transcription into cDNA was done using a Superscript III First-Strand Synthesis 

System (Invitrogen).  Real-time PCR was performed using RT² SYBR® Green qPCR 

Mastermix (SA Biosciences).  Reactions were run on a 7900HT Fast Real Time PCR 

System (Applied Biosystems) and data were collected and analyzed with SDS 2.3 

software (Applied Biosystems).  The Vγ-Cβ reaction was normalized to a control 

amplification on the same cDNA sample of the ubiquitously expressed actin gene using 

the following formula: 1.9−CtV-J
β/1.9−CtCα where Ct is the cycle threshold of amplification.   

TA cloning of PCR products 
DNA was purified from PCR reactions using a QIAquick PCR Purification Kit 

(Qiagen) and ligated into the pCR 2.1 vector using a TA Cloning Kit (Invitrogen).  

Ligations were transformed into chemically competent bacteria by heat shocking at 42C 

for 30 seconds.  Transformed bacteria were plated on LB agar plates containing 

ampicillin and X-gal.  Blue-white screening was used to determine recombinant 

transformants.    

 

Results 

Trans rearranged loci are transcriptionally active in peripheral T cells 
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It was of interest to determine whether trans rearrangement between Vγ2 and Jβ 

gene segments could, if productive, produce a viable transcript and potentially be 

expressed as a TCR chain with a hybrid V domain containing the Vγ2-Jβ sequence and a 

Cβ constant domain. To first determine if trans rearrangements are transcribed we 

isolated RNA from WT and ATM-/- splenocytes and prepared cDNA.  Real-time PCR 

with primers specific for the Vγ2 and Cβ gene segments (Fig 18A) revealed that a trans 

rearranged transcript was clearly detectable in WT splenic T cells and at a significantly 

higher level in ATM-/- cells (Fig 18B).   

 

 
 
 
 
 

Figure 18 Trans rearranged loci are transcriptionally active in peripheral T cells.  
Splenic T cells were isolated from WT and ATM-/- mice by magnetic CD19 depletion 
and RNA was extracted.  cDNA was made by RT PCR and Vγ2-Cβ transcripts were 
detected by real time PCR using primers specific for Vγ2 and Cβ(A). Real-time reactions 
were normalized to the signal for actin transcripts run on the equivalent amount of cDNA 
from the same sample. Data are representative of 3 independent experiments. 

 

Figure 18 
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Vγ2+ Cβ+ T cells are detectable in the spleens of WT and ATM-/- mice. 
To detect the presence of a surface expressed trans rearranged TCR chain on 

peripheral T lymphocytes we used a flow cytometric strategy involving available 

reagents specific for multiple cell surface TCR determinants. Our staining parameters 

allowed us to distinguish between cells expressing the Vγ-Jβ-Cβ hybrid receptor and 

normal αβ or γδ T cells.  Total splenocytes from WT and ATM-/- mice were stained with 

antibodies for B220, Cδ TCR, Cβ TCR, Vγ2 TCR and a pool of Vβ TCR antibodies that, 

when combined, stain ~60-70% of αβ T cell receptors in peripheral T cells.  Cells were 

gated on B220-, Cδ- and Vβ-negative populations to exclude B cells, normal γδ T cells 

and most normal αβ T cells respectively.  A subset of trans rearranged receptors was 

predicted to be double positive for Cβ and Vγ2.  Our results reveal a population of 

Cβ/Vγ2 double positive cells representing .005% of WT and 0.025% of ATM-/- T cells 

(Fig 19A).   

To determine whether the cells detected by this strategy are indeed expressing a 

hybrid Cβ/Vγ2 product, the Vγ2/Cβ double positive and double negative populations 

from WT or ATM-/- spleens were sorted by flow cytometry, and RNA was isolated and 

cDNA synthesized.  Real-time PCR revealed that the Vγ2/Cβ double positive cells 

contained high levels of Vγ2-Cβ transcript compared to the double-negative population 

(Fig 20).  Sequence verification of the amplified products from both WT and ATM-/- 

populations revealed multiple unique Vγ2-Jβ-Cβ trans rearrangements (Table 3).  These 

data indicate that not only can immature thymocytes with trans rearranged chromosomes 

survive thymic selection and be released into the periphery, but also that the trans 
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rearranged locus may be transcribed and expressed as a surface TCR chain that could 

potentially mediate selection and peripheral function of the mature cell.  

 

 

Figure 19 Increased frequency of 
Vγ2+ Cb+ cells in the spleen of 
ATM-/- mice. Total splenocytes from 
WT and ATM-/- mice were subjected 
to a magnetic depletion of CD19+ cells 
and stained with antibodies for B220, 
Cδ (GL3), a pool of Vβ domains (Vβ2, 
3, 5, 6, 7, 8, 11 and 12), Vγ2 and Cβ 
(H57). Cells were negatively gated on 
B220, Cδ and Vβ antibodies and 
analysis of Vγ2 vs Cb (A).  
Alternatively, the Vβ pool was 
included to demonstrate that the Vγ2+ 
Cβ+ cells lack an intact TCRβ 
chain(B).  Data are representative of 5 
independent experiments. 
 

A 

B 

Figure 19 
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Table 3 Sequence verification of Vγ2-Cβ  message from sorted Vγ2+ Cβ+ 
splenocytes. PCR products from real time PCR were TA cloned and sequenced revealing 
multiple unique Vγ2-Jβ-Cβ or Vγ2-Dβ-Jβ-Cβ sequences.   
 

Figure 20 Vγ2+ Cβ+ cells express 
Vγ2-Cβ  trans rearranged 
transcript. Vγ2+ Cβ+ and Vγ2- 
Cβ- cells were electronically sorted 
from pooled splenocytes of 6-10 
WT and ATM-/- mice. RNA was 
isolated from the sorted cells and 
cDNA was made by RT PCR.  
Real time PCR was performed with 
primers specific for Vγ2 and Cβ 
and quantitation was normalized to 
the signal for actin transcription.  
Data are representative of 2 
independent experiments. 
 

Figure 20 

Table 3 
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Development of Vγ2+ Cβ+ cells is dependent on expression of the TCRα  
chain 

Pairing of TCR receptor chains is mediated through a disulfide bond between 

cysteine residues located between C domain and transmembrane domain. To test whether 

the Vγ2-Cβ hybrid TCR chain pairs with the TCRα chain through interactions between 

the intact Cβ and Cα domains, we analyzed the presence of these cells in mice double 

deficient for ATM and TCRα.  TCRα deficient mice have a deletion in the Cα gene and 

are unable to express a functional TCRα chain[8]. We found that without the TCRα 

chain, Vγ2+ Cβ+ cells were undetectable in the spleen, even in the absence of ATM.  

Thus TCRα expression is required for the development of Vγ2+ Cβ+ TCR expressing 

cells (Fig 21).  
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Figure 21 TCRα  chain is required for Vg2+ Cb+ T cell development.  WT, ATM-/-, 
TCRα-/- and ATM-/- TCRα-/- mice were analyzed for the presence of Vγ2+ Cβ+ T cells 
in the spleen.  Cells were gated as previously described.  Only the TCRα sufficient 
animals had detectable Vγ2+ Cβ+ cells.  Splenocytes were derived from one mouse in 
each group. 
 

Vγ2+ Cβ+ cells are CD4 or CD8 SP and MHC restricted 
Analysis of CD4 and CD8 expression on cells bearing a Vγ2-Cβ hybrid TCR 

revealed that, like conventional αβ T cells, this population is primarily a mix of CD4 and 

CD8 SPs, with a bias toward CD4+ by a ratio of ~2:1 in both WT and ATM-/- animals 

(Fig 22A,B).  The CD8 and CD4 coreceptors on DP thymocytes interact with MHCI and 

MHCII respectively on thymic epithelial cells and thymic dendritic cells. These 

interactions, along with TCR-MHC interactions, help facilitate positive selection of DPs 

and progression from the DP to SP stage. The importance of MHC- TCR/coreceptor 

interactions is evident in MHCI- and MHCII- deficient mice in which there is a drastic 

Figure 21 
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reduction in the percentage of mature CD8+ and CD4+ T cells respectively[33, 34].  To 

determine if TCRs bearing the Vγ2-Cβ hybrid chain undergo thymic selection by the 

same MHC-mediated mechanism as conventional αβ T cells, we analyzed expression of 

CD4 and CD8 on the surface of Vγ2+Cβ+ cells in the spleens of β2M-/- (deficient in 

MHCI) and MHCII-/- mice.  β2M is a subunit of the MHCI molecule required for surface 

expression and stabilization of the peptide binding groove. We found that the shift in 

CD4:CD8 ratios in Vγ2+Cβ+ cells mirrored the shifts seen in conventional αβ T cells 

with a substantial loss of CD8 cells in β2M-/- mice and a loss of CD4 cells MHCII-/- 

mice (Fig 23). These results suggest that interactions between the Vγ2-Cβ hybrid TCR 

and MHC molecules in the thymus are necessary for selection and maturation, similar to 

conventional TCRs bearing Vβ-Cβ chains. 
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Figure 22 Vγ2+ Cβ+ cells express CD4 or CD8. Vγ2+ Cβ+ cells were stained as 
previously described. Additionally, the cells were stained with antibodies to detect CD4 
and CD8 coreceptors. A) Cells were gated on Vγ2+ Cβ+ trans rearranged cells and on 
Vγ2- Cβ+ conventional αβ T cells.  Both populations show a mix of CD4 and CD8 SP T 
cells in the ATM-/-. B)To better visualize Vγ2+ Cβ+ cells in WT animals, events were 
collected only in the double positive gate, and CD4 and CD8 expression was observed to 
be a mix of SPs as in the ATM-/-.  Data are representative of 3 independent experiments. 
 
 
 
 
 

Figure 22 

A 

B 
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Figure 23 Vγ2+ Cβ+ cells are MHC restricted. Splenocytes were isolated from a pool 
of 3-8 β2M-/- or MHCII-/- mice.  To enrich the rare population on the ATM +/+ 
backgrounds, cells were collected only in the Vγ2+ Cβ+ gate and analyzed for CD4 and 
CD8 expression. Data are representative of 2 independent experiments. 
 

 

 

 

 

 

Figure 23 
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Vγ2+ Cβ+ cells are a mix of naïve and memory T cells 
Antigen-experienced memory T cells in the periphery upregulate the receptor 

CD44 and downregulate the homing molecule L-selectin (CD62L).  To determine if a 

subset of cells expressing the Vγ2-Cβ hybrid TCR chain in the spleen displayed a 

memory phenotype we stained total splenocytes from WT and ATM-/- mice with 

antibodies for CD44 and CD62L.  We found that the Vγ2+Cβ+ subset contained a mix of 

naïve and memory cells in similar proportions to what is observed for normal αβ T cells, 

suggesting that the Vγ2-Cβ hybrid receptor is capable of mediating activation and 

differentiation into memory cells (Fig 24 A,B).   

Figure 24 

 

Figure 24 Vγ2+ Cβ+ cells are a mix of naïve and memory T cells.  Pooled splenocytes 
from 6-10 WT and ATM-/- mice were stained with antibodies to detect Vγ2+ Cβ+ cells 
as previously described.  Additional staining was done with antibodies to detect CD44 
and CD62L on the cell surface.  Analysis of Vγ2+ Cβ+ cells from the WT and ATM-/- 
mice reveal a mix of naïve (CD44- CD62Lhi) cells and memory (CD44+ CD62Llo) cells.  
A similar distribution is detectable in conventional Cβ+ αβ T cells.  Data are 
representative of 2 independent experiments. 

A 

B 
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Discussion 
Here we have described the existence of a mouse TCR chain comprised of a 

hybrid Vγ2-Jβ encoded variable domain and a Cβ-encoded constant domain on splenic T 

cells in WT and ATM-/- mice.  These data represent the first description in mice of a 

chromosomal translocation resulting in a functional antigen receptor chain capable of 

mediating TCR complex formation, selection and possibly activation.  Hybrid TCR 

chains have been observed in PBMCs from AT patients and cloned into stable T cell lines 

but information about their development or selection has been largely speculative[187, 

188]. The identification of these cells in the mouse offers the advantage of available 

genetic mutants that can be used to test various aspects of Vγ-Cβ hybrid chain activity.   

In the absence of TCRα these cells fail to develop, suggesting that TCRα chain 

expression is critical to mediate their selection. Consistent with this, Vγ+ Cβ+ cells 

exhibit a primarily αβ-like phenotype of being either CD4+ or CD8+.  Furthermore, like 

αβ T cells CD4 or CD8 coreceptor expression on Vγ+ Cβ+ cells is dependent on 

interactions with MHCII or MHCI respectively. In the context of αβ T cell development, 

the CDR1 and CDR2 of certain Vβ and Vα domains contain conserved residues that 

appear to interact closely with the alpha helices of the MHC molecules in crystallized 

TCR-peptide-MHC complexes[189-191].  These conserved residues have led to 

speculation that TCR V genes contain a germline-encoded predisposition to recognize 

MHC molecules. Although γδ T cells are not typically MHC restricted, certain γδ TCRs 

which recognize MHC-like molecules have been described[192, 193]. Crystallization of 

one such γδ TCR in complex with the non-classical MHCI molecule (T22) revealed that 

the large CDR3δ loop and, to a lesser extent, CDR1δ, CDR2δ and CDR3γ are in contact 
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with T22[193].  Little or no direct interaction between CDR1γ or CDR2γ and the T22 

molecule was observed and thus, in this very limited context, there is no evidence of 

germline-encoded recognition of MHC by the Vγ domain[193]. It has been speculated 

that CDR3 length plays an important role in determining ligand specificity[194]. γδ TCRs 

and Ig molecules are similar in this sense because one chain (TCRδ, IgH) has a 

significantly longer CDR3 than the other chain (TCRγ, Igκ, Igλ)[194]. TCRα and TCRβ 

have similar, relatively short CDR3 loops[194] and it is possible that this combination 

contributes to MHC restriction. Interestingly, TCRβ and TCRγ have similar CDR3 

lengths of ~9 amino acids[194], and in this sense, it is not surprising that the replacement 

of the Vβ domain with a Vγ domain does not significantly alter MHC restriction. 

The αβ-like phenotype of these cells suggests that they likely progressed through 

β selection by pairing with preTα and functioning in the preTCR complex.  It has been 

shown that the V domain is dispensable for preTα pairing and signaling, since truncated 

TCRβ chains lacking a V domain can traverse β selection[27].  Thus it is not surprising 

that cells expressing a Vγ domain rather than a Vβ domain are able to survive the ligand- 

independent β checkpoint. 

The presence of Vγ2+ Cβ+ cells in the spleen with a CD44+ CD62L-low memory 

phenotype indicates that these cells are capable of recognizing and responding to 

antigenic stimulation.  Thus, even in a WT animal where this population is rare but 

detectable, these cells are present and may be initiating immune responses.  Additional 

work is needed to characterize the specificity of the receptors, and to determine what, if 

any, difference exists between them and a typical αβ TCR.  Additionally, it remains to be 

seen whether the presence of large chromosomal abnormalities in these Vγ2+ Cβ+ cells 
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has any effect on responsiveness or proliferative capacity.  If some of the translocations 

are non-reciprocal it is possible that broken chromosomes and unresolved DNA ends 

would hamper proliferation by activating cell cycle checkpoints and/or inducting a pro- 

apoptotic signaling program.  
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Chapter 5: Discussion 
 

It has been estimated that each cell in the body encounters ~10,000-20,000 DNA 

damaging events per day[195].  Therefore, efficient detection and repair of DNA damage 

is critical to maintain the stability of the genome and to prevent the accumulation of 

potentially hazardous mutations.  Of all forms of DNA damage, DSBs are the most 

dangerous because of their high potential for mutation, particularly in the G1 phase of the 

cell cycle in which no sister chromatid is available for high fidelity repair by homologous 

recombination.  DSBs are highly susceptible to mutation in the form of nucleotide 

modifications induced by components of the NHEJ apparatus, as well as chromosomal 

translocations in which broken DNA ends at one chromosome are abnormally joined to 

simultaneous breaks at other chromosomes, resulting in the large-scale transfer of genetic 

material. Such mutations can activate proto-oncogenes or inactivate tumor suppressor 

genes resulting in cellular transformation and cancer development.   

Lymphoid leukemia and lymphoma represent ~6% of reported cancers (NCI 

SEER).  Lymphocytes may be uniquely prone to transformation because, unlike any other 

tissue, their development is dependent on the induction and repair of multiple DNA DSBs 

at antigen receptor genes. Indeed, tumors of lymphoid origin frequently carry genetic 

abnormalities, particularly chromosomal translocations, involving the antigen receptor 

loci of both T and B cells.   In the case of B lymphocytes, additional DNA damage is 

encountered in mature cells during the activation induced cytidine deaminase (AICDA)- 

dependent processes of somatic hypermutation and class switch recombination within 

secondary lymphoid tissue[196].  The highly recurrent translocation between IgH and c-
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Myc in B cells is dependent on AID and associated with the development of Burkitt 

Lymphoma[197].   

The cellular DDR has evolved to recognize and stabilize DSBs, as well as 

transduce signals that prevent the persistence and propagation of damaged DNA in 

subsequent generations of cells. When the DNA damage response is compromised, as in 

the human disorders AT, NBS, and ATLD, the effects are severe and pleiotropic, 

pointing to critical roles of the DDR in development and maintenance of multiple tissues.  

The marked increase in the frequency of non-transformed T cells as well as T cell tumors 

in these patients carrying chromosomal translocations with breakpoints at TCR loci 

indicate an important function of the DDR in handling the DSBs induced by RAG during 

V(D)J recombination.   

The cloning of the ATM gene by Yosef Shiloh in 1995[198-202] and the 

subsequent development of ATM deficient mice by Carrollee Barlow in 1996[145] have 

allowed extensive investigation into the function of ATM in maintaining genomic 

integrity during V(D)J recombination. These studies have revealed three major functions 

for ATM during antigen receptor gene rearrangement: cell cycle checkpoint activation, 

recruitment and activation of repair factors to promote rapid resolution of breaks, and 

physical stabilization of post cleavage synaptic complexes.   

ATM-dependent activation of p53 has been shown to be critical to enforce the 

G1-S phase checkpoint and contain RAG induced DSBs to the G1 stage of the cell cycle 

[203]. The failure of ATM-/- lymphocytes to activate cell cycle checkpoints is also 

evidenced by studies showing the persistence of RAG-induced chromosomal breaks 

throughout multiple rounds of cell division[159].  The reported accumulation of 
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unresolved TCR coding ends observed in sorted populations of thymocytes [156] is 

consistent with the delay in DNA break repair seen in ATM deficient human fibroblasts 

following irradiation [135].  This defect in DNA repair is likely due to reduced 

recruitment and activation of repair factors such as DNA-PK and Artemis.  ATM’s role 

in the physical stabilization of the post-cleavage synaptic complex, has been 

demonstrated by a loss of coding ends from the synaptic complex in ATM-/- pre-B cell 

lines and an increased frequency of hybrid joints, in which a coding end is aberrantly 

joined to the opposing signal end rather than the coding end [172].  Thus the genomic 

aberrations observed in ATM-/- lymphocytes are the result of the cumulative loss of 

ATM’s multiple functions.   

In the work presented here we have analyzed the effect of ATM deficiency on 

TCR gene rearrangement in DN2/DN3 stage thymocytes and the developmental 

implications thereof.  The finding that TCRβ rearrangement is reduced in ATM-/- DN2/3 

cells is consistent with previous work from our labs showing a reduction in TCRα 

rearrangement in ATM-/- DP thymocytes.  Since TCRβ and TCRα are rearranged by an 

identical mechanism, it stands to reason that the TCRβ locus would have a similar 

rearrangement defect in the absence of ATM-/-.  Furthermore, the previous 

demonstration that TCRβ coding ends accumulate in DN2/3 thymocytes suggests a defect 

in complete TCRβ recombination.  However, the effect of ATM on the DN3-DN4 

transition has not been previously appreciated because of the subtle shift in the DN3:DN4 

ratio.  It is possible that the DN3-DN4 transition is not as obviously effected by the loss 

of ATM as the DP-SP transition because of the proliferation that occurs in the DN4 stage.   
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The deep sequencing of the TCRβ locus represents the first demonstration of a 

DDR defect being linked to a large scale skewing of the antigen receptor repertoire.  The 

simplest explanation for the increases in both nucleotide deletions and N nucleotide 

insertions in the ATM-/- cells is that the delay in break resolution allows the coding ends 

to be processed for longer periods of time, allowing for greater modifications at the DNA 

ends prior to joining.  An alternative explanation would be that ATM is physically 

protecting the DNA ends and restricting the access of enzymes like nucleases and TdT to 

the broken DNA. These two models are not mutually exclusive and both could be 

contributing to the repertoire differences observed at the TCRβ locus.   

DN2/3 thymocytes are unique in comparison[12] to any other population of 

developing lymphocytes in that there are three antigen receptor loci that rearrange during 

the same developmental stage.  Thus, these cells are potentially burdened by DNA breaks 

at six TCR loci (two alleles of each locus) simultaneously.  Interestingly, it was unknown 

whether WT DN2/3 cells were capable of rearranging more than one TCR locus at a time 

or whether rearrangement was temporally regulated to prevent overlap of DNA breaks.  

Our ImmunoFISH analysis demonstrates for the first time in WT cells that simultaneous 

breaks do occur at more than one TCR locus in a small subset (~2%) of DN2/3 

thymocytes.  Consistent with a delay in repair, ATM-/- DN2/3 thymocytes contained a 

~2-fold increase in the frequency of cells with multiple DSBs at different TCR loci. This 

analysis also revealed that the DN2/3 population is heterogeneous with regard to 

recombination, such that rearrangement of a given TCR locus is more likely to initiate in 

a cell already rearranging a locus than in one that is not.  This could reflect subtle 
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differences in RAG expression, locus accessibility or higher order chromatin architecture 

at the TCR loci.   

We have also demonstrated here that simultaneous breaks at multiple TCR loci 

within individual DN2/3 thymocytes results in trans rearrangements between those loci, 

primarily shown between TCRβ and TCRγ.  Trans rearrangements in the mouse have 

also been shown to occur between the two alleles of the TCRβ locus, but at a ~4 fold 

reduced frequency to that of inter-locus trans rearrangements[204]. TCRβ-TCRγ trans 

rearrangements have precise breakpoints that are detectable by PCR and resemble cis V-J 

or V-D-J rearrangements.  It is possible that a fraction of trans rearrangements have 

junctions with relatively large nucleotide deletions, but are undetectable by our PCR 

assay because of deletion of the primer sites.   

Two conditions must be met in order for chromosomal translocations to occur: 

both loci must be simultaneously broken, and the broken DNA ends must be in close 

enough spatial proximity to be joined.  It has been proposed that chromosomes within the 

interphase nucleus tend to have a non-random arrangement relative to one another that is 

cell type specific[182, 205].  Studies have shown that loci prone to chromosomal 

translocation are found closer together within non-random chromosome territories than 

non-translocating genes[166, 167, 170].  Using trans rearrangements as a model for 

chromosomal translocations in DN2/3 thymocytes we evaluated the spatial proximity of 

TCR loci relative to the non-translocating β-actin locus in WT and ATM-/- mice.  We 

found no evidence of preferential TCR locus colocalization relative to TCR-actin locus 

interactions, and no ATM-dependent effect of locus proximity.  This suggests that while 

spatial proximity is necessary for translocation to occur, there does not seem to be a 
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general close proximity of TCR loci in the DN2/3 nucleus, and that ATM does not play a 

measurable role in repositioning the loci during rearrangement.   

We also investigated the molecular mechanism of trans rearrangement by testing 

two alternative (but not mutually exclusive) models.  In the first model, a TCRβ gene and 

TCRγ gene are brought together and recombined in a RAG mediated synaptic complex 

similar to the process of cis rearrangement.  Our cellular recombination assay suggests 

that a TCRβ 23 RSS can recombine to a TCRγ and TCRβ 12 RSS with equal efficiency.  

However, it is difficult to explain this model with regard to the role ATM plays in 

preventing trans rearrangement, since the DNA cleavage event that activates ATM 

occurs only after formation of the synaptic complex.   

The second model involves two cis synaptic complexes forming simultaneously at 

TCRβ and TCRγ.  In the absence of ATM the DNA repair process is delayed and the 

post-cleavage complexes are unstable thus allowing the joining of DNA ends from 

different chromosomes.  The evidence we provide for this model is the existence of trans 

rearrangements that violate the 12/23 rule, since 12/23 compatibility would not be 

required for this event to occur.  Based on what is known about the role of ATM in the 

stabilization of the post cleavage complex, this model seems more likely than the 

formation of a trans synaptic complex, but neither model can be ruled out.   

An interesting consequence of trans rearrangement is the expression of a 

seemingly functional Vγ2-Jβ-Cβ receptor chain capable of mediating thymic selection 

and activation in the periphery.  The trans rearranged chain appears to function like a 

TCRβ chain, pairing with TCRα and participating in selection on peptide-MHC 

complexes on thymic epithelium.  Although these cells are capable of recognizing and 
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responding to antigen in the periphery it is unclear whether their ligands are at all 

different from that of a normal αβ receptor.  Further work is needed to determine the 

specificity of these receptors and their functionality in an immune response.   
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