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ABSTRACT 

 

NON-CANONICAL ROLES FOR RAG1 IN LYMPHOCYTE DEVELOPMENT 

Julie E. Horowitz 

Craig H. Bassing, Ph.D. 

The RAG1/RAG2 (RAG) endonuclease recombines accessible antigen receptor 

(AgR) genes through DNA double strand break (DSB) intermediates to generate a 

diverse AgR repertoire. RAG-mediated DSBs signal changes in expression of genes 

encoding proteins involved in cellular survival, lymphocyte differentiation, and AgR 

selection. RAG proteins are each comprised of “core” endonuclease domains and 

dispensable “non-core” regions. Humans with mutations in non-core RAG1 regions 

exhibit fatal primary immunodeficiencies, and mice expressing truncated core, but not 

full-length, Rag1 protein (Rag1C/C mice) exhibit impaired early lymphocyte development 

associated with reduced levels of AgR gene rearrangements. In addition to serving with 

RAG2 as the V(D)J endonuclease, the RAG1 protein has been proposed to utilize non-

core regions to regulate V(D)J recombination by enhancing AgR locus accessibility, 

promoting efficient RAG endonuclease activity, and/or generating RAG DSB-induced 

survival and differentiation signals. The experiments described in this thesis use a 

variety of mouse genetic models to investigate how mutations in RAG1 protein that 

preserve RAG endonuclease activity impair V(D)J recombination efficiency and 

lymphocyte development. First, these studies have identified roles for non-core Rag1 

regions in regulating normal αβ T cell development and TCRβ recombination by 

promoting Vβ rearrangements and diverse usage of Vβ gene segments in both primary 

and secondary VβDβJβ rearrangements. Second, these studies show that non-core 

Rag1 regulates normal B cell development by inducing transcriptional activation of the 

pro-survival kinase Pim2 in response to RAG cleavage and by promoting the survival of 
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developing Igκ+ and Igλ+ B cells. These studies have also identified roles for Rag1 in 

enhancing Igκ and Igλ locus accessibility in pre-B cells prior to RAG cleavage. 

Collectively, the data presented in this thesis demonstrate that RAG1 has critical 

functions outside of V(D)J recombination that enhance AgR gene segment accessibility, 

promote V(D)J recombination at multiple AgR loci, and transduce pro-survival signals 

during AgR recombination to establish a broad AgR repertoire and thereby foster normal 

lymphocyte development.  
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CHAPTER 1 

 

Antigen Receptor Assembly and the RAG Recombinase 

 

Antigen Receptor Assembly 

 
In response to infection, antigen-activated lymphocytes clear antigen from the 

host and protect against future stimulation with the same antigen. Thus, antigen-specific 

lymphocyte activation is the cornerstone of effective adaptive immunity. Antigen 

recognition is mediated by antigen receptors (AgRs) expressed on the surface of mature 

B and T lymphocytes. The B cell receptor (BCR) is comprised of immunoglobulin heavy 

(IgH) and immunoglobulin light (IgL) protein chains (encoded by IgH loci and either Igκ 

or Igλ loci, respectively), while the T cell receptor (TCR) is comprised of either TCRβ and 

TCRα protein chains (encoded by TCRβ and TCRα loci, respectively) or, in a subset of 

cells, TCRδ and TCRγ protein chains (encoded by TCRδ and TCRγ loci, respectively). 

AgRs are composed of variable regions that mediate antigen recognition as well as 

constant regions that mediate effector function in response to antigen stimulation. Most 

lymphocytes express a single AgR of unique specificity, yielding a population of 

lymphocyte AgRs with ~108 different antigenic specificities (Janeway, 2005). 

The lymphocyte-specific RAG1/RAG2 (RAG) endonuclease complex generates 

AgR gene diversity by catalyzing the assembly of Ig and TCR genes from germline 

variable (V), diversity (D), and joining (J) gene segments and downstream constant (C) 

gene segments (Fugmann et al., 2000) (Figure 1.1). The RAG1 protein binds DNA and 

exhibits DNA endonuclease activity in the presence of RAG2 protein, a co-factor 

essential for RAG cleavage but with no inherent DNA cleavage activity of its own 

(Schatz and Swanson, 2011). The RAG protein complex, which forms a Y-shaped 
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hetero-tetrameric complex (Kim et al., 2015; Yin et al., 2009), generates DNA double-

strand breaks (DSBs) between individual variable (V), diversity (D), and joining (J) gene 

segments and adjacent recombination signal sequences (RSSs). RSSs are composed of 

conserved heptamer and nonamer sequences separated by either 12 or 23 base pair 

spacer sequences, which are less conserved (Fugmann et al., 2000; Schatz and 

Swanson, 2011). The RAG proteins independently localize at a single RSS and then 

capture a second RSS, forming a pre-break synaptic complex. RAG synaptic complexes 

form between one 12-RSS and one 23-RSS, thus restricting potential V(D)J 

rearrangements by the 12/23 rule (Schatz and Ji, 2011). This 12/23 restriction is strongly 

enforced at the IgH locus, where VH and JH gene segments have 23-RSSs and DH 

segments are flanked by 12-RSSs, ensuring that DH segments are included in IgH gene 

assembly and that direct VH-JH recombination does not occur (Schatz and Ji, 2011; 

Schatz and Swanson, 2011). Additional mechanisms enforce 12/23 restriction at the 

TCRβ locus, where Vβ and Jβ segments are 12/23-compatible (Bassing et al., 2000), to 

ensure Dβ segments are included in TCRβ gene assembly. During synapsis, the RAG 

protein complex first induces a single-strand DNA nick, which then attacks the second 

strand to generate a DNA DSB at each RSS. The resultant hairpin-sealed coding ends 

and blunt signal ends remain held together in a post-cleavage complex. RAG DSBs 

activate the DNA-dependent protein kinase catalytic subunit, which together with the 

Artemis nuclease, forms an endonuclease that processes RAG coding ends for non-

homologous end-joining (Helmink and Sleckman, 2012; Lieber, 2010). RAG DSBs also 

activate the ataxia telangiectasia mutated (ATM) kinase, which coordinates the cellular 

DSB response. ATM substrates stabilize, process, and repair DNA ends, creating V(D)J 

coding joins and signal joins (Alt et al., 2013; Boboila et al., 2012; Helmink and 

Sleckman, 2012; Lieber, 2010), and RAG DSBs signal in part though ATM to activate a 
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genetic program encompassing cell survival and lymphocyte differentiation genes 

(Bednarski and Sleckman, 2012; Bredemeyer et al., 2008; Helmink and Sleckman, 

2012). RAG coding ends undergo non-templated nucleotide addition by the terminal 

deoxynucleotidyl transferase before joining, while RAG signal ends are simply end-

ligated (Helmink and Sleckman, 2012). The number of possible RAG-mediated V(D)J 

joining events coupled with the imprecise manner in which coding ends are processed 

together combine to generate AgR diversity.  

 

Antigen Receptor Assembly is Developmentally Regulated 

AgRs are assembled in the bone marrow or thymus through a series of ordered, 

cell-type and developmental-stage specific V(D)J recombination events (Clark et al., 

2014; Rothenberg, 2014). BCR assembly initiates at the IgH locus, which spans 3 Mb 

and is comprised of several regions: the distal 5’ end, consisting of 150 VH gene 

segments, a 2 kb region consisting of ~10 VD and 4 JH gene segments, and the 3’ 

region, consisting of 8 CH genes (Perlot and Alt, 2008) (Figure 1.1). In pre-pro B cells, 

RAG accumulates over transcriptionally active D and J gene segments marked by high 

levels of tri-methylated histone H3 at lysine 4 (H3K4Me3), acetylated histone H3 at 

lysine 9 (H3K9Ac), and RNA polymerase II (RNAPII) binding to initiate DH-to-JH 

rearrangements on both IgH alleles (Jung et al., 2006; Schatz and Ji, 2011). These 

localized “recombination centers” are proposed to facilitate subsequent VH-to-DJH 

recombination events via large-scale looping of the IgH locus that bring distal VH gene 

segments in proximity to DJH rearrangements (Chaumeil and Skok, 2012; Degner-Leisso 

and Feeney, 2010; Schatz and Ji, 2011) and form independently of RAG (Majumder et 

al., 2015). Productive, in-frame VHDJH gene rearrangements together with downstream 

CH genes are expressed as IgH proteins that pair with surrogate light chain complexes 

comprised of λ5 and VpreB to form pre-BCRs (Clark et al., 2014). Signaling from the 
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pre-BCR leads to cessation of RAG expression and induction of Cyclin D3 protein, which 

drives pro-to-pre-B cell differentiation concomitant but independent of proliferation 

expansion (Clark et al., 2014; Sicinska et al., 2003). At this time, developmental stage-

specific changes in VH chromatin and VH/DJH looping likely cooperate to silence 

transcription and recombination of VH segments in pre-B cells (Chaumeil and Skok, 

2012). The subsequent developmental transition from the large to small Pre-B cell stage 

is associated with attenuation of interleukin-7 (IL-7) cytokine signals, cell cycle exit, re-

induction of RAG proteins, transcriptional activation of germline Igκ loci, and consequent 

Vκ-Jκ recombination (Clark et al., 2014; Schlissel, 2007). The Igκ locus spans ~3.5 Mb 

and is comprised of two regions: the 5’ end, consisting of 140 Vκ gene segments, and 

the 3’ end, consisting of 4 functional Jκ gene segments and a single Cκ exon (Schatz 

and Ji, 2011) (Figure 1.1). Successful, in-frame Vκ-Jκ rearrangements are expressed as 

proteins for pairing with IgH proteins, and the resultant BCRs are tested for auto-

reactivity. Cells that successfully undergo productive Igκ rearrangements and pass self-

tolerance checkpoints exit the bone marrow to complete maturation in the spleen. 

However, recognition of self-proteins results in down-regulation of the BCR, re-induction 

of RAG transcripts, and secondary Vκ-Jκ rearrangements. Pre-B cells with receptors 

that fail to yield productive, non-autoreactive Vκ-Jκ rearrangements exhaust/inactivate 

the Igκ locus via RS element deletion and initiate Vλ-Jλ1 rearrangements at Igλ loci 

(Clark et al., 2014; Schlissel, 2007). The Igλ locus is ~240 kb and is comprised of two V-

J domains, each containing one or two Vλ gene segments that rearrange to Jλs across 

total distances of 30-80 kb (Sanchez et al., 1991; Schlissel, 2007) (Figure 1.1). These 

late-stage Igλ rearrangements depend on developmentally regulated Igλ locus 

accessibility (Beck et al., 2009) as well as NF-κB-induced Pim2 signals to provide pro-

survival signals in pre-B cells attempting productive rearrangements (Beck et al., 2009; 
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Bednarski et al., 2012; Derudder et al., 2009; Schlissel, 2007). Cells that successfully 

undergo IgL rearrangements (Igκ or Igλ) and pass tolerance checkpoints exit the bone 

marrow to complete maturation in the spleen (Luning Prak et al., 2011).  

The assembly of αβ T cell receptor genes is similarly coordinated with 

programmed differentiation in the thymus (Rothenberg, 2014). The TCRβ locus is ~700 

kb and is comprised of two regions: the 5’ end, consisting of 30 Vβ gene segments, and 

the 3’ end, consisting of two DβJβ clusters and an additional Vβ14 gene segment at the 

extreme 3’ end of the locus (Schatz and Ji, 2011) (Figure 1.1). RAG initiates V(D)J 

recombination in CD4/CD8 double negative (DN) thymocytes by generating Dβ-to-Jβ 

recombination events on both TCRβ alleles. The DN stage is subdivided into four 

developmental stages based on cell surface expression of c-Kit and CD25. Dβ-to-Jβ 

recombination is initiated in DN1 (c-Kit+, CD25-) and DN2 (c-Kit+, CD25+) cells. Dβ-to-Jβ 

rearrangements on both alleles are completed by the DN3 (c-Kit-, CD25+) stage, where 

Vβ-to-DβJβ recombination occurs, one allele at a time (Krangel, 2009). Here, tissue-

specific cis-elements in the TCRβ locus promote large-scale looping that brings distal Vβ 

gene segments in proximity to DJβ clusters, facilitating Vβ-to-DJβ rearrangements in DN 

cells (Chaumeil and Skok, 2012; Majumder et al., 2015; Shih and Krangel, 2013). In-

frame VβDβJβ joins are expressed as proteins that pair with pre-Tα to form the pre-TCR 

signaling complex. Developmental state-specific changes in Vβ chromatin and Vβ/DJβ 

looping likely cooperate to silence transcription and recombination of Vβ segments in 

pre-T cells. Signals downstream of the pre-TCR inhibit further Vβ rearrangements on 

either allele, drive Cyclin D3-mediated proliferation, and promote differentiation through 

the DN4 (c-Kit-, CD25-) to the CD4/CD8 double-positive (DP) stage, wherein Vα-to-Jα 

recombination at the TCRα locus is initiated (Krangel, 2009; Sicinska et al., 2003; von 
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Boehmer and Melchers, 2010). The TCRα locus spans ~2 Mb and is comprised of two 

regions: the 5’ end, consisting of 100 interspersed Vα/δ gene segments, and the 3’ end, 

consisting a Dδ/Jδ array upstream of ~60 Jα gene segments (Figure 1.1). TCRα genes 

assemble through Vα-to-Jα rearrangements on both alleles (Chen et al., 2001; Krangel, 

2009). Functional TCRα gene rearrangements lead to expression of TCRα chains that 

can pair with TCRβ chains. Cell surface-expressed αβ TCRs in CD4/CD8 DP cells are 

then selected based on interactions with self-peptide:MHC complexes, which drive 

differentiation into either CD4 or CD8 single positive (SP) thymocytes or allow for 

additional Vα-to-Jα rearrangements to potentially rescue self-peptide responsive cells 

from negative selection (Krangel, 2009). Positively selected SP cells then exit the 

thymus to enter the naïve peripheral T cell pool (von Boehmer and Melchers, 2010).   

 

Regulation of V(D)J Recombination by RAG Expression, RAG Binding, AgR Locus 

Accessibility 

RAG DSBs are essential for AgR assembly yet pose risks to developing 

lymphocytes in the form of genomic instability and apoptosis (Helmink and Sleckman, 

2012). Accordingly, V(D)J is regulated by several cell-type and stage-specific 

mechanisms that both maximize AgR diversity and minimize immune deficiency and 

oncogenic lesions in the host. First, V(D)J recombination is restricted to G1-phase of the 

cell cycle. The RAG1 protein is expressed throughout the cell cycle. However, 

phosphorylation of RAG2 by CyclinA/Ckd2 at threonine 490, results in proteosomal 

degradation of RAG2 at the G1/S transition by the Skp2-SCF ubiquitin ligase complex (Li 

et al., 1996; Lin and Desiderio, 1993; Lin and Desiderio, 1994). Loss of this regulation 

promotes aberrant recombination and results in chromosomal translocations involving 

AgR genes (Zhang et al., 2011). Thus, the cell cycle-restriction of RAG expression limits 
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V(D)J recombination, likely preventing cells with unrepaired RAG DSBs from 

propagating through the cell cycle.   

Second, RAG expression is restricted to two discrete phases of lymphocyte 

development. Initial Rag expression in pre-pro B cells and DN2 thymocytes results in 

IgH/TCRβ gene assembly, respectively (Kuo and Schlissel, 2009). Signaling 

downstream of the pre-BCR/TCR results in transcriptional down-regulation of RAG in pro 

B/T cells (Amin and Schlissel, 2008; Kuo and Schlissel, 2009) coincident with a period of 

cellular proliferation and differentiation. Subsequent RAG re-expression in pre-B/T cells 

is permanently silenced in mature, self-tolerant cells by tonic PI3K/Akt signaling 

downstream of a functional BCR and by Akt, LAT, and SLP-76 signaling downstream of 

a functional TCR. The absence of this regulation, as in constitutive expression of RAG 

throughout development, causes severe B cell and T cell lymphopenia, immune 

deficiency, and potential increases in genomic stress due to accumulated unrepaired 

RAG DSBs (Wayne et al., 1994). Thus, developmental-stage restriction of RAG 

expression is critical.  

The modulation of RAG expression throughout lymphocyte development is 

regulated by a network of transcription factors, enhancers, and other cis-regulatory 

elements within the RAG locus that function in a cell-type specific manner (Amin and 

Schlissel, 2008; Hsu et al., 2003). The RAG locus contains both RAG1 and RAG2 

genes, which are separated by 8 kb and lie in reverse transcriptional orientation. Cell 

stage-appropriate expression of RAG is driven by the Rag1 promoter, which is active in 

both lymphoid and non-lymphoid cell types, and the lymphocyte-specific Rag2 promoter 

(Lauring and Schlissel, 1999). While both promoters share common transcription factor 

binding elements, the variable expression of these factors (Bain et al., 1994; Degner et 

al., 2009; Kuo and Schlissel, 2009; Reynaud et al., 2008; Verkoczy et al., 2005; Zhang 

et al., 2006a) result in cell-type specific RAG regulation. RAG expression is further 



8 

regulated in cis by the Erag enhancer, which lies ~20 kb upstream of the Rag2 promoter 

and blocks early B but not T cell development (Hsu et al., 2003), as well as a silencer 

element found between the Rag1 and Rag2 genes that antagonizes an anti-silencer 

element ~70 Kb upstream of the Rag2 gene. Deletion of the anti-silencer causes 

decreased RAG expression in DP T cells but not B cells (Yannoutsos et al., 2004). Thus 

cis-regulatory elements within in the RAG locus contribute the regulation of V(DJ) 

recombination via RAG expression. 

Finally, the long-standing V(D)J accessibility model links V(D)J recombination to 

an open chromatin environment that is both permissive to RAG binding and subsequent 

cleavage (Yancopoulos and Alt, 1985). Active AgR loci exhibit increased germline 

transcripts, RNAPII binding, histone H3K4me3 and H3K9Ac (Schatz and Ji, 2011), and 

DNA hypomethylation (Jung et al., 2006; Krangel, 2007). Recombining AgR loci also 

exhibit shifts in nucleosome density and positioning that promote dissociation of RSSs 

from chromatin (Cobb et al., 2006; Oltz and Osipovich, 2007; Osipovich et al., 2007; 

Schatz and Ji, 2011) and activation of locus-specific cis-elements that enable RAG 

binding at D/J gene segments and render D/J RSSs accessible for RAG cleavage (Ji et 

al., 2010a; Kondilis-Mangum et al., 2011; Oltz and Osipovich, 2007). Additional 

transcription factors like c-Fos and Runx1 in T cells (Cieslak et al., 2014; Wang et al., 

2008) promote RAG binding at Dβ and Dδ gene segments, respectively (Cieslak et al., 

2014; Wang et al., 2008; Zhang et al., 2006b). Recombination is also driven by large-

scale contractions at AgR loci that facilitate recombination of distal AgR gene segments, 

mediate ordered recombination, and promote diverse AgR gene usage (Chaumeil and 

Skok, 2012; Ebert et al., 2011; Guo et al., 2011; Jhunjhunwala et al., 2009; Shih and 

Krangel, 2013; Xiang et al., 2013). Collectively, these observations support a model in 

which RAG recruitment over transcriptionally active D and J gene segments initiate D-to-

J rearrangements and promote looping of distal V gene segments for V-to-DJ 
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recombination within a focal recombination center (Schatz and Ji, 2011). Thus, the 

regulation of V(D)J recombination is intimately linked with RAG accessibility to AgR 

genes. 

 

Structure and Biochemical Activities of the RAG Proteins 

Until recently, studies investigating the role of the RAG endonuclease complex 

used truncated “core” RAG enzymes due to insolubility of the full-length recombinant 

proteins (Sadofsky, 2004; Sadofsky et al., 1993). The RAG1 core protein, which lacks 

40% of full-length RAG1, is the minimal portion capable of catalyzing V(D)J 

recombination with the RAG2 core protein, which lacks 25% of full-length RAG2, in vitro 

(Sadofsky, 2004) (Figure 1.2). The carboxy-terminal non-core RAG2 region contains a 

PHD domain that binds tri-methylated histone H3 proteins along transcribing genes to 

increase V(D)J recombination (Liu et al., 2007; Matthews et al., 2007) and a motif that 

restricts RAG2 expression and therefore RAG cleavage to G1 phase cells (Li et al., 

1996) (Figure 1.2). The amino-terminal non-core regions of RAG1 include a Really 

Interesting New Gene (RING) domain with E3 ubiquitin ligase activity and sequences 

that interact with the VprBP kinase, the Roc1/Cul4A/DDB1 ubiquitin ligase complex, 

histones H3 and variant H3.3, the MDC1 and Ku70/Ku80 DNA damage response 

proteins, and the Gmeb1 transcription factor (Coster et al., 2012; Grazini et al., 2010; 

Jones et al., 2011; Kassmeier et al., 2012; Kim et al., 2013; Maitra and Sadofsky, 2009; 

Raval et al., 2008) (Figure 1.2). The discoveries of these biochemical activities have led 

to hypotheses linking the non-core regions of RAG1 to the modulation of antigen 

receptor gene assembly through ubiquitylating proteins to promote Ig/TCR locus 

accessibility and through transducing signals following RAG DNA breaks (Dudley et al., 

2003; Grazini et al., 2010; Horowitz and Bassing, 2014; Jones et al., 2011; Sadofsky, 

2004; Simkus et al., 2007). Yet, specific evidence for roles of non-core RAG1 regions in 
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regulating these or other aspects of antigen receptor gene assembly within the context 

of developing lymphocytes in vivo remain poorly understood. 

 

Roles for Non-Core RAG1 Regions In Vivo 

Although dispensable for V(D)J recombination, non-core RAG regions are 

essential for normal lymphocyte development. Human RAG mutations that completely 

block V(D)J recombination cause B cell-, T cell-, Natural Killer (NK) cell+ severe 

combined immunodeficiency (SCID) associated with a complete lack of circulating B or T 

cells (Lee et al., 2014). Hypomorphic RAG mutations that disrupt the biochemical 

activities of non-core RAG1 regions but preserve recombination activity cause a variety 

of atypical SCID-like conditions, including combined immunodeficiency (CID) with 

granuloma and/or autoimmunity, late-onset SCID, and Omenn Syndrome (OS), an 

immune deficiency associated with lack of circulating B cells, oligoclonal TCR repertoire, 

autoimmunity, T cell infiltration of the skin and gut, high serum IgE levels, and 

erythroderma (Aleman et al., 2001; Santagata et al., 2000; Wong and Roth, 2007). 

However, how mutations in non-core RAG regions that preserve V(D)J recombination 

activity but cause autoimmunity and altered AgR repertoire remain poorly understood. 

Untreated OS is typically fatal (Aleman et al., 2001), and current therapies are limited to 

hematopoietic stem cell transplantation from healthy donors (Caglayan Sozmen et al., 

2015). Further, the late onset and immune and autoimmune phenotypes observed in 

these atypical-SCID and OS patients may complicate treatment (Jspeert et al., 2014). 

Thus, defining how RAG mutations that preserve recombination activity but compromise 

lymphocyte development may generate novel and/or targeted therapeutics for SCID and 

OS patients.  

While dispensable in vitro, the non-core regions of Rag1 promote efficient V(D)J 

recombination in vivo. Mice expressing “core” but not full-length Rag1 (Rag1C/C mice) 
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exhibit a partial block in early lymphocyte development and reduced numbers of mature 

B and T lymphocytes that are associated with reduced D-J and V-to-DJ at IgH and 

TCRβ loci (Dudley et al., 2003). Specifically, Rag1C/C mice exhibit reduced Dβ-Jβ and 

Vβ-DβJβ recombination in non-selected DN3 thymocytes, a partial block at the DN-to-DP 

transition, and a 50% reduction in mature splenic T cell numbers as well as reduced DH-

JH and VH-DHJH recombination in pre-B cells, a partial block at the pro-B-to-pre-B cell 

transition, and a 50% reduction in mature splenic B cell numbers (Dudley et al., 2003). 

These phenotypes implicate non-core Rag1 regions in promoting efficient V(D)J 

recombination. Yet, the specific roles of non-core Rag1 domains in the context of V(D)J 

recombination or lymphocyte differentiation in vivo are unknown. For instance, because 

D-to-J recombination is required for V-to-DJ recombination to occur, and as RAG binding 

over D and J segments is proposed to promote V-to-DJ recombination, Rag1C/C mouse 

phenotypes may be due to defects in D-to-J, V-to-DJ, or both steps. Data shown in 

Chapter 2 of this thesis shows that expression of a pre-assembled endogenous VβDβJβ 

allele, but not a DβJβ allele, rescues αβ T cell development in Rag1C/C mice, indicating 

non-core Rag1 regions primarily function during V(D)J recombination to promote Vβ-to-

DJβ recombination. Data in Chapter 2 also demonstrates that Rag1C/C αβ T cells express 

a Vβ repertoire that is skewed during both primary and secondary Vβ-to-DβJβ 

recombination and that Rag1C/C thymocytes undergo altered αβ TCR selection, 

implicating non-core Rag1 regions in promoting a diverse TCRβ repertoire. Further 

experiments in Chapter 2 demonstrate that replacement of a single non-consensus Vβ 

RSS for an efficient with a consensus RSS nearly rescues αβ T cell development in 

Rag1C/C mice, implicating non-core Rag1 in establishing Vβ diversity through overcoming 

inherent Vβ RSS inefficiencies. Together, the data presented in Chapter 2 demonstrate 
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novel roles for non-core Rag1 regions in primary V(D)J rearrangements and αβ TCR 

selection to promote the generation of a diverse naïve αβ TCR repertoire in vivo.  

In addition to promoting V(D)J recombination, the non-core regions of RAG1 

have been proposed to be important for AgR gene segment accessibility, V(D)J 

efficiency, RAG DSB repair, and/or signaling following RAG DSBs. Yet, the specific roles 

of these domains in the context of V(D)J recombination or lymphocyte differentiation in 

vivo are unknown. Data presented in Chapter 3 of this thesis shows that Rag1C/C mice 

have decreased accessibility of Jλ1 gene segments and that the Rag1 protein promotes 

accessibility of both Jκ and Jλ gene segments, implicating Rag1 in promoting AgR locus 

accessibility independent of Rag cleavage activity. Further, RAG DSBs in pre-B cells 

induce hundreds of transcriptional changes in genes encoding proteins associated with 

cell survival, lymphocyte differentiation, and AgR selection. These include the NF-κB-

dependent pro-survival factor Pim2, which promotes Igλ+ B cell development. Data 

shown in Chapter 4 of this thesis shows that Rag1C/C mice exhibit impaired late B cell 

development with profound defects in Igλ+ B cell development that is associated with 

reduced Vλ-to-Jλ recombination. Additional experiments show that Rag1C/C pre-B cells 

do not upregulate Pim2 during RAG DSBs and that expression of pro-survival BCL2 

protein rescues Igλ+ cell development in Rag1C/C mice, indicating that non-core Rag1 

regions promote survival signals in response to RAG DSBs in pre-B cells that promote 

the development of Igλ+ cells. Collectively, the data presented in this thesis 

demonstrates novel, non-cleavage functions for the RAG endonuclease in establishing a 

normal immune repertoire and also implicates RAG1 as a chromatin-modifying factor 

that promotes accessibility of AgR genes prior to recombination and as a signal 

transduction molecule that promotes the survival and differentiation of developing 

lymphocytes.  
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Figure 1.1 

 

 

 

Figure 1.1 The structure of AgR receptor loci. Schematics indicating mouse AgR 

receptor loci, with variable (V) gene segments shown in red, diversity (D) gene segments 

are shown in grey, joining (J) gene segments are shown in blue, with constant (C) genes 

shown in black. Approximate locus sizes are indicated and numbers of gene segments 

per locus are indicated in parentheses, where relevant.  
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Figure 1.2 

 

 

Figure 1.2 The RAG proteins. Schematics of RAG1 and RAG2 protein domains. 

Indicated “core” regions are critical for V(D)J recombination, while “non-core” regions are 

dispensable for this reaction in vitro. The core-RAG1 domain possesses DNA cleavage 

activity, catalyzed at the indicated D708A residue, a RSS nonamer-binding domain 

(NBD), a RSS heptamer-binding domain (HBD), and sequences that bind the V(D)J co-

factor RAG2. The non-core regions of RAG1 include a RING domain with E3 ligase 

activity that can ubiquitylate histones H3 and H4 as well as sequences that bind the 

VprBP component of the VprBP/Roc1/Cul4/DDB E3 ligase complex, DNA damage 

response proteins Ku70/Ku80, and the transcription factor Gmeb1. The core RAG2 

protein interacts with RAG1, and the non-core regions of RAG2 include a PHD domain, 

which binds H3K4me3, and the indicated T490 residue, which regulates cell-cycle 

dependent degradation of RAG2.  
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CHAPTER 2 

 Noncore RAG1 Regions Promote Vβ  Rearrangements and αβ  T Cell Development 

by Overcoming Inherent Inefficiency of Vβ  Recombination Signal Sequences1 

Abstract 

The RAG proteins are comprised of core endonuclease domains and non-core 

regions that modulate endonuclease activity. Mutation or deletion of non-core RAG 

regions in humans causes immunodeficiency and altered TCR repertoire, and mice 

expressing core but not full-length Rag1 (Rag1C/C) or Rag2 (Rag2C/C) exhibit 

lymphopenia, reflecting impaired V(D)J recombination and lymphocyte development. 

Rag1C/C mice display reduced D-to-J and V-to-DJ rearrangements of TCRβ and IgH loci, 

while Rag2 C/C mice show decreased V-to-DJ rearrangements and altered 

Vβ/VΗ repertoire. Since Vβs/VΗs only recombine to DJ complexes, the Rag1C/C phenotype 

could reflect roles for non-core RAG1 regions in promoting recombination during only the 

D-to-J step or during both steps. Here, we demonstrate that a pre-assembled TCRβ 

gene, but not a pre-assembled DβJβ complex or the pro-survival BCL2 protein, 

completely rescues αβ T cell development in Rag1C/C mice. We find that Rag1C/C mice 

exhibit altered Vβ utilization in Vβ-to-DJβ rearrangements, increased usage of 3'Jα gene 

segments in Vα-to-Jα rearrangements, and abnormal changes in Vβ repertoire during 

αβ TCR selection. Inefficient Vβ/VΗ recombination signal sequences (RSSs) have been 

hypothesized to cause impaired V-to-DJ recombination on the background of a defective 

recombinase as in core-Rag mice. We show that replacement of the Vβ14 RSS with a 

                                                
1 Originally published in The Journal of Immunology. Horowitz, J.E., and Bassing, C.H. 2014. Noncore 
RAG1 regions promote Vβ rearrangements and αβ T cell development by overcoming inherent 
inefficiency of Vβ recombination signal sequences. J. Immunol. Vol: 192, 4, pp1609-1619. Copyright © 
2014. The American Association of Immunologists, Inc. 
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more efficient RSS increases Vβ14 recombination and rescues αβ T cell development in 

Rag1C/C mice. Our data indicate that non-core RAG1 regions establish a diverse TCR 

repertoire by overcoming Vβ RSS inefficiency to promote Vβ recombination and αβ T 

cell development, and by modulating TCRβ and TCRα gene segment utilization.  
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Introduction 
 

The lymphocyte-specific RAG1/RAG2 (Fugmann et al., 2000) endonuclease 

generates Ag receptor diversity by recombining germline variable (V), diversity (D), and 

joining (J) gene segments of T cell receptor (TCR) and immunoglobulin (Ig) loci. RAG 

cleavage between two participating gene segments and their adjacent RSSs yields DNA 

double strand breaks (DSBs) comprised of hairpin-sealed coding ends and blunt signal 

ends (Fugmann et al., 2000; Schatz and Ji, 2011). RAG proteins along with DNA 

damage response/repair proteins hold these DNA ends in a stable post-cleavage 

complex and facilitate their repair by non-homologous end-joining (NHEJ) factors 

(Helmink and Sleckman; Lieber). The combination of possible V(D)J joining events and 

the imprecise manner by which coding ends are processed cooperate to generate Ag 

receptor diversity.  

The RAG1 and RAG2 proteins are each comprised of core endonuclease 

domains, defined as the minimal sequences required for DNA cleavage in vitro, and non-

core regions that modulate this activity (Sadofsky, 2004; Schatz and Swanson, 2011). 

RAG1 or RAG2 mutations that alter or delete non-core RAG1 or RAG2 region amino 

acids and reduce overall V(D)J recombinase activity cause Omenn Syndrome (OS) or 

other fatal severe combined immunodeficiencies associated with oligoclonal TCR 

repertoire and increased T cell mediated autoimmunity (Notarangelo, 2010; Villa et al., 

2008; Villa et al., 2001; Wong and Roth, 2007). However, the contribution of diminished 

recombinase activity to aberrant TCR repertoire and autoreactive T cells in OS patients 

remains undetermined (Wong and Roth, 2007). Rag1C/C and Rag2C/C mice each display 

reduced numbers of mature T and B cells, reflecting impaired lymphocyte development 

beyond the progenitor stages associated with reduced TCRβ and IgH recombination 

(Akamatsu et al., 2003; Dudley et al., 2003; Liang et al., 2002). While Rag1C/C mice 
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display reduced levels of both D-to-J and V-to-DJ recombination of TCRβ and IgH loci 

(Dudley et al., 2003), Rag2C/C mice show predominantly decreased V-to-DJ 

rearrangements associated with altered Vβ/VH usage (Akamatsu et al., 2003; Liang et 

al., 2002). Although no reductions in the levels of V-to-J recombination of Igκ or 

TCRα loci were discovered in either Rag1C/C or Rag2C/C mice, potential changes in the 

utilization of individual Igκ or TCRα gene segments have not been assayed (Akamatsu 

et al., 2003; Liang et al., 2002). Considering that Vβs and VHs only recombine to DJ 

complexes, the Rag1C/C phenotype could reflect roles for non-core RAG1 regions in 

promoting recombination during only the D-to-J step or during both the D-to-J and V-to-

DJ steps (Dudley et al., 2003). Since Vβ and VH rearrangements are selectively impaired 

in Rag2C/C mice, it has been hypothesized that the Rag2C/C mouse phenotype is due to 

the interaction of a defective recombinase with unique features of Vβ/VH RSSs (Liang et 

al., 2002). In support of this notion, Vβ/VH RSSs that more closely resemble those of Dβ 

and Vλ/Vα/Vγ/Vδ segments are more efficiently cleaved by core-RAG proteins in vitro 

and their associated Vβ/VH segments are recombined and expressed at higher 

frequencies in Rag2C/C mice relative to normal mice (Liang et al., 2002). Yet, neither this 

decade-old model nor its prediction that Rag1C/C mice also would exhibit altered Vβ and 

VH utilization has been tested.  

In humans and mice, αβ T cells develop in the thymus through a differentiation 

program that involves the ordered assembly, expression, and selection of TCR genes. 

TCRβ genes assemble through Dβ-to-Jβ and then Vβ-to-DβJβ rearrangements in CD4-

CD8- “double-negative” (DN) thymocytes (Krangel, 2009). The Dβ-to-Jβ recombination 

step initiates in c-Kit+CD25- DN1 cells and continues in c-Kit+CD25+ DN2 cells, while Vβ-

to-DβJβ recombination occurs in c-Kit-CD25+ DN3 cells (Krangel, 2009). Since TCRβ loci 
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contain 31 Vβ segments (Trbv1 through Trbv31) and two Dβ-Jβ-Cβ clusters (Trbd1-

Trbj1-Trbc1 and Trbd2-Trbj2-Trbc2) each with one Dβ and six functional Jβ segments, 

secondary Vβ rearrangements can occur to Dβ2Jβ2 (Trbd2Trbj2) complexes on alleles 

with primary Vβ rearrangements to assembled Dβ1Jβ1 (Trbd1Trbj1) complexes (Brady 

et al., 2010). Utilization of individual Vβ segments in primary Vβ-to-Dβ1Jβ1 

rearrangements is biased independent of Vβ position (Wilson et al., 2001). However, Vβ 

position relative to a pre-assembled VβDβJβ1Cβ1 gene can influence the usage of Vβ 

segments in secondary Vβ-to-Dβ2Jβ2 rearrangements (Brady et al., 2010; Steinel et al., 

2010). Assembly and expression of a functional TCRβ gene generates TCRβ chains that 

pair with pre-Tα proteins to form pre-TCRs, which promote survival and differentiation, 

down-regulate RAG expression, and induce expression of the Cyclin D3 (Ccnd3) protein 

(Sicinska et al., 2003; von Boehmer and Melchers, 2010). Ccnd3 drives proliferation as 

DN3 cells down-regulate RAG expression and differentiate into c-Kit-CD25- DN4 and 

then CD4+CD8+ “double-positive” (DP) thymocytes. TCRα genes assemble through Vα-

to-Jα rearrangements on both alleles in DP cells, where Vβ-to-DβJβ recombination is 

silenced (Sicinska et al., 2003; von Boehmer and Melchers, 2010). The assembly and 

expression of a functional VαJαCα gene generates TCRα chains that can pair with 

TCRβ chains to generate ab TCRs, which are selected based on interactions with thymic 

epithelial cells (Chen et al., 2001; Krangel, 2009). Positive selection increases 

expression of αβ TCRs and promotes differentiation of DP thymocytes into CD4+CD8- or 

CD4-CD8+ “single-positive” thymocytes that emigrate from the thymus as mature naive 

αβ T cells (von Boehmer and Melchers, 2010). Since TCRα loci contain ~100 Vα and 

~50 Jα segments, successive Vα-to-Jα rearrangements can occur until positive 

selection or until all Vα or Jα segments have been utilized (von Boehmer and Melchers, 
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2010). Although pre-TCR selection and thymocyte expansion does not significantly 

change Vβ repertoire during DN-to-DP thymocyte differentiation (Krangel, 2009), positive 

selection can substantially alter Vβ representation in ab TCRs during DP-to-SP 

thymocyte development (Wilson et al., 2001). 

The mouse αβ T cell differentiation program provides a useful experimental 

model to elucidate roles for non-core RAG1 regions in promoting V(D)J recombination 

and controlling TCR gene repertoire. Rag1C/C mice exhibit reduced Dβ-Jβ and Vβ-

DβJβ recombination in DN3 thymocytes and impaired DN3-to-DP thymocyte 

development from accumulation of cells at the DN3 stage (Blackman et al., 1989; 

Carpenter et al., 2009; Kappler et al., 1987; Kappler et al., 1988; MacDonald et al., 1988; 

Wade et al., 1988; Wu et al., 2003). These phenotypes may arise from impaired Dβ-to-

Jβ and/or Vβ-to-DβJβ recombination in the absence of non-core RAG1 regions. Yet, 

considering that RAG DSBs induce changes in the expression of proteins involved in 

cellular survival, lymphocyte differentiation, and Ag gene receptor selection (Dudley et 

al., 2003), these phenotypes also may arise from impaired signaling in response to RAG 

DSBs induced in Rag1C/C DN3 thymocytes. To determine how non-core RAG1 regions 

promote TCRβ gene assembly and αβ T cell development, we have created and 

analyzed Rag1C/C mice containing a pre-assembled DβJβ complex or pre-assembled 

functional TCRβ gene, expressing the pro-survival EµBCL2 transgene, or with the 3'Dβ1 

RSS in place of the Vβ14 RSS. We demonstrate that this TCRβ gene, but not the DβJβ 

complex or BCL2, completely rescues DN3-to-DP thymocyte development in Rag1C/C 

mice, indicating that the predominant function of non-core RAG1 regions in 

differentiating αβ T cells is to promote Vβ recombination. We show that Rag1C/C mice 

exhibit altered Vβ utilization in Vβ-to-DJβ rearrangements and that neither apoptosis of 
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cells attempting Vβ recombination nor TCRβ-dependent expansion of DN3 thymocytes 

contributes to this abnormal Vβ repertoire. We detect increased usage of 3'Jα segments 

in Vα-to-Jα rearrangements and abnormal selection of the Vβ repertoire in Rag1C/C mice, 

revealing that non-core RAG1 regions also function during TCRα recombination in DP 

thymocytes. Finally, we show that the 3'Dβ1 RSS increases Vβ14 recombination and 

partially rescues αβ T cell development in Rag1C/C mice. Collectively, our data indicate 

that non-core RAG1 regions establish a diverse αβ TCR repertoire by overcoming Vβ 

RSS inefficiency to promote Vβ recombination and αβ T cell development and by 

modulating TCRβ and TCRα gene segment utilization.  
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Materials and Methods 
 
Mice 

Rag1C/C (Bredemeyer et al., 2008), EµBCL2 (Dudley et al., 2003), Jβ1DJ/DJ (Strasser et 

al., 1991), Vβ1NT/NT (Carpenter et al., 2009), and Ccnd3-/- (Brady et al.) mice were 

obtained and utilized to generate the mice described in this study. The germline 

Vβ143’Db1RSS mice were generated by Cre-loxP-mediated gene-targeting using W4 

mouse embryonic stem cells and the construct previously employed to make chimeric 

Vβ143’Db1RSS mice (Sicinska et al., 2003). All experimental mice were on a mixed 

129SvEv and C57BL/6 background and were littermate or age-matched mice between 

4-6 weeks of age. All experiments were conducted in accordance with national 

guidelines and approved by the Institutional Animal Care and Use Committee of the 

Children's Hospital of Philadelphia.  

 

Flow Cytometry 

Single cell suspensions were stained with antibodies in PBS containing 2% BSA. All 

antibodies were purchased from BD Pharmingen. CD4 and CD8 analysis was performed 

using anti-CD4 (553653), anti-CD8 (553031), and anti-TCRβ (553174) antibodies. DN 

stage analysis was performed on lineage-negative cells stained with a mixture of PE-

conjugated anti-CD4 (553653), anti-CD8α (553033), anti-TCRβ (553172), anti-TCRγ 

(553178), anti-B220 (553090), anti-CD19 (553786), anti-CD11b (553311), anti-CD11c 

(557401), anti-NK1.1 (553165), and anti-Ter119 (553673) antibodies in addition to anti-

CD25 (552880) and anti-CD117 (553356) antibodies. Vβ analysis was performed using 

antibodies against TCRβ (553174) as well as Vβ5 (553189), Vβ6 (553192), Vβ8 

(553861), Vβ10 (553285), Vβ14 (553258), and Streptavidin-FITC (554060). Data was 



 23 

acquired on a FACSCalibur (BD Biosciences, San Jose, CA) using CellQuest software 

(BD Biosciences) and analyzed using FlowJo software (Tree Star).  

 

PCR 

Genomic DNA from sorted DP thymocytes (on 100 ng and 1:5 serial dilutions) was 

subjected to long-range PCR with the use of primers and PCR conditions as described 

(Wu et al., 2003) 
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Results 
 
Transgenic BCL2 expression partially rescues early αβ  T cell development in 

Rag1C/C mice.  

 To determine whether impaired cellular survival in response to RAG DSBs 

causes impaired DN3-to-DP thymocyte development in Rag1C/C mice, we created and 

analyzed Rag1C/C mice containing the EµBCL2 transgene (EµBCL2:Rag1C/C mice) since 

expression of the anti-apoptotic BCL2 protein increases survival of DN3 cells attempting 

TCRβ rearrangements (Guo et al., 2002; Riegert and Gilfillan, 1999). Consistent with the 

pro-survival effect of BCL2, we detected ~3-fold increases in the numbers DN and DP 

thymocytes in EµBCL2:Rag1C/C mice compared to Rag1C/C mice, although the difference 

in DN thymocyte numbers did not reach statistical significance (Figure 2.1 A and B). 

Similarly, we found equivalent numbers of DN3 and DN4 thymocytes in EµBCL2:Rag1C/C 

and Rag1C/C mice (Figure 2.1 C and D). We also detected ~4.5-fold decreased numbers 

of total and DP thymocytes in EµBCL2:Rag1C/C mice relative to EµBCL2 mice (Figure 

2.1 A and B), indicating that BCL2 expression does not completely rescue impaired DN-

to-DP thymocyte development in Rag1C/C mice. These observations indicate that BCL2 

expression does not substantially enhance the survival of Rag1C/C DN3 thymocytes, yet 

has a more pronounced effect on promoting survival of DP thymocytes or cells during 

DN-to-DP thymocyte expansion and differentiation in Rag1C/C mice. Therefore, we 

conclude that reduced survival of DN3 thymocytes in response to RAG DSBs is not a 

major cause of impaired TCRβ gene assembly and DN-to-DP thymocyte development in 

Rag1C/C mice.  
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A pre-assembled TCRβ  gene completely rescues early αβ  T cell development in 

Rag1C/C mice.  

 To determine potential functions of non-core Rag1 regions in promoting Dβ-to-Jβ 

recombination and Vβ-to-DJβ recombination, we generated and analyzed Rag1C/C mice 

that contain a pre-assembled DβJβ complex (Jβ1DJ) or pre-assembled functional TCRβ 

gene (Vβ1NT) on both TCRβ alleles. The Jβ1DJ allele contains a pre-assembled Dβ1Jβ1.1 

(Trbd1Trbj1.1) complex, lacks Dβ2 (Trbd2) and Jβ2 (Trbj2) segments, and must 

recombine one of 35 Vβ segments to the Dβ1Jβ1.1 complex to promote αβ T lymphocyte 

development (Brady et al., 2013) The Vβ1NT allele contains a pre-assembled functional 

endogenous Vβ1Dβ1Jβ1.4Cβ1 (Trbv5Trbd1Trbj1.4Trbc1) gene that promotes αβ T cell 

development independent of TCRβ recombination We detected ~2-fold more DP 

thymocytes in Rag1C/CJβ1DJ/DJ mice relative to Rag1C/C mice (Figure 2.2 A and B). 

However, the DP cell numbers in Rag1C/CJβ1DJ/DJ mice and Rag1C/C mice were 2-fold or 

more lower as compared to EµBCL2 and WT mice, respectively (Figure 2.2 B versus 

Figure 2.1 B). We also detected ~8-fold more DN4 cells in Rag1C/CJβ1DJ/DJ mice relative 

to Rag1C/C mice (Figure 2.2 C and D), with DN4 thymocyte numbers in Rag1C/CJβ1DJ/DJ 

mice and Rag1C/C mice significantly lower than in EµBCL2 and WT mice, respectively 

(Figure 2.2 D versus Figure 2.1 E). These data demonstrate that a pre-assembled 

DβJβ1 complex on both TCRβ alleles partially rescues DN3-to-DN4 and DN-to-DP 

thymocyte development in Rag1C/C mice. In Rag1C/CVβ1NT/NT mice relative to Rag1C/C 

mice, we observed greater numbers of DP (4-fold more) and DN4 (11-fold more) 

thymocytes (Figure 2.2 E - H). Notably, the numbers of DP and DN4 thymocytes in 

Rag1C/CVβ1NT/NT mice were similar to those in Vβ1NT/NT and WT mice (Figure 2.2 E - H), 

showing that a pre-assembled functional TCRβ gene completely rescues both DN3-to-
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DN4 and DN-to-DP thymocyte development in Rag1C/C mice. Therefore, our data 

indicates that non-core RAG1 regions promote both Dβ-to-Jβ and Vβ-to-DJβ 

rearrangements and that reduced Vβ-to-DJβ recombination is the major cause of 

accumulation of cells at the DN3 stage and impaired DN-to-DP thymocyte development 

in Rag1C/C mice.  

 

Rag1C/C mice exhibit altered Vβ  utilization in primary and secondary Vβ  

rearrangements.  

The TCRβ locus architecture permits primary Vβ rearrangements to Dβ1Jβ1 

complexes and then secondary Vβ rearrangements to Dβ2Jβ2 complexes, which occur 

on the Vβ1NT allele (Carpenter et al., 2009). Our current analysis of thymocyte 

development in Rag1C/CJβ1DJ/DJ and Rag1C/CVβ1NT/NT mice and our previous analysis of 

Vβ8 (Trbv13.1, Trbv13.2, and Trbv13.3) and Vβ10 (Trbv4) rearrangements in DN3 cells 

of Rag1C/C mice (Brady et al., 2010) demonstrate that primary Vβ-to-DJβ rearrangements 

are impaired in the absence of non-core Rag1 regions. However, these analyses cannot 

address potential function of non-core Rag1 regions in secondary Vβ rearrangements 

nor quantify relative usage of individual Vβ segments in Vβ-to-DβJβ rearrangements. 

Since DN-to-DP thymocyte differentiation does not significantly alter Vβ repertoire 

(Dudley et al., 2003), the use of flow cytometry to monitor Vβ expression on 

TCRβintermediate DP thymocytes provides a more sensitive means than PCR to quantify 

relative Vβ usage in Vβ rearrangements (Wilson et al., 2001). Thus, to determine the 

contributions of non-core Rag1 regions in Vβ utilization during primary Vβ-to-DβJβ 

rearrangements, we assayed Vβ5 (Trbv12.1 and Trbv12.2), Vβ6 (Trbv19), Vβ8, Vb10, 

and Vβ14 (Trbv31) expression on DP thymocytes of Rag1C/CJβ1DJ/DJ and Jβ1DJ/DJ mice, 
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as only primary Vβ rearrangements occur on the Jb1DJ allele (Brady and Bassing, 2011; 

Brady et al., 2010; Wilson et al., 2001; Wu et al., 2003). We observed lower percentages 

of Vβ5+ (5-fold less) and Vβ10+ (~3-fold less) DP thymocytes in Rag1C/CJβ1DJ/DJ mice as 

compared to Jβ1DJ/DJ mice (Figure   A and B). We detected increases in the percentages 

of Vβ8+ (2-fold more) and Vβ14+ (3-fold more) DP thymocytes, but no difference in the 

percentages of Vβ6+ DP cells, in Rag1C/CJβ1DJ/DJ mice relative to Jβ1DJ/DJ mice (Figure 

2.3 A and B). Since only secondary Vβ-to-DβJβ rearrangements involving Vβ10 occur on 

the Vβ1NT allele (Carpenter et al., 2009), we next quantified Vβ10 expression on DP 

thymocytes of Rag1C/CVβ1NT/NT and Vβ1NT/NT mice to evaluate whether non-core Rag1 

regions promote such secondary Vβ rearrangements. We found a 7-fold lower 

percentage of Vβ10+ DP thymocytes in Rag1C/CVβ1NT/NT mice as compared to Vβ1NT/NT 

mice (Figure 2.3 C and D). Collectively, these data indicate that non-core Rag1 regions 

affect Vβ utilization in primary and secondary Vβ rearrangements, at least on Jβ1DJ and 

Vβ1NT alleles.  

To evaluate whether non-core Rag1 regions affect Vβ utilization in total Vβ 

rearrangements on normal TCRβ alleles, we quantified expression of Vβ5, Vβ6, Vβ8, 

Vβ10, and Vβ14 on DP thymocytes of Rag1C/C and WT mice. We detected lower 

percentages of Vβ5+ (~6-fold less) and Vβ10+ (~2-fold less) DP cells in Rag1C/C mice 

relative to WT mice (Figure 2.3 E and F). We also detected ~2-fold increased 

percentage of Vβ8+ and ~3-fold increased percentage of Vβ14+ DP thymocytes, but no 

difference in the percentage of Vβ6+ DP cells, in Rag1C/C mice as compared to WT mice 

(Figure 2.3 E and F). These data demonstrate that non-core Rag1 regions influence Vβ 

utilization in total Vβ rearrangements on normal TCRβ alleles.  
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While we did not observe a major role for impaired survival of Rag1C/C 

thymocytes in response to RAG DSBs during TCRβ recombination, altered survival of 

DN3 thymocytes during rearrangements of particular Vβ segments could influence 

Vβ repertoire in Rag1C/C mice. To investigate this possibility, we quantified the 

expression of Vβ5, Vβ6, Vβ8, Vβ10, and Vβ14 on DP thymocytes of EµBCL2:Rag1C/C 

and Rag1C/C mice. We detected no significant differences in the frequencies of Vβ6+, 

Vβ5+, Vβ10+ or Vβ14+ DP thymocytes between EµBCL2:Rag1C/C and Rag1C/C mice 

(Figure 2.3 E and F), however we did observe a slightly higher frequency of Vβ8+ DP 

cells in EµBCL2:Rag1C/C mice as compared to Rag1C/C mice (Figure 2.3 E and F). These 

data suggest that impaired survival of DN3 cells in response to RAG DSBs does not 

cause the altered relative representation of Vβ5, Vβ6, Vβ8, Vβ10, and Vβ14 on DP 

thymocytes of Rag1C/C mice. 

While Vβ representation is not significantly altered during DN-to-DP thymocyte 

differentiation in mice with normal levels of Vβ rearrangements (Brady et al., 2010), 

altered expansion of DN cells expressing particular Vβ segments could contribute to the 

altered Vb repertoire in DP thymocytes of Rag1C/C mice which have reduced numbers of 

thymocytes caused by impaired Vβ-to-DβJβ recombination. To assess this possibility, 

we generated and analyzed Rag1C/CCcnd3-/- mice since expression of TCRβ chains drive 

DN-to-DP thymocyte expansion through Ccnd3, and Ccnd3-/- mice exhibit normal Vb 

repertoire in DP thymocytes (Wilson et al., 2001). We found equivalent numbers of DN 

thymocytes, but ~10-fold lower numbers of DP cells, in Rag1C/CCcnd3-/- mice as 

compared to Ccnd3-/- mice (Figure 2.4 A and B), indicating that TCRβ-mediated DN-to-

DP thymocyte development is profoundly impaired in Rag1C/CCcnd3-/- mice relative to 

Ccnd3-/- mice. Notably, the numbers of DP cells in Rag1C/CCcnd3-/- mice were reduced 
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~40-fold as compared to Rag1C/C mice versus ~17 fold for Ccnd3-/- mice relative to WT 

mice (Compare Figure 2.4 B and Figure 2.1 B). We also found a ~5-fold lower frequency 

of Vβ10+ DP cells but a ~2-fold increase frequency of Vβ14+ DP thymocytes in 

Rag1C/CCcnd3-/- mice as compared to Ccnd3-/- mice (Figure 2.4 C and D). Considering 

that we observed similar increased and deceased frequencies of Vβ10+ and Vβ14+ DP 

thymocytes, respectively, in Rag1C/C mice relative to WT mice (Figure 2.3 E and F), our 

data indicate that the altered representation of Vβ10 and Vβ14 on DP thymocytes of 

Rag1C/C mice is not caused by differences in TCRβ-mediated proliferation of DN cells 

expressing particular Vβ segments. Therefore, based on our quantification of Vβ 

expression on DP thymocytes of mice expressing wild-type or core-Rag1 proteins in 

combination with other genetic modifications, we conclude that Rag1 non-core regions 

control Vβ repertoire at the level of relative Vβ usage in primary and secondary Vβ-to-

DβJβ rearrangements. 

 

Rag1C/C mice exhibit altered Jα  utilization in Vα-to-Jα  rearrangements and 

abnormal changes in Vβ  repertoire during ab TCR selection.  

In DP thymocytes of wild-type mice, TCRα recombination occurs on both alleles 

and normally involves successive rounds of Vα-to-Jα rearrangements on each allele 

(Brady and Bassing, 2011; Sicinska et al., 2003). Although both TCRα alleles are 

recombined in mature αβ T cells of Rag1C/C mice (Krangel, 2009), whether the absence 

of non-core Rag1 regions results in a modest reduction in Vα-to-Jα rearrangements in 

DP thymocytes is not known. Since reduced V(D)J recombinase activity in DP cells 

leads to increased representation of 5'Jαs and decreased representation of 3'Jαs in Vα-

to-Jα rearrangements (Dudley et al., 2003), we investigated whether Vα rearrangements 
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in DP cells of Rag1C/C mice are similarly biased. For this purpose, we used PCR primers 

that hybridize to the Vα3 (Trav9-4) family of gene segments or to Jα61 (Traj61), Jα42 

(Traj42), Jα17 (Traj17), or Jα4 (Traj4) to amplify Vα3-to-Jα rearrangements involving 

these 5' (Jα61, Jα42) or 3' (Jα17, Jα4) Jα gene segments from sort-purified DP cells of 

WT or Rag1C/C mice. The levels of PCR products representing Vα3 rearrangements to 

Jα61 and Jα42 were reduced in DP thymocytes from Rag1C/C mice relative to WT mice 

(Figure 2.5 A). In contrast, the levels of PCR products representing Vα3 rearrangements 

to Jα17 and Jα4 were elevated in DP thymocytes from Rag1C/C mice as compared to WT 

mice (Figure 2.5 A). These data reveal that loss of non-core Rag1 regions results in 

decreased usage of 5'Jαs and increased usage of 3'Jαs in Vα-to-Jα rearrangements. 

Although this biased targeting of Vα3 rearrangements toward 3'Jα gene segments is not 

consistent with diminished recombinase activity at the TCRα locus, our results 

demonstrate that non-core Rag1 regions control formation of the TCRα gene repertoire 

during Vα-to-Jα recombination in DP thymocytes.  

Since positive selection of αβ TCRs expressed on DP thymocytes shapes TCRβ 

repertoire (Yannoutsos et al., 2004) and Jα repertoire is altered in DP thymocytes of 

Rag1C/C mice (Figure 2.5 A), we investigated the impact of non-core Rag1 regions on Vβ 

repertoire during DP-to-SP thymocyte development. We detected ~4-fold lower 

frequencies of Vβ5+ TCRβhigh SP thymocytes and higher frequencies of Vβ6+ (~2-fold 

more) Vβ8+ (~2-fold more), and Vβ14+ (~5-fold more) TCRβhigh SP cells in Rag1C/C mice 

relative to WT mice (Figure 2.5 B and C). Considering that we observed ~2-fold lower 

frequencies of Vβ10+ DP thymocytes and equivalent frequencies of Vβ6+ DP cells in 

Rag1C/C mice relative to WT mice (Figure 2.3 E and F), these data indicate that positive 

selection of DP thymocytes alters Vβ repertoire differently in αβ TCRs of Rag1C/C and 
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WT mice. To confirm this notion, we calculated the ratios of the frequencies of cells 

expressing Vβ5, Vβ6, Vβ8, or Vβ14 on TCRβhigh versus TCRβintermediate thymocytes in 

Rag1C/C and WT mice (Figure 2.5 D). This analysis indicated enhanced selection for 

Vβ6+, Vβ8+, Vβ10+, and Vβ14+ cells and increased selection against Vβ5+ cells during 

positive selection of DP thymocytes in Rag1C/C mice as compared to WT mice (Figure 

2.5 D). Collectively, these data show that loss of non-core Rag1 regions leads to 

abnormal changes in Vβ repertoire during αβ TCR selection.  

 

Replacement of the Vβ14 RSS with the more efficient 3'Dβ1 RSS increases Vβ14 

recombination frequency and rescues αβ  T cell development in Rag1C/C mice.  

We have shown that Rag1C/C mice exhibit impaired DN3-to-DP thymocyte 

development caused by reduced levels of Vβ-to-DJβ rearrangements, and that this 

impaired Vβ recombination is associated with altered recombination frequencies of 

individual Vβ segments. A similar phenotype in Rag2C/C mice lead to the hypothesis that 

conserved sequence features of Vβ/VH RSSs that make them inefficient relative to 3'Dβ 

and Vκ/Vλ/Vδ/Vα RSSs contributes to impaired V-to-DJ recombination on the 

background of a diminished recombinase (Blackman et al., 1989; Carpenter et al., 2009; 

Kappler et al., 1987; Kappler et al., 1988; MacDonald et al., 1988; Speiser et al., 1989; 

Wade et al., 1988). In support of this model, the Vβ8 RSS more closely resembles the 

consensus Vκ/Vλ/Vδ/Vα RSS than canonical Vβ RSSs, and Vβ8 exhibits a 1.8-fold 

higher rearrangement and expression in Rag1C/C and Rag2C/C mice compared to WT 

mice (Liang et al., 2002); Figure 2.3 E and F). In addition, the Vβ5 and Vβ10 RSSs more 

closely resemble the consensus Vβ/VH RSS than canonical Vβ RSSs, and Vβ5 and 

Vβ10 exhibit ~2-fold lower rearrangement and expression in Rag1C/C mice relative to WT 
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mice (Figure 2.3 E and F). However, the Vβ14 RSS more closely resembles the Vβ/VH 

RSS consensus than other Vβ RSSs, yet Vβ14 exhibits 2-fold higher recombination and 

expression in Rag1C/C mice relative to WT mice (Figure 2.3 E and F). This latter finding 

suggests that factors in addition to Vβ RSS inefficiency may contribute the altered 

relative frequency of Vβ segments in Rag1C/C mice.  

 To directly test the prediction that Vβ RSS inefficiency causes impaired Vβ 

rearrangement in Rag1C/C mice, we sought to determine whether replacement of a Vβ 

RSS with a 3'Dβ or Vκ/Vλ/Vδ/Vα RSS increases recombination and expression of this 

Vβ to the same extent in Rag1C/C and WT mice. For this purpose, we established mice 

with gene-targeted replacement of the Vβ14 RSS with the 3'Dβ1 RSS on an otherwise 

normal TCRβ allele (Vβ143'D
β
1RSS/+ mice) since we previously showed in chimeric mice 

that this RSS replacement increases the frequencies of Vβ14 rearrangement and 

expression on a wild-type RAG background (Liang et al., 2002). We then made and 

analyzed in parallel Vb143'D
β
1RSS/+ and Rag1C/CVβ143'D

β
1RSS/+ mice, as well as control 

Rag1C/C and WT mice. Consistent with our previous findings (Wu et al., 2003), we 

detected a ~20-fold increase in the frequency of Vβ14+ TCRβintermediate DP thymocytes in 

Vβ143'Db1RSS/+ mice relative to WT mice (Figure 2.6 A and B). We observed a similar ~20-

fold increase in the frequency of Vβ14+ TCRβintermediate DP thymocytes in 

Rag1C/CVβ143'D
β
1RSS/+ mice relative to Rag1C/C mice (Fig. 6 A and B), revealing that 

sequence of the RSS attached to Vβ14 is a major determinant of the frequency of Vβ14 

rearrangement and expression in both WT and Rag1C/C mice. Therefore, our data 

provide direct support for the decade-old model that sequence features of Vβ/VH RSSs 

that renders them less efficient than 3'Dβ and Vκ/Vλ/Vδ/Vα RSSs contributes to 

impaired V rearrangements on the background of a defective recombinase as in Rag2C/C 
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and Rag1C/C mice. Yet, we still detected ~2-fold greater frequencies of Vβ14 

rearrangements and expression in Rag1C/CVβ143'D
β
1RSS/+ mice as compared to 

Vβ143'D
β
1RSS/+ mice (Fig. 6 A and B) as we observed between Rag1C/C and WT mice 

(Figure 2.3 E and F), highlighting that non-core Rag1 regions may modulate Vβ usage in 

Vβ rearrangements through mechanisms in addition to their function with inefficient Vβ 

RSSs.  

Since the 3'Dβ1 RSS replacement drives increased Vβ14 rearrangement in 

Rag1C/C DN3 cells, we next investigated the effect of this single RSS replacement on the 

impaired DN3-to-DP thymocyte development of Rag1C/C mice. We found ~5-fold greater 

numbers of total and DP thymocytes in Rag1C/CVβ143’D
β
1RSS/+ mice as compared to 

Rag1C/C mice (Figure 2.6 C and D), with no significant differences in total and DP cell 

numbers or the percentages of thymocytes at the DP stage among Rag1C/CVb143’D
β
1RSS/+, 

Vb143’D
β
1RSS/+, and WT mice (Figure 2.6 D and E). While DN cell numbers were similar 

among all four genotypes (Figure 2.6 D), the percentages of thymocytes at the DN stage 

were lower in Rag1C/CVb143’D
β
1RSS/+ mice compared to Rag1C/C mice (Figure 2.6 C), yet 

higher in Rag1C/CVb143’D
β
1RSS/+ mice relative to Vb143’D

β
1RSS/+ and WT mice (Figure 2.6 C). 

Consistent with these observations, we detected increased numbers of DN4 cells and an 

increased percentage of DN thymocytes at the DN4 stage in Rag1C/CVβ143’D
β
1RSS/+ mice 

as compared to Rag1C/C mice (Figure 2.6 E), but lower values for these two parameters 

in Rag1C/CVβ143’D
β
1RSS/+ mice relative to Vβ143’D

β
1RSS/+ and WT mice (Figure 2.6 E). These 

data indicate that replacement of the RSS of only one of the 20 functional Vβ segments 

with the more efficient 3'Dβ1 RSS partially rescues DN3-to-DN4 thymocyte development 

and completely rescues DN-to-DP thymocyte development in Rag1C/C mice. Therefore, 
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we conclude that non-core Rag1 regions drive αβ T cell development by overcoming 

inherent inefficiencies of Vβ RSSs to promote Vβ rearrangements.  
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Discussion 
 

We have taken a genetic approach with Rag1C/C mice to determine how non-core 

RAG1 regions promote TCRβ gene assembly and αβ T cell development. The reduced 

levels of Dβ-Jβ and Vβ-DβJβ recombination in DN3 thymocytes and impaired DN-to-DP 

thymocyte development from accumulation of cells at the DN3 stage of Rag1C/C mice 

could arise from decreased efficiency of TCRβ recombination and/or survival of DN3 

thymocytes in response to RAG DSBs. Our observation that expression of the anti-

apoptotic BCL2 protein does not substantially enhance the survival of Rag1C/C DN3 cells 

and only minimally rescues thymocyte development in Rag1C/C mice indicates that 

preventing death of DN3 cells in response to RAG DSBs is not the major means through 

which non-core RAG1 regions promote TCRβ recombination and αβ T cell development. 

Our finding that a pre-assembled DβJβ complex partially rescues thymocyte 

development in Rag1C/C mice confirms the hypothesis that non-core RAG1 regions 

promote αβ T cell development in part by stimulating Dβ-to-Jβ recombination (Wu et al., 

2003), and also provides unequivocal evidence that non-core RAG1 regions drive Vβ-to-

DJβ recombination. Combined with these data, our observation that a pre-assembled 

TCRβ gene completely rescues thymocyte development in Rag1C/C mice proves that 

non-core RAG1 regions promote TCRβ gene assembly and αβ T cell development by 

stimulating Vβ recombination. However, because Dβ-to-Jβ recombination precedes Vβ-

to-DβJβ recombination, our data cannot differentiate the relative contribution of non-core 

RAG1 regions in each of these steps of TCRβ gene assembly in driving αβ T cell 

development.  

In contrast to Rag1C/C mice, which we have shown exhibit substantial defects in 

both Dβ-to-Jβ and Vβ−to-DJβ recombination and altered Vβ repertoire, Rag2C/C mice 
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have a major impairment in only Vβ-to-DJβ recombination that is associated with altered 

Vβ usage (Dudley et al., 2003). Since Rag2C/C mice also have a reduction in overall 

recombinase activity in thymocytes but no apparent defect in TCRα recombination, it 

was proposed that the interaction of a diminished recombinase with RSS sequences 

unique to Vβs may cause the Vβ-to-DJβ recombination defect, rather than loss of 

specific properties of the non-core RAG2 region in stimulating Vβ rearrangements (Liang 

et al., 2002). Our findings that a pre-assembled DβJβ complex or functional TCRβ gene 

each rescues αβ T cell development to some extent cannot distinguish between 

impaired TCRβ gene assembly caused by diminished recombinase activity versus by the 

loss of specific functions of Rag1 non-core regions that stimulate Dβ-to-Jβ and/or Vβ-to-

DJβ recombination. However, our demonstration that replacement of the Vβ14 RSS with 

the more efficient 3'Dβ1 RSS dramatically increases the frequency of Vβ14 

rearrangement in Rag1C/C thymocytes and partially rescues thymocyte development 

proves that sequence features of the Vβ14 RSS that distinguishes it from the 3'Dβ1 RSS 

contributes to impaired Vβ-to-DJβ recombination in Rag1C/C mice. Notably, in the 

presence or absence of this Vβ14 RSS replacement, we have shown that loss of non-

core Rag1 regions results in increased Vβ14 rearrangements, indicating that the 

interaction of a defective recombinase with inefficient Vβ RSSs is not the sole cause of 

impaired Vβ recombination in Rag1C/C mice. Furthermore, our discovery that Vα3 

rearrangements are biased toward 3'Jα segments in DP thymocytes of Rag1C/C mice is 

opposite the prior observation of increased usage of 5'Jαs in mice with diminished 

recombinase activity in DP thymocytes (Liang et al., 2002). Therefore, we conclude that 

specific activities of non-core RAG1 regions modulate Vβ and Jα gene segment 

utilization during V(D)J recombination. 
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How might non-core RAG1 regions modulate Vβ and Jα usage? Both Vβ-to-DJβ 

and Vα-to-Jα recombination are driven by TCR enhancers and promoters that enable 

RAG2 binding to histone H3 proteins tri-methylated on lysine 4 located over D/J 

segments and also render D/J RSSs nucleosome-free and accessible for RAG cleavage 

(Yannoutsos et al., 2004). The RAG1/RAG2 proteins in D/J recombination centers 

capture accessible V RSSs to mediate V-to-(D)J rearrangements (Ji et al., 2010a; 

Kondilis-Mangum et al., 2011; Osipovich et al., 2007). Changes in locus topology that 

place V segments near D/J segments are likely critical for the formation of synaptic 

complexes between V and D/J RSSs (Ji et al., 2010b), which may dissociate more often 

than they are cleaved by RAG to assemble V(D)J joins (Jhunjhunwala et al., 2009; 

Schatz and Ji, 2011). The relative usage of individual Vβ and Jα gene segments in 

rearrangements should be determined by accessibility of their RSSs, frequencies at 

which they enter synaptic complexes, efficiencies of their flanking RSSs, and physical 

forces that destabilize pre-cleavage synaptic complexes (Schatz and Ji, 2011; Wu et al., 

2003). Since differences in TCRα locus conformation have been observed between DP 

cells that lack Rag1 protein or express a cleavage-defective mutant Rag1 protein 

(Bassing et al., 2008; Schatz and Ji, 2011; Wu et al., 2003),non-core RAG1 regions may 

promote or preserve changes in TCRβ and TCRα locus topology that, respectively, help 

assemble or stabilize synaptic complexes for some Vb and Ja segments over others. 

The non-core RAG1 regions contain a Really Interesting New Gene domain with E3 

ubiquitin ligase activity (Chaumeil et al., 2013) and other sequences that bind the RING 

E3 ubiquitin ligase complex VprBP/DDB1/Cul4A/Roc1 (Jones and Gellert, 2003; 

Yurchenko et al., 2003) The RAG1 RING domain catalyzes histone H3 mono-

ubiquitylation, which reduces core histone binding and promotes transcription of genes 

(Kassmeier et al., 2012) and RAG1 mutations that reduce this E3 ubiquitin ligase activity 
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impair V(D)J recombination (Grazini et al., 2010; Jones et al., 2011; Zentner and 

Henikoff, 2013). While targets of VprBP/DDB1/Cul4A/Roc1 in the context of V(D)J 

recombination are not known, deletion of VprBP initiating in pro-B cells causes a block in 

B cell development at this stage that correlates with greater impairment of VH-to-DHJH 

recombination than DH-to-JH recombination (Grazini et al., 2010; Jones et al., 2011; 

Simkus et al., 2007). Differences in accessibility and transcription among germline Vβ 

and Jα gene segments are observed in DN and DP thymocytes, respectively (Kassmeier 

et al., 2012), while changes in TCRα locus topology control Jα usage in Vα-to-Jα 

rearrangements (Abarrategui and Krangel, 2009; Chen et al., 2001; Krangel, 2009). 

Thus, non-core RAG1 regions could modulate Vβ and Jα usage by ubiquitylating H3 

histones or other proteins to remove nucleosomes from some Vβ and Jα RSSs more 

than others and/or similarly function to modify proteins that organize TCRβ and TCRα 

locus topology. The increased utilization of 3'Jα segments in Rag1C/C mice suggests that 

non-core RAG1 regions might inhibit successive Vα-to-Jα rearrangements. Although 

transcription from Vα promoters stimulates such rearrangements to shape TCRα 

repertoire (Seitan et al., 2011) mechanisms that suppress Vα-to-Jα recombination and 

provide DP thymocytes time to express and select TCRα genes are not known. 

Considering that the RAG1 RING domain promotes RAG1 poly-ubiquitylation 

(Abarrategui and Krangel, 2009), and ubiquitylation targets proteins for proteasomal 

degradation and changes in cellular localization, our data is consistent with a regulatory 

role of the RAG1 non-core region in constraining RAG1 protein expression to ensure 

time for assembled TCRα genes to be expressed and selected before initiation of further 

Vα-to-Jα recombination. Another possibility is that RAG1-mediated ubiquitylation of 

histones cooperates with ATM-dependent histone H2A ubiquitlyation (Jones and Gellert, 
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2003) to transiently inhibit accessibility and transcription of germline Vα gene segments 

in response to RAG DSBs induced during Vα-to-Jα rearrangements.  

Generation, selection, and expression of a broad αβ TCR and IgH/IgL repertoires 

are critical for effective adaptive immunity. RAG1 or RAG2 mutations that diminish RAG 

endonuclease activity cause inefficient TCR gene assembly, reduced numbers of αβ T 

cells beyond the progenitor stage, restricted TCRβ and TCRα repertoires, and 

immunodeficiency (Shanbhag et al., 2010), revealing that efficient V(D)J recombination 

is critical for generation of αβ TCR diversity. TCRβ-mediated, Ccnd3-dependent 

thymocyte expansion contributes to αβ TCR diversity by allowing multiple chances for 

each unique TCRβ gene assembled in DN thymocyte to be selected with a different 

TCRα chain in DP cells (Notarangelo, 2010; Villa et al., 2008; Villa et al., 2001; Wong 

and Roth, 2007). Our demonstration that impaired TCRβ recombination is the 

predominant cause of reduced DP thymocyte numbers in Rag1C/C mice and that DP cell 

numbers are lower in Rag1C/CCcnd3-/- mice than in Rag1C/C and Ccnd3-/- mice indicates 

that TCRβ recombination efficiency and TCRβ-mediated thymocyte expansion cooperate 

to generate ab TCR diversity. A polymorphism in the human VκA2 RSS impairs VκA2 

recombination efficiency, reduces VκA2 representation in the Vκ repertoire, and confers 

susceptibility to Haemophilus Influenzae (Sicinska et al., 2003), revealing that alterations 

to the mechanisms that control utilization of individual V gene segments can have 

deleterious consequences. Our study indicates that, similar to loss of the non-core Rag2 

region (Nadel et al., 1998), absence of non-core RAG1 regions decreases Vβ-to-Jβ 

recombination and alters the primary Vβ repertoire generated during Vβ-to-DJβ 

recombination. Our study also reveals that the loss of non-core RAG1 regions leads to 

abnormal changes in Vβ repertoire during TCR selection, which could arise from altered 
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Jα usage in TCRα rearrangements and/or impaired signaling of gene expression 

changes in response to RAG DSBs in DP thymocytes. Regardless, our findings suggest 

that non-core regions of RAG1 may have co-evolved with the non-core RAG2 domain 

and Vβ RSS sequences to protect host organisms from pathogens by promoting 

sufficient TCRβ gene diversity and advantageous representation of individual Vβ 

segments in the naive αβ TCR repertoire. 
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Figures 

Figure 2.1  
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Figure 2.1. Transgenic BCL2 expression partially rescues αβ  T cell development 

in Rag1C/C mice. A. Representative flow cytometry analysis of CD4 and CD8 expression 

on total thymocytes isolated from littermate or age-matched WT (n=3), Rag1C/C (n=3), 

EµBCL2 (n=3), or EµBCL2:Rag1C/C (n=3) mice. The average number of total thymocytes 

for mice of each genotype is indicated in parentheses, and the frequencies of cells in the 

DN, DP, CD4+ SP, and CD8+ SP quadrants are indicated on the plots. B. Graphs 

showing the average numbers of DN and DP thymocytes from mice of the indicated 

genotypes. Error bars are standard error of the mean. Lines with asterisks above 

indicate significant differences (p≤0.05). A and B. This experiment was independently 

performed three times, each time on one mouse of each genotype. C. Representative 

flow cytometry analysis of c-Kit and CD25 expression on DN thymocytes isolated from 

littermate or age-matched WT (n=3), Rag1C/C (n=3), EµBCL2 (n=3), or EµBCL2:Rag1C/C 

(n=3) mice. The frequencies of DN cells in the DN1, DN2, DN3, and DN4 quadrants are 

indicated on the plots. D. Graphs showing the average numbers of DN3 and DN4 

thymocytes from mice of the indicated genotypes. Error bars are standard error of the 

mean. Lines with asterisks above indicate significant differences (p≤0.05). C and D. This 

experiment was independently performed three times, each time on one mouse of each 

genotype.  

  



 43 

Figure 2.2  
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Figure 2.2. A pre-assembled TCRβ  gene completely rescues early αβ  T cell 

development in Rag1C/C mice. A. Representative flow cytometry analysis of CD4 and 

CD8 expression on total thymocytes isolated from littermate or age-matched WT (n=3), 

Rag1C/C (n=3), Jβ1DJ/DJ (n=3), and Rag1C/CJβ1DJ/DJ mice (n=3). The average number of 

total thymocytes for each genotype is indicated in parentheses, and the frequencies of 

cells in the DN, DP, CD4+ SP, and CD8+ SP quadrants are indicated on the plots. B. 

Graphs showing the average numbers of DN and DP thymocytes from mice of the 

indicated genotypes. Error bars are standard error of the mean. Lines with asterisks 

above indicate significant differences (p≤0.05). A and B. This experiment was 

independently performed three times, each time on one mouse of each genotype. C. 

Representative flow cytometry analysis of c-Kit and CD25 expression on DN thymocytes 

isolated from littermate or age-matched WT (n=3), Rag1C/C (n=3), Jβ1DJ/DJ (n=3), and 

Rag1C/CJβ1DJ/DJ (n=3) mice. The frequencies of DN cells in the DN1, DN2, DN3, and 

DN4 quadrants are indicated. D. Graphs showing the average numbers of DN3 and DN4 

thymocytes from mice of the indicated genotypes. Error bars are standard error of the 

mean. Lines with asterisks above indicate significant differences (p≤0.05). C and D. This 

experiment was independently performed three times, each time on one mouse of each 

genotype. E. Representative flow cytometry analysis of CD4 and CD8 expression on 

total thymocytes isolated from littermate or age-matched WT (n=3), Rag1C/C (n=3), 

Vβ1NT/NT (n=6), and Vβ1NT/NTRag1C/C (n=6) mice. The average number of total 

thymocytes for each genotype is indicated in parentheses, and the frequencies of cells in 

the DN, DP, CD4+ SP, and CD8+ SP quadrants are indicated on the plots. F. Graphs 

showing the average numbers of DN and DP thymocytes from mice of the indicated 

genotypes. Error bars are standard error of the mean. The line with an asterisk above 

indicates a significant difference (p≤0.05). E and F. This experiment was independently 



 45 

performed three times, each time on at least mouse of each genotype. G. 

Representative flow cytometry analysis of c-Kit and CD25 expression on DN thymocytes 

isolated from littermate or age-matched WT (n=3), Rag1C/C (n=3), Vβ1NT/NT (n=3), and 

Vβ1NT/NTRag1C/C (n=3) mice. The frequencies of DN cells in the DN1, DN2, DN3, and 

DN4 quadrants are indicated. H. Graphs showing the average numbers of DN3 and DN4 

thymocytes from mice of the indicated genotypes. Error bars are standard error of the 

mean. Lines with asterisks above indicate significant differences (p≤0.05). G and H. This 

experiment was independently performed three times, each time on one mouse of each 

genotype.  

  



 46 

Figure 2.3 
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Figure 2.3. Rag1C/C mice exhibit altered Vβ utilization in primary and secondary Vβ 

rearrangements. A. Representative flow cytometry analysis of TCRβ and Vβ expression 

shown for Vβ10 or Vβ14 on total thymocytes isolated from littermate or age-matched 

Jβ1DJ/DJ (n=3) and Rag1C/CJβ1DJ/DJ (n=3) mice. The frequencies of cells in the depicted 

TCRβintermediate gate are indicated. B. Graph showing the average frequencies of 

TCRβintermediate cells expressing Vβ10, Vβ8, Vβ5, Vβ6, or Vβ14 in thymocytes from 

Jβ1DJ/DJ and Rag1C/CJβ1DJ/DJ mice. Error bars are standard error of the mean. Lines with 

asterisks above indicate significant differences (p≤0.05). A and B. This experiment was 

independently performed three times, each time on one mouse of each genotype. C. 

Representative flow cytometry analysis of TCRβ and Vβ10 expression on total 

thymocytes isolated from littermate or age-matched Vβ1NT/NT (n=6) and Vβ1NT/NTRag1C/C 

(n=6) mice. The frequencies of cells in the depicted TCRβintermediate gate are indicated. D. 

Graph showing the average number of TCRβintermediate cells expressing Vβ10 in cells from 

Vβ1NT/NT and Vβ1NT/NTRag1C/C mice. Error bars are standard error of the mean. The line 

with an asterisk above indicates a significant difference (p≤0.05). C and D. This 

experiment was independently performed three times, each time on at least one mouse 

of each genotype. E. Representative flow cytometry analysis of TCRβ and Vβ10 or Vβ14 

expression on total thymocytes isolated from littermate or age-matched WT (n=3), 

Rag1C/C (n=3), EµBCL2 (n=3), or EµBCL2:Rag1C/C (n=3) mice. The frequencies of cells 

in the depicted TCRβintermediate gate are indicated. F. Graph showing the average 

frequencies of TCRβintermediate cells expressing Vβ10, Vβ8, Vβ5, Vβ6, or Vβ14 in cells from 

mice of the indicated genotypes. Error bars are standard error of the mean. Lines with 

asterisks above indicate significant differences (p≤0.05). E and F. This experiment was 

independently performed three times, each time on one mouse of each genotype.  
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Figure 2.4 
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Figure 2.4 TCRβ  recombination and TCRβ-mediated Ccnd3-dependent DN 

thymocyte proliferative expansion cooperate in αβ  T cell development. A. 

Representative flow cytometry analysis of CD4 and CD8 expression on total thymocytes 

isolated from littermate or age-matched Ccnd3-/- (n=4) and Rag1C/CCcnd3-/- (n=5) mice. 

The average number of total thymocytes for each genotype is indicated in parentheses, 

and the frequencies of cells in the DN, DP, CD4+ SP, and CD8+ SP quadrants are 

indicated on the plots. B. Graph showing the average numbers of DN and DP 

thymocytes from Ccnd3-/- and Rag1C/CCcnd3-/- mice. Error bars are standard error of the 

mean. The line with an asterisk above indicates a significant difference (p≤0.05). A and 

B. This experiment was independently performed three times, each time on at least one 

mouse of each genotype. C. Representative flow cytometry analysis of TCRβ and Vβ10 

or Vβ14 expression on total thymocytes isolated from littermate or age-matched Ccnd3-/- 

and Rag1C/CCcnd3-/- mice. The frequencies of cells in the depicted TCRβintermediate gate 

are indicated. D. Graph showing the average frequencies of TCRβintermediate cells 

expressing Vβ10 or Vβ14 in thymocytes from Ccnd3-/- (n=4) and Rag1C/CCcnd3-/- (n=5) 

mice. Error bars are standard error of the mean. Lines with asterisks above indicate 

significant differences (p≤0.05). C and D. This experiment was independently performed 

three times, each time on at least one mouse of each genotype.  
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Figure 2.5 
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Figure 2.5. Rag1C/C mice exhibit altered Jα  utilization in Vα-to-Jα  rearrangements 

and abnormal changes in Vβ  repertoire during αβ  TCR selection. A. Schematic of 

the Jα-Cα region of the TCRα locus (Upper). Representative PCR analysis of Vα3 

rearrangements to the indicated Jα gene segments or H2αx as a loading control on 5-

fold dilutions of genomic DNA from sort-purified CD4+CD8+ WT (n=3) and Rag1C/C (n=3) 

thymocytes (Lower). B. Representative flow cytometry analysis of TCRβ and Vβ10 or 

Vβ14 expression on total thymocytes isolated from littermate or age-matched WT (n=3) 

and Rag1C/C (n=3) mice. The frequencies of cells in the depicted TCRβintermediate and 

TCRβhigh gates are indicated. C. Graph showing the average frequencies of TCRβhigh 

cells expressing Vβ10, Vβ8, Vβ5, Vβ6, or Vβ14 in thymocytes from mice of the indicated 

genotypes. Error bars are standard error of the mean. Lines with asterisks above 

indicate significant differences (p≤0.05). D. Graph showing the average ratios of the 

frequencies of TCRβhigh and TCRβintermediate cells in thymocytes from WT and Rag1C/C 

mice. Error bars are standard error of the mean. Lines with asterisks above indicate 

significant differences (p≤0.05). A - D. These experiments were independently 

performed three times, each time on one mouse of each genotype.  
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Figure 2.6 
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Figure 2.6. Replacement of the Vβ14 RSS with the more efficient 3'Dβ1 RSS 

increases Vβ14 recombination frequency and rescues αβ  T cell development in 

Rag1C/C mice. A. Representative flow cytometry analysis of TCRβ and Vβ14 expression 

on total thymocytes isolated from littermate or age-matched Vβ143'Dβ1RSS/+ (n=3) and 

Rag1C/CVβ143'Dβ1RSS/+ (n=3) mice. The frequencies of cells in the depicted TCRβintermediate 

gates are indicated. B. Graph showing the average frequencies of TCRβintermediate cells 

expressing Vβ14 in thymocytes from mice of the indicated genotypes. Significant 

differences of *p<0.05 indicated. A and B. This experiment was independently performed 

three times, each time on at least one mouse of each genotype. C. Representative flow 

cytometry analysis of CD4 and CD8 expression on total thymocytes isolated from 

littermate or age-matched Vβ143'Dβ1RSS/+ (n=3) and Rag1C/CVβ143'Dβ1RSS/+ (n=3) mice. The 

average number of total thymocytes for each genotype is indicated in parentheses, and 

the frequencies of DN, DP, CD4+ SP, and CD8+ SP cell populations are indicated on the 

plots. D. Graph showing the average number of DN and DP cells from mice of the 

indicated genotypes. Error bars are standard error of the mean. Significant differences of 

*p<0.05 indicated. C and D. This experiment was independently performed three times, 

each time on at least one mouse of each genotype. E. Representative flow cytometry 

analysis of c-Kit and CD25 expression on DN thymocytes isolated from littermate or age-

matched Vβ143'Dβ1RSS/+ (n=3) and Rag1C/CVβ143'Dβ1RSS/+ (n=3) mice with the frequencies 

of DN1, DN2, DN3, and DN4 cell populations indicated. F. Graph showing the average 

numbers of DN3 and DN4 cells from mice of the indicated genotypes. Error bars are 

standard error of the mean. Significant differences of *p<0.05 indicated. This experiment 

was independently performed three times on a total of three mice of each genotype. C 

and D. This experiment was independently performed three times, each time on at least 

one mouse of each genotype.   
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CHAPTER 3 

 

RAG1 enhances IgL Accessibility and Promotes B Cell Development by 

Transducing Pro-Survival Signals Upon IgL Recombination 

Abstract 

The RAG1/RAG2 (RAG) endonuclease catalyzes the assembly of antigen 

receptor genes by cleaving accessible Ig and TCR gene segments. In addition to 

functioning with RAG2 as a nuclease, the RAG1 protein has been proposed to employ 

its amino-terminus to regulate V(D)J recombination by promoting Ig/TCR locus 

accessibility and signaling in response to RAG DNA cleavage. We show here that 

Rag1C/C mice expressing an amino-terminus truncated, cleavage-competent Rag1 

protein exhibit a pronounced impairment in the development of Igλ+ B cells and a less 

severe defect in the generation of Igκ+ B cells. We demonstrate that Rag1C/C pre-B cells 

exhibit lower than normal Igλ recombination and accessibility and that full-length Rag1 

protein enhances Igκ and Igλ accessibility independent of RAG endonuclease activity. 

We show that Rag1C/C pre-B cells cannot signal transcriptional activation of the pro-

survival Pim2 kinase upon RAG cleavage of Igκ loci. Finally, we demonstrate that 

expression of the anti-apoptotic BCL2 protein rescues Igλ+ B cell development in 

Rag1C/C mice. Our data indicate that RAG1 has critical functions that enhance Igκ and 

Igλ accessibility and that transduce pro-survival signals during Igκ recombination to 

promote Igκ+ and Igλ+ B cell development and thereby establish a normal Igκ+ and Igλ+ 

B cell repertoire. 
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Introduction 

A broad lymphocyte antigen receptor repertoire comprised of immunoglobulin (Ig) 

heavy (H) and Igκ or Igλ light (L) chain-positive B cells and T cell receptor (TCR) αβ or 

γδ chain-positive T cells is critical for effective adaptive immunity. The lymphocyte-

specific RAG endonuclease generates Ig and TCR diversity by catalyzing assembly of Ig 

and TCR genes in developing B and T cells, respectively (Liang et al., 2002). RAG 

cleavage between two participating variable (V), diversity (D), or joining (J) gene 

segments and their flanking recombination signal sequences (RSSs) yields hairpin-

sealed coding ends and blunt signal ends (Fugmann et al., 2000). The RAG proteins 

then function with classical non-homologous end-joining factors, the Ataxia 

Telangiectasia mutated (ATM) kinase, and ATM substrates to stabilize, process, and 

repair these DNA ends, creating V(D)J coding joins and signal joins (Fugmann et al., 

2000; Schatz and Swanson, 2011). V(D)J coding joins form the second exons of Ig and 

TCR genes that, along with downstream constant region exons, encode Ig or TCR 

proteins. The number of possible joining events and the imprecision in coding join 

formation cooperate to create enormous antigen receptor diversity. The lymphocyte 

lineage- and development stage-directed modulation of Ig and TCR locus accessibility 

and topology controls initiation of V(D)J recombination to ensure the development of 

mature Igκ+ and Igλ+ B cells and αβ+ and γδ+ T cells expressing a broad antigen receptor 

repertoire (Alt et al., 2013; Boboila et al., 2012; Helmink and Sleckman, 2012; Lieber, 

2010).  

Mouse Igκ+ and Igλ+ B cells develop in the bone marrow (BM) through a 

differentiation program that links the assembly and selection of Ig genes with cellular 

survival and continued developmental progression (Degner-Leisso and Feeney, 2010; 

Guo et al., 2011; Jhunjhunwala et al., 2009; Seitan et al., 2011; Shih and Krangel, 2013; 
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Xiang et al., 2013; Xiang et al., 2011). BM common lymphoid progenitor cells 

differentiate into pro-B cells that activate Rag1/Rag2 transcription, IgH accessibility, and 

IgH compaction by chromosome looping, which leads to DH-to-JH recombination and 

subsequent VH-to-DJH rearrangements in G1 phase cells (Clark et al., 2014). The 

assembly and expression of in-frame IgH genes generates Igµ proteins that can pair with 

λ5 and VpreB surrogate light chains to form pre-B cell receptors (pre-BCRs) (Alt et al., 

2013; Cobb et al., 2006). Pre-BCRs activate intracellular signals that rescue pro-B cells 

from death, halt Rag1/Rag2 transcription, inhibit VH accessibility and looping, and induce 

differentiation of pro-B cells into large cycling pre-B cells (Alt et al., 2013; Cobb et al., 

2006; Melchers, 2005). The IL-7 cytokine drives proliferation of large cycling pre-B cells 

(Alt et al., 2013; Cobb et al., 2006; Herzog et al., 2009; Melchers, 2005). After several 

cellular divisions, large pre-B cells attenuate IL-7 signaling, arrest in G1 phase, and 

differentiate into small pre-B cells. This transition coincides with re-initiation of 

Rag1/Rag2 transcription and activation of Igκ locus accessibility and looping to promote 

Vκ-to-Jκ recombination (Corfe and Paige, 2012; Malin et al., 2010a; Milne and Paige, 

2006). The expression of in-frame Igκ genes generates Igκ proteins that can pair with 

Igµ peptides to form Igκ+ BCRs. Receptors that do not bind self-antigens activate signals 

that cease Rag1/Rag2 transcription and promote differentiation of immature transitional 

B cells that migrate to the spleen and develop into mature B cells (Clark et al., 2014; 

Malin et al., 2010b). In contrast, auto-reactive BCRs transduce signals that either induce 

apoptosis to eliminate self-reactive cells or re-initiate Rag1/Rag2 transcription and Igκ 

recombination to provide cells chances to assemble innocuous BCRs through receptor 

editing (Pillai and Cariappa, 2009). Pre-B cells also can initiate Vλ-to-Jλ recombination 

of accessible Igλ loci, which can lead to expression of Igλ+ BCRs that signal 
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differentiation into mature Igλ+ B cells (Nemazee, 2006; Rajewsky, 1996; Schlissel, 

2007). Although most pre-B cells recombine Igκ loci before Igλ loci, the mechanisms by 

which pre-B cells initiate recombination of Igκ versus Igλ loci and differentiate into Igκ+ 

versus Igλ+ B cells remain enigmatic (Nemazee, 2006).  

The RAG1 and RAG2 proteins are each comprised of ”core” regions, defined as 

the minimal sequences required for DNA cleavage in vitro, and noncore regions that 

exhibit additional biochemical activities (Matthews and Oettinger, 2009; Sadofsky, 

2004b; Schatz and Swanson, 2011b). In humans, mutations that truncate or disrupt 

noncore regions of RAG1 or RAG2 can cause severe combined immunodeficiency 

(SCID) or Omenn Syndrome, a SCID-like condition with more substantial defects in the 

development of B cells than T cells, altered TCR repertoire, autoimmunity, and atopy 

(Luning Prak et al., 2011; Oberdoerffer et al., 2003). Mice expressing "core", but not full-

length, Rag1 (Rag1C/C mice) or Rag2 (Rag2C/C mice) protein exhibit reduced levels and 

altered repertoires of D-to-J and V-to-DJ rearrangements at IgH and Tcrβ loci in pro-B/T 

cells, and develop lower numbers of pre- and mature B and T cells (Santagata et al., 

2000; Sobacchi et al., 2006; Wong and Roth, 2007). Evidence indicates that the shared 

phenotypes of humans and mice compromised in noncore regions of RAG1 or RAG2 

result from decreased recombinase activity (Akamatsu et al., 2003; Dudley et al., 2003; 

Liang et al., 2002). Yet, considering that the noncore regions of RAG1 and RAG2 each 

exhibit distinct biochemical activities, RAG1 and RAG2 likely regulate antigen receptor 

gene assembly through different mechanisms (Horowitz and Bassing, 2014; Lee et al., 

2014; Liang et al., 2002). The carboxy-terminus noncore RAG2 region contains a PHD 

domain that binds tri-methylated histone H3 proteins along transcribing genes to 

increase V(D)J recombination (Matthews and Oettinger, 2009; Sadofsky, 2004; Schatz 

and Swanson, 2011) and a motif that restricts RAG2 expression and therefore RAG 
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cleavage to G1 phase cells (Liu et al., 2007; Matthews et al., 2007). The amino-terminus 

noncore regions of Rag1 include a Really Interesting New Gene (RING) domain with E3 

ubiquitin ligase activity and sequences that interact with a distinct ubiquitin ligase 

complex, a kinase, histones, DNA damage response proteins, and at least one 

transcription factor (Li et al., 1996). The discoveries of these biochemical activities have 

led to hypotheses linking the noncore regions of RAG1 to modulating antigen receptor 

gene assembly through ubiquitylating proteins to promote Ig/TCR locus accessibility and 

transducing signals following incursion of RAG DNA breaks (Coster et al., 2012; Grazini 

et al., 2010; Jones et al., 2011; Kassmeier et al., 2012; Kim et al., 2013; Maitra and 

Sadofsky, 2009; Raval et al., 2008; Yurchenko et al., 2003). However, evidence for roles 

of the noncore RAG1 regions in regulating these or other aspects of antigen receptor 

gene assembly within the context of developing lymphocytes in vivo remain unreported.  

The mouse Igκ+ and Igλ+ B cell developmental program provides a physiologic 

experimental system to elucidate potential functions of the noncore RAG1 regions in 

modulating V(D)J recombination in vivo. Changes in the control of Igκ or Igλ accessibility 

can affect recombination of Igκ or Igλ loci, and as a result, alter the frequencies of Igκ+ 

and Igλ+ B cells (Dudley et al., 2003; Grazini et al., 2010; Horowitz and Bassing, 2014; 

Jones et al., 2011; Sadofsky, 2004; Simkus et al., 2007). In addition, RAG cleavage of 

Igκ loci during Vκ-to-Jκ recombination activates intracellular signals that promote pre-B 

cell survival by inducing transcription of Pim2 (Beck et al., 2009; Gorman et al., 1996; 

Inlay et al., 2002; Takeda et al., 1993; Xu et al., 1996; Zou et al., 1993), which encodes 

a pro-survival kinase that facilitates the development of Igλ+ B cells (Bednarski et al., 

2012; Bredemeyer et al., 2008). By analyzing Igκ+ and Igλ+ B cell development in 

Rag1C/C mice, we demonstrate here that the Rag1 protein has non-cleavage functions 

that enhance IgL locus accessibility, transduce pro-survival signals during IgL 
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recombination to promote Igκ+ and Igλ+ B cell development, and establish a normal Igκ+ 

and Igλ+ B cell repertoire.  

Materials and Methods 

 

Mice. Rag1C/C (Derudder et al., 2009), EµBCL2 (Dudley et al., 2003), IgHTg (Strasser et 

al., 1991), κMS (Mandik-Nayak et al., 2006), Rag1−/− (Ait-Azzouzene et al., 2005), 

Rag1D708A (Mombaerts et al., 1992), and Rag2del352/del352 (Ji et al., 2010b) mice were used 

and bred together generate all of the mice described in this study. All experimental mice 

were of a mixed 129SvEv and C57BL/6 background and were littermate or age-matched 

mice between 4-6 weeks of age unless otherwise noted. All studies were conducted in 

accordance with national guidelines and approved by the Institutional Animal Care and 

Use Committee of the Children's Hospital of Philadelphia. 

 

Flow cytometry and cell sorting. Cells isolated from BM and spleens were depleted of 

red blood cells with NH4Cl lysis buffer and FC receptors were blocked using anti-

CD16/CD32 (2.4G2; BD). Single cell suspensions were stained in PBS containing 2% 

BSA using the following antibodies: PE anti-mouse Igκ (187.1; BD), PE-Cy7 anti-mouse 

B220 (RA3-6B2; BD), PE-Cy7 anti-mouse CD19 (1D3: BD), FITC anti-mouse CD43 (S7; 

BD), PE anti-mouse CD21/CD35 (7G6; BD), biotin anti-mouse CD23 (B3B4; BD), APC 

anti-mouse IgM (II/41; BD), PE anti-mouse Igκ (187.1; BD), FITC anti-mouse Igλ (R26-

46; BD), and FITC anti-Streptavadin (BD). Data was acquired on a FACSCalibur (BD 

Biosciences, San Jose, CA) using CellQuest software (BD Biosciences) and analyzed 

using FlowJo software (Tree Star). Cell sorting was conducted using a MoFlo Astrios 

(Beckman Coulter, Inc.) using PE-Cy7 anti-mouse CD19 and FITC anti-mouse CD43 to 

identify pre-B cells.  
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BrdU labeling. A BrdU Flow kit (BD Pharmingen) was used for labeling of DNA with 

BrdU (5-bromo-2-deoxyuridine) according to the manufacturer’s instructions. 

Intraperitoneal injections of 0.2 mg/ml BrdU in 100uL were performed on mice every 12 

hours over a 72-hour period. BM cells were analyzed by flow cytometry. Control mice 

were not injected with BrdU. 

 

Vλ1-Jλ1 recombination assays. PCR reactions with the Igλ and HuR control primers 

were performed on DNA (100 ng and 1:5 serial dilutions) from sorted pre-B cells. PCR 

conditions were 94°C for 3 min; 40 cycles of 94°C for 45 s, 65°C for 90 s, 72°C for 2.5 

min; and 72°C for 10 min. Primers used to detect Vλ1-Jλ1 recombination and HuR 

loading control were: Vλ1 forward, 5’- GCCATTTCCCAGGCTGTTGTGACTCAGG-3’ 

and Jλ1 reverse, 5’-AGGACAGTCAGTTTGGTTCC-3’; HuR forward, 5’- 

AGGCAGATGAGCACATGTGA-3’, HuR reverse, 5’-AGGCTCTGGGATGAAACCTA-3’. 

 

RT-PCR. Total RNA was isolated from sorted pre-B cells using the Trizol Reagent 

(Ambion). RNA was incubated with DNAse (Promega) to destroy contaminating DNA. 

cDNA was synthesized using ProtoScript First Strand cDNA synthesis Kit (New England 

BioLabs) as described (Liang et al., 2002). Primers used to detect Jκ and Jλ germline 

transcripts were: Jκ1 forward, 5’- ACCAAGCTGGAAATCAAACG-3’ and Jκ1 reverse, 5’-

CCAGCTTTGCTTACGGAGTT-3’; Jλ1 forward 5’-AGCTGCATACATCACAGATGC-3’ 

and Jλ1 reverse, 5’-AGGTGGAAACAGGGTGACTG-3’. Levels of Pim2, Jκ1, and Jλ1 

were calculated using ΔΔCt analysis relative to levels of Hprt1 in WT or Rag1-/-cells as 

indicated.  
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StyI restriction enzyme digests. Nuclei were isolated and digested with Sty1 as 

described (Brady et al., 2010). Nuclease sensitivity was determined by performing qPCR 

using described primers and methods (Trotter and Archer, 2012). 

 

Primary pre-B cell cultures. BM was isolated from 4-6 week old mice and cultured for 

5-7 days at 5 x 106 cells/ml in medium containing 1ng/mL IL-7 (Bevington and Boyes, 

2013; Grange and Boyes, 2007). For IL-7 withdrawal experiments, cells were harvested, 

washed in PBS, and re-suspended at 5 x 106 cells/ml in medium lacking IL-7 for the time 

indicated. 

 

Abl pre-B cell studies. Two independent EµBCL2:Artemis−/− and two independent 

EµBCL2:Artemis−/− Abl lines were made from two EµBCL2:Artemis−/− and two 

EµBCL2:Artemis−/− mice, respectively. STI571 treatments were conducted using 5 µM 

STI571 as described (Bednarski et al., 2012; Steinel et al., 2013). Irradiation with 4 Gy 

was carried out as described (Bednarski et al., 2012; Bredemeyer et al., 2008). 

 

Southern blot analysis. Southern blot analysis of RAG coding ends at the Igκ locus 

was performed on DNA digested with BamHI as described (Bednarski et al., 2012; 

Bredemeyer et al., 2008; Muljo and Schlissel, 2003; Steinel et al., 2013).  
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Results 

 
The noncore regions of Rag1 promote Igλ+ B cell development and help establish 

a normal Igκ+ and Igλ+ B cell repertoire.  

To identify potential unique functions of the noncore regions of Rag1 in 

modulating V(D)J recombination in vivo, we first quantified Igκ+ and Igλ+ B cells in 

Rag1C/C, Rag2C/C, and wild-type (WT) mice at 4-6 weeks of age when the mature B cell 

compartment is still expanding (Bednarski et al., 2012; Bredemeyer et al., 2008; Steinel 

et al., 2013). We observed equivalent frequencies of BM and splenic Igκ+ B cells 

between Rag1C/C mice and WT mice and modestly lower frequencies of these 

populations in Rag2C/C mice (Figure 3.1, A and B). In contrast, we observed 2-3-fold 

lower frequencies of BM and splenic Igλ+ B cells in Rag1C/C mice compared to WT mice, 

but 3-5-fold greater frequencies of these populations in Rag2C/C mice relative to WT mice 

and 8-fold greater frequencies of these populations in Rag2C/C mice relative to Rag1C/C 

mice (Figure 3.1 A and B). The numbers of Igκ+ B cells were below normal but 

comparable between Rag1C/C and Rag2C/C mice, while Igλ+ B cell numbers were lower 

than normal in Rag1C/C and Rag2C/C mice (Figure 3.1 C). Consistent with the greater loss 

of Igλ+ versus Igκ+ B cells in Rag1C/C mice, the level of Vλ-to-Jλ recombination (Figure 

3.1 D), but not Vκ-to-Jκ recombination (Allman et al., 1993), is lower than normal in 

Rag1C/C pre-B cells. Finally, as compared to WT and Rag1C/C mice, we detected ~3-fold 

higher frequencies of dual-Igκ+/Igλ+ B cells in the BM and spleens of Rag2C/C mice 

(Figure 3.1 A and E). These distinct phenotypes suggest that the noncore regions of 

RAG1 and RAG2 have unique functions in regulating IgL recombination and Igκ+ and 

Igλ+ B cell development. Yet, this interpretation is confounded because this strain of 

Rag2C/C mice (Dudley et al., 2003; Liang et al., 2002) was recently shown to express a 
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more extensively truncated Rag2 protein (amino acids 1-352) than the core Rag2 protein 

(amino acids 1-383)(Liang et al., 2002). These renamed Rag2del352/del352 mice exhibit a 

V(D)J joining defect not observed in Rag1C/C mice (Gigi et al., 2014; Liang et al., 2002) 

that, as explained in our discussion, could account for increased frequencies of Igλ+ and 

dual-Igκ+/Igλ+ B cells. Thus, our comparison of B cell development between Rag1C/C and 

Rag2del352/del352 mice cannot distinguish whether the more pronounced impairment in 

generation of Igλ+ versus Igκ+ B cells in Rag1C/C mice is caused by decreased 

recombinase activity versus loss of unique functions of noncore regions of Rag1.  

Since the only additional strain of Rag2C/C mice (Deriano et al., 2011) is not 

available, we conducted three independent and complementary experiments to assess 

whether lower recombinase activity in Rag1C/C mice contributes to the more impaired 

development of Igλ+ versus Igκ+ B cells. First, we assayed the rates at which Igκ+ and 

Igλ+ B cells arise from pre-B cells in 4-6 week old Rag1C/C and WT mice, reasoning that 

lower recombinase activity would delay the rate of appearance of Igλ+ B cells more than 

the rate of appearance of Igκ+ B cells since Igκ recombination and development of Igκ+ 

cells occurs before Igλ recombination and development of Igλ+ cells (Akamatsu et al., 

2003). To do this, we conducted repeated intraperitoneal injection of BrdU into WT and 

Rag1C/C mice to label B lineage cells as they differentiate from the pro-B cell stage to the 

pre-B cell stage, and then over time quantified the numbers and frequencies of BrdU+ 

BM Igκ+ and Igλ+ B cells. At all time points assayed, we detected fewer Igκ+ and Igλ+ B 

cells that had incorporated BrdU in Rag1C/C mice as compared to WT mice (Figure 3.2 

A), consistent with the lower than normal numbers of pre-B cells in Rag1C/C mice 

(Nemazee, 2006; Rajewsky, 1996). In contrast, we detected no differences in the rates 

of BrdU incorporation into Igκ+ B cells between Rag1C/C and WT mice or into Igλ+ B cells 
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between Rag1C/C and WT mice (Figure 3.2 B), demonstrating that Igκ+ and Igλ+ B cells 

each develop at a normal rate in Rag1C/C mice. Second, we quantified Igκ+ and Igλ+ B 

cells in Rag1C/C and WT mice at 5 months of age when the mouse mature B cell 

compartment has completely expanded (Dudley et al., 2003), reasoning that the size of 

the Rag1C/C Igλ+ B cell pool would normalize over time if the impaired development of 

these cells is caused by lower recombination efficiency. We observed similar numbers of 

total, immature transitional (T)2, and mature marginal zone and follicular B cells between 

the spleens of 5-month-old Rag1C/C and WT mice (Figure 3.2 C), revealing that older 

Rag1C/C mice contain normal sized pools of mature B cells. Still, we detected the same 

patterns of lower frequencies and numbers of BM (Figure 3.2 D - F) and splenic 

(unpublished data) Igλ+ B cells in these Rag1C/C mice compared to WT control mice, 

indicating that the impaired generation of Igλ+ B cells persists in older mice with a replete 

mature B cell compartment. Consistent with this notion, these older Rag1C/C mice exhibit 

a similar lower output of immature T1 B cells from pre-B cells as younger Rag1C/C mice 

(Figure 3.2 C). Finally, we quantified Igλ+ B cells in WT and Rag1C/C mice that can only 

develop Igλ+ B cells, reasoning that forcing Igλ expression would normalize Igλ+ B cell 

development if reduced recombinase activity were the cause of impaired Igλ+ B cell 

development in Rag1C/C mice. Transgenic κ-macroself (κMS) mice expressing a 

membrane-tethered anti-Igκ-reactive antibody develop only Igλ+ B cells since all 

developing κMS Igκ+ B cells are auto-reactive and edit to Igλ expression (Allman et al., 

1993). Thus, we made and analyzed κMSRag1C/C mice, which only develop Igλ+ B cells 

(Figure 3.2 G). We found lower numbers of BM (Figure 3.2 H) and splenic (unpublished 

data) Igλ+ B cells in κMSRag1C/C mice compared to κMS mice, demonstrating that Rag1C/C 

mice have a defect in producing Igλ+ B cells even when forced to do so via editing of 
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auto-reactive Igκ+ B cells. Collectively, these data suggest that the more impaired 

development of Igλ+ versus Igκ+ B cells in Rag1C/C mice is not simply due to lower 

recombinase activity, but likely is caused by loss of unique functions of the noncore 

Rag1 regions.  

 

The noncore regions of Rag1 promote Igκ+ B cell development.  

Our data above show that Rag1C/C mice exhibit a pronounced defect in the 

generation of Igλ+ B cells from pre-B cells. However, they are equivocal as to whether 

Rag1C/C mice have a similar defect in Igκ+ B cell development, as decreased numbers of 

Igκ+ B cells may result solely from fewer pre-B cells caused by impaired IgH 

recombination and resultant expansion of pro-B cells (Ait-Azzouzene et al., 2005). To 

evaluate whether the noncore regions of Rag1 promote Igκ+ B cell development, we 

generated and analyzed Rag1C/C mice expressing an IgH transgene that drives pro-B to 

pre-B cell expansion independent of endogenous IgH gene assembly. For this 

experiment, we chose IgH transgenic (IgHTg) mice that generate auto-reactive BCRs at a 

higher frequency than normal (Mandik-Nayak et al., 2006) so that we also could evaluate 

whether the noncore Rag1 regions promote Igλ+ B cell development in a setting where 

creation of these cells from receptor editing would be increased. Consistent with 

increased receptor editing, we detected a lower frequency of Igκ+ B cells and a greater 

frequency of Igλ+ B cells in IgHTg mice compared to WT mice (Figure 3.3 A and B). 

Reflecting roles for noncore Rag1 regions in promoting Igλ+ B cell development, we 

observed a higher frequency of Igκ+ B cells and lower frequency and number of Igλ+ B 

cells in IgHTgRag1C/C mice relative to IgHTg mice (Figure 3.3 A - C). Notably, despite 

similar numbers of pre-B cells in IgHTg and IgHTgRag1C/C mice (Figure 3.3 D), we 
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detected a 2-fold reduction in Igκ+ B cell numbers in IgHTgRag1C/C mice relative to IgHTg 

mice (Figure 3.3 C), showing that Rag1C/C mice are compromised in the ability to 

generate Igκ+ B cells from pre-B cells. These data demonstrate that the noncore regions 

of Rag1 promote both Igκ+ and Igλ+ B cell development.  
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The Rag1 protein promotes Igκ  and Igλ  locus accessibility independent of RAG 
endonuclease activity.  

The noncore regions of Rag1 have been suggested to promote accessibility of 

Ig/TCR loci for V(D)J recombination (Dudley et al., 2003). To test whether the impaired 

development of Igλ+ and Igκ+ B cells in Rag1C/C mice reflects critical function of the 

noncore Rag1 regions in enhancing IgL locus accessibility, we first quantified steady-

state levels of Igλ and Igκ germline transcripts in pre-B cells sort-purified from Rag1C/C 

and WT mice (Figure 3.4 A). We measured germline Jλ1 transcripts because Rag1 

binds D and J but not V segments (Ji et al., 2010), and Jλ1 is the most frequently 

rearranged Jλ segment (Grazini et al., 2010; Sadofsky, 2004). We detected a 2-fold 

lower level of germline Jλ1 transcripts in Rag1C/C pre-B cells compared to WT pre-B cells 

(Figure 3.4 B), consistent with a role for the noncore regions of Rag1 in stimulating Igλ 

accessibility. In contrast to Jλ1 transcripts, we detected no difference in the levels of 

germline Jκ1 transcripts between Rag1C/C and WT pre-B cells (Figure 3.4 B). These data 

suggest that the noncore Rag1 regions stimulate Igλ but not Igκ accessibility. However, 

the ability of accessible Jκ and Jλ gene segments to undergo recombination in Rag1C/C 

and WT cells and the potential differences in activation of pro-survival signals by RAG 

DSBs in WT and Rag1C/C pre-B cells complicate this interpretation. In addition, the 

heterogeneous nature of the pre-B cell population consisting of IL-7-responding cells 

with inaccessible Igκ loci and IL-7-attenuated cells with accessible Igκ loci could mask 

differences in Jκ accessibility between Rag1C/C and WT pre-B cells.  

To definitively determine whether Rag1 enhances IgL locus accessibility, we 

quantified germline Jλ and Jκ transcripts in small non-cycling pre-B cells lacking Rag1 

protein (Rag1−/− cells) or expressing a mutant full-length Rag1 protein that contains an 
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aspartic acid to alanine mutation at position 708 in the catalytic core (Rag1D708A cells). 

This Rag1D708A protein binds germline D/J segments and the Rag2 protein, but resulting 

RAG complexes cannot cleave DNA to initiate V(D)J recombination (Haque et al., 2013; 

Nadel et al., 1990; Sanchez et al., 1991). We first used v-Abl transformed pro-B (Abl) 

cell lines created from Rag1−/− mice or Rag1D708A mice. Proliferating Abl cells do not 

express RAG proteins or catalyze V(D)J recombination; addition of the Abl kinase 

inhibitor STI571 induces their differentiation into pre-B cells concomitant with their arrest 

in G1 phase, expression of Rag1/Rag2, and accessibility and recombination of IgL loci 

(Ji et al., 2010a). We placed Rag1−/− and Rag1D708A Abl cells in STI571 to cause a G1 

arrest, induce Rag1/Rag2 protein expression, and activate IgL accessibility. In these 

cells, we detected no change in germline Jκ1 transcripts, but a ~2-fold higher level of 

germline Jλ1 transcripts, in Rag1D708A cells as compared to Rag1−/− cells (Figure 3.4 C). 

We next assayed primary pre-B cells from IgHTgRag1−/− mice and IgHTgRag1−/− mice 

expressing the Rag1D708A transgene (IgHTgRag1D708A mice). The expression of a pre-

assembled IgH transgene in Rag1−/− or Rag1D708A mice promotes differentiation of pre-B 

cells (Muljo and Schlissel, 2003). Since IL-7 drives pre-B cell proliferation and represses 

IgL accessibility and Rag1/Rag2 expression (Ji et al., 2010a), we cultured primary BM 

cells from IgHTgRag1−/− and IgHTgRag1D708A mice in IL-7 to isolate and expand pre-B cells 

lacking RAG expression. We then withdrew IL-7 from the culture medium to cause a G1 

arrest, induce Rag1 and Rag2 protein expression, and activate IgL accessibility (Corfe 

and Paige, 2012; Malin et al., 2010b; Milne and Paige, 2006). Using this system, we 

observed ~2-fold higher levels of germline Jκ1 and Jλ1 transcripts in these 

IgHTgRag1D708A cells compared to control IgHTgRag1−/− cells (Figure 3.4 D), revealing a 

role for Rag1 in enhancing Igλ and Igκ accessibility. Collectively, these data indicate that 
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the Rag1 protein stimulates IgL locus accessibility independent of RAG endonuclease 

activity.  

To more rigorously assess whether RAG1 enhances IgL locus accessibility, we 

quantified the sensitivity of germline Igκ and Igλ segments to restriction enzyme 

digestion. We measured the ability of the StyI restriction enzyme to cleave at Jκ3 and 

Jλ1 in nuclei isolated from STI571-treated Rag1−/− and Rag1D708A Abl cells and IL-7-

withdrawn IgHTgRag1−/− and IgHTg Rag1D708A primary pre-B cells. After incubating nuclei 

with or without Sty1, we conducted qPCR to amplify across Sty1 sites in Jκ3 or Jλ1 and 

then calculated the percent of cleaved DNA at each segment as a measure of 

accessibility (Figure 3.4 A). Using Abl cell lines, we detected ~3-5-fold greater 

accessibility of Jκ3 and Jλ1 in cells expressing Rag1D708A relative to cells lacking Rag1 

protein (Figure 3.4 E). We next assayed primary pre-B cells from IgHTgRag1−/− mice and 

IgHTgRag1D708A mice. In these cells, we observed ~2-fold higher accessibility of Jκ3 and 

Jλ1 in cells expressing Rag1D708A relative to cells lacking Rag1 protein (Figure 3.4 F). 

Based on the increased levels of transcripts and Sty1 digestion of Jκ3 and Jλ1 

segments in pre-B cells expressing Rag1D708A relative to pre-B cells lacking Rag1 

protein, we conclude that Rag1 stimulates IgL locus accessibility independent of RAG 

endonuclease activity.  

 

The noncore regions of Rag1 activate pro-survival signals following RAG cleavage 
of Igκ  loci.  

RAG cleavage of Igκ loci activates intracellular signals that promote pre-B cell 

survival by inducing transcription of Pim2 (Bednarski et al., 2012; Steinel et al., 2013). 

Pim2 encodes a protein kinase required for the development of a normal frequency of 

Igλ+ B cells (Bednarski et al., 2012; Bredemeyer et al., 2008). Accordingly, the impaired 
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development of Igκ+ and Igλ+ B cells in Rag1C/C mice could arise from decreased 

induction of Pim2 expression upon RAG cleavage during Vκ-to-Jκ recombination. To 

evaluate whether noncore Rag1 regions are necessary to activate Pim2 transcription 

following RAG cleavage of Igκ loci, we first quantified steady-state Pim2 transcripts in 

pre-B cells from Rag1C/C and WT mice. We detected ~2-fold lower levels of Pim2 

transcripts in Rag1C/C pre-B cells as compared to WT pre-B cells (Figure 3.5 A). This 

observation is consistent with a role for noncore Rag1 regions in activating Pim2 

expression after RAG cleavage. However, it also could reflect a role for Rag1 in control 

of Pim2 transcription independent of RAG cleavage. Thus, we next quantified Pim2 

transcripts following IL-7 withdrawal from IgHTgRag1−/− and IgHTgRag1D708A primary pre-B 

cells. We observed no induction of Pim2 transcripts in IgHTgRag1−/− or IgHTgRag1D708A 

pre-B cells (Figure 3.5 B), indicating Rag1 does not control Pim2 transcription in the 

absence of RAG endonuclease activity. Accordingly, our data suggest that the noncore 

Rag1 regions are required for RAG DNA cleavage in pre-B cells to transduce signals 

that activate Pim2 transcription. 

To unequivocally identify whether the noncore regions of Rag1 are necessary to 

activate Pim2 expression in response to RAG DNA cleavage, we used Abl cell lines 

established from mice lacking the Artemis non-homologous end-joining factor and 

expressing the anti-apoptotic EµBCL2 transgene. RAG DNA cleavage in Artemis−/− cells 

generates chromosomal DNA double strand breaks (DSBs) that cannot be processed 

and repaired (Derudder et al., 2009). BCL2 expression prevents apoptosis from DSBs, 

enabling accumulation of un-repaired RAG DSBs at Igκ loci in Artemis−/− cells and thus 

amplification of signals from RAG DSBs (Moshous et al., 2001; Rooney et al., 2003). 

Thus, to determine whether the noncore regions of Rag1 are necessary to activate Pim2 

transcription during Igκ recombination, we created and analyzed Artemis−/− and 
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Artemis−/−Rag1C/C Abl cells. Reflecting the normal level of Vκ-to-Jκ recombination in 

Rag1C/C pre-B cells (Bednarski et al., 2012; Bredemeyer et al., 2008; Savic et al., 2009; 

Steinel et al., 2013), we detected similar amounts of RAG DSBs at Jκ segments in 

Artemis−/− and Artemis−/−Rag1C/C cells (Figure 3.5 C and D). Consistent with published data 

(Dudley et al., 2003), we detected a ~5-fold induction of Pim2 transcript levels following 

STI571 addition to Artemis−/− Abl cells (Figure 3.5 D). In contrast, we observed no 

induction of Pim2 transcripts following STI571 treatment of Artemis−/−Rag1C/C Abl cells 

(Figure 3.5 E), suggesting that the noncore regions of Rag1 are necessary for RAG 

DSBs to signal activation of Pim2 expression. Although we observed consistent results 

between two independent lines of each genotype, we considered that v-Abl 

immortalization of Artemis−/−Rag1C/C cells might have disrupted the ability of DSBs to 

activate Pim2 transcription. To test this possibility, we evaluated the ability of DSBs 

induced by ionizing radiation (IR) to activate Pim2 expression in Artemis−/− and 

Artemis−/−Rag1C/C Abl cells. We observed that IR triggers a ~2-fold increase of Pim2 

transcripts in our experimental Artemis−/− and Artemis−/−Rag1C/C lines (Figure 3.5 F), 

showing that Artemis−/−Rag1C/C Abl pre-B cells exhibit normal ability to induce Pim2 

expression in response to exogenous DSBs. Collectively, our data indicate that the non-

core regions of Rag1 are necessary for RAG DSBs to signal transcriptional activation of 

Pim2 expression during Igκ recombination.  

Pim2 promotes survival of pre-B cells rearranging Igκ genes (Bredemeyer et al., 

2008) and Pim2−/− mice exhibit an identical reduction in the frequency of Igλ+ B cells as 

Rag1C/C mice (Bednarski et al., 2012; Derudder et al., 2009)(Figure 3.1). To evaluate 

whether the noncore regions of Rag1 promote Igλ+ B cell development by enabling RAG 

DSBs to enhance pre-B cell survival and thereby provide more opportunities for Vλ-to-Jλ 
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recombination, we made and analyzed Rag1C/C mice expressing the anti-apoptotic 

EµBCL2 transgene. Here, we observed no differences in the numbers or frequencies of 

Igκ+ B cells and Igλ+ B cells between EµBCL2:Rag1C/C mice and control EµBCL2 mice 

(Figure 3.6 A - C), indicating that providing pre-B cells a constitutive pro-survival signal 

rescues the impaired development of Igλ+ B cells in Rag1C/C mice. To assess whether 

BCL2 also rescues Igλ accessibility, we quantified germline Jλ1 transcripts in EµBCL2 

and EµBCL2:Rag1C/C pre-B cells. We detected a ~2-fold reduced level of Jλ1 transcripts 

in EµBCL2:Rag1C/C cells as compared to EµBCL2 cells (Figure 3.6 D), identical to the 

difference in Jλ1 transcripts between Rag1C/C and WT mice (Figure 3.4 C), confirming 

that neither BCL2 expression nor enhanced survival of pre-B cells increases Igλ 

accessibility. These data demonstrate that the noncore regions of Rag1 are required for 

RAG DSBs to transduce signals that activate Pim2 to enhance pre-B cell survival, 

promote Igλ+ B cell development, and ensure generation of a normal Igκ+ and Igλ+ B cell 

repertoire.  
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Discussion 

Here, we have analyzed Rag1C/C mice and Rag1−/− and Rag1D708A pre-B cells to 

identify potential unique non-cleavage functions of RAG1 in regulating V(D)J 

recombination in vivo. Our data show that Rag1C/C mice exhibit pronounced defects in 

Vλ-to-Jλ recombination and development of Igλ+ B cells from pre-B cells and a less 

severe deficiency in generation of Igκ+ B cells from pre-B cells. Our data also 

demonstrate that the noncore regions of Rag1 both enhance IgL locus accessibility 

independent of RAG endonuclease activity and signal up-regulation of Pim2 expression 

in response to RAG cleavage of Igκ loci. Our finding that BCL2 expression rescues Igλ+ 

B cell development in Rag1C/C mice indicates that the noncore regions of Rag1 promote 

Igλ+ B cell development, at least in part, by activating Pim2 expression following the 

incursion of RAG DSBs during Igκ recombination. This result provides causal evidence 

that the ability of the noncore Rag1 regions to activate a pro-survival genetic program 

during IgL recombination is critical for facilitating Igλ+ B cell development and 

establishing a normal broad Igκ+ and Igλ+ B cell repertoire. The Pim2-dependent pro-

survival signaling function of the noncore regions of Rag1 also may promote the 

generation of Igκ+ B cells from pre-B cells; however, our experiments do not directly 

address this potential mechanism. In addition, our experiments cannot provide a 

conclusion as to whether Rag1-dependent enhancement of IgL locus accessibility 

promotes Igλ+ and Igκ+ B cell development by stimulating kinetics of IgL gene assembly. 

Determining contributions of accessibility and pro-survival signaling functions of the 

noncore Rag1 regions in promoting Igλ+ and Igκ+ B cell development requires 

elucidating precise mechanisms through which Rag1 mediates these two distinct 

functions and then generating and analyzing mice with only one of these Rag1 functions 

inactivated.  
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Our data that Rag1C/C pre-B cells expressing truncated cleavage-competent 

"core" Rag1 protein exhibit lower than normal levels of germline transcripts and 

restriction enzyme sensitivity of Igλ gene segments reveals that noncore Rag1 regions 

enhance IgL locus accessibility beyond levels achieved by transcriptional enhancers and 

promoters. The noncore RAG1 regions contain a RING domain with E3 ubiquitin ligase 

activity, as well as amino acids that bind the VprBP kinase, which in turn associates with 

the RING E3 ubiquitin ligase complex DDB1/Cul4A/Roc1 (Bednarski et al., 2012; 

Derudder et al., 2009). The RAG1 RING domain promotes histone H3 and H3.3 mono-

ubiquitylation (Kassmeier et al., 2012; Yurchenko et al., 2003), which at other loci can 

drive accessibility and transcription by reducing core histone interactions with DNA 

(Jones et al., 2011; Yurchenko et al., 2003). In response to DNA damage by ultraviolet 

radiation, DDB1/Cul4A/Roc1 ubiquitylates histones H3 and H4, weakening nucleosome 

interactions with DNA to promote accessibility to repair factors (Zentner and Henikoff, 

2013). RAG1 mutations that impair RAG1 intrinsic ubiquitin ligase activity and likely alter 

RAG1 protein structure decrease RAG endonuclease activity within the context of DH-to-

JH recombination in a pro-B cell line (Wang et al., 2006). Accordingly, the noncore RAG1 

regions might promote IgL accessibility through RAG1-mediated and/or RAG1-

dependent ubiquitylation of histones over RAG1-bound JL gene segments to enhance 

removal of nucleosomes from JL RSSs. Building on an existing model (Grazini et al., 

2010; Simkus et al., 2007), RAG1 auto-ubiquitylation, or DDB1/Cul4A/Roc1 

ubiquitylation of RAG1, on lysine 233 of the noncore region of RAG1 might promote 

conformational changes in RAG1 that foster interactions with proteins that stimulate 

accessibility. However, the noncore RAG1 regions could increase accessibility 

independent of ubiquitylation by recruiting transcriptional co-activators, such as GMEB1 

(Simkus et al., 2007) or chromatin-modifying enzymes. Studies testing the effects of 
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specific mutations of noncore Rag1 regions and/or Rag1-interacting proteins using 

Rag1D708A cells should help elucidate precise molecular mechanisms by which Rag1 

stimulates IgL locus accessibility.  

Our finding that full-length, cleavage-incompetent Rag1D708A protein enhances 

Igκ and Igλ locus accessibility, while Rag1C/C pre-B cells exhibit reduced accessibility 

and recombination of Igλ but not Igκ gene segments, has implications for mechanisms 

that regulate antigen receptor gene assembly. One is that the "core", rather than 

noncore, regions of RAG1 might enhance Igκ accessibility, possibly by recruiting 

transcription factors and/or chromatin-modifying enzymes. A second possibility is that 

the 2-fold reduction in Jκ accessibility in Rag1C/C pre-B cells causes a similar decrease 

in Vκ-to-Jκ recombination that is not discernable by PCR analysis of Igκ 

rearrangements. A third possibility is that JL gene segment accessibility is rate-limiting 

for Igλ but not Igκ recombination, so that a 2-fold reduction in Jλ accessibility impairs Vλ-

to-Jλ rearrangements while a 2-fold reduction in Jκ accessibility has no effect on Vκ-to-

Jκ rearrangements. The current model for V-to-(D)J rearrangements is that the RAG 

proteins bind accessible D/J segments and then capture and cleave accessible V 

segments placed in proximity of RAG-D/J recombination centers via chromosome 

looping (Maitra and Sadofsky, 2009). Evidence suggests that capture/cleavage of 

accessible V segments is rate limiting for Igκ and TCRβ loci (Ji et al., 2010b; Schatz and 

Ji, 2011). These loci have large V clusters that contain numerous V segments organized 

in chromosome loops and recombine across genomic distances of 0.5-2 Mb to D/J gene 

segments through long-range chromosome looping. While control of Vλ recombination 

has not been investigated in-depth, the Igλ locus contains two V-J domains, each 

containing one Vλ that rearranges to Jλs across distances of 30-80 kb (Bassing et al., 
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2008; Casellas et al., 2002; Wu et al., 2003; Xiang et al., 2013). These features of Vλ-to-

Jλ recombination more closely resemble D-to-J recombination of TCRβ and IgH loci than 

V-to-(D)J recombination of Igκ, TCRβ, and IgH loci. Considering that Rag1C/C mice have 

similar reductions in Dβ-to-Jβ and DH-to-JH recombination as Vλ-to-Jλ recombination 

(Sanchez et al., 1991; Vettermann and Schlissel, 2010), the ability of noncore Rag1 

regions to promote recombination by enhancing chromatin accessibility may be most 

critical for rearrangements that do not proceed via long-range chromosome looping. The 

creation and analysis of mice expressing specific mutant Rag1 or Rag1D708A proteins 

should help identify roles and functions of noncore Rag1 regions in promoting 

accessibility and recombination of each antigen receptor locus. 

Our discovery that RAG DSBs induced at Igκ loci in Artemis−/−Rag1C/C pre-B cells 

are unable to up-regulate Pim2 expression indicates that the noncore regions of Rag1 

are necessary for RAG DSBs to transduce signals that activate a pro-survival genetic 

program. DSBs induced by IR or RAG in pre-B cells activate the ATM kinase, which 

phosphorylates the NF-κB essential modifier (NEMO) protein to trigger NFκB-mediated 

Pim2 transcription (Dudley et al., 2003). The expression of Pim2 increases pre-B cell 

survival by antagonizing pro-apoptotic signals (Bednarski et al., 2012; Bredemeyer et al., 

2008; Li et al., 2001). In response to IR DSBs, ATM-mediated phosphorylation of nuclear 

NEMO enables cIAP-mediated mono-ubiquitylation of NEMO, which is required to 

activate NF-κB following DSBs (Bednarski et al., 2012; Bredemeyer et al., 2008; Muljo 

and Schlissel, 2003; Steinel et al., 2013). Thus, in response to RAG DSBs, noncore 

Rag1 regions may activate Pim2 transcription through RAG1-mediated and/or RAG1-

dependent ubiquitylation of ATM-phosphorylated NEMO proteins. This notion is 

supported by observations that both mice with conditional deletion of NEMO in the B cell 

lineage (mb1-cre NEMOf mice) and Pim2−/− mice exhibit similar decreases in frequencies 
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of Igλ+ B cells as Rag1C/C mice, and BCL2 expression rescues the frequency of Igλ+ B 

cells in mb1-cre NEMOf mice (Hinz et al., 2010; Wu et al., 2006). It has been shown that 

noncore Rag1 regions bind the DSB repair/response protein MDC1, which is 

phosphorylated by ATM and amplifies a subset of ATM signals (Derudder et al., 2009). 

We find that Mdc1−/− mice exhibit normal Igκ+/Igλ+ B cell ratios (unpublished data), 

indicating that the noncore regions of Rag1 do not signal ATM-mediated activation of the 

NEMO-NF-κB-Pim2 pathway by recruiting MDC1 to RAG-cleaved IgL loci. Considering 

that RAG DSBs also signal gene expression changes via ATM-dependent/NF-κB-

independent and ATM/NF-κB-independent pathways (Lou et al., 2006), the noncore 

regions of Rag1 may transduce ATM-dependent and/or ATM-independent signals that 

function in parallel with the ATM-NEMO-NF-κB signals to activate Pim2 transcription. 

The analysis of intracellular signaling pathways and gene expression changes following 

the induction of RAG DSBs in Artemis−/−Rag1C/C pre-B cells and Artemis−/− pre-B cells with 

specific mutations of Rag1 and/or Rag1-interacting proteins should help elucidate 

mechanisms by which Rag1 transduces signals in response to RAG cleavage of IgL loci.  

Our finding that Rag1C/C and Rag2del352/del352 mice exhibit opposite deviations from 

normal Igκ+/Igλ+ B cell ratio provides new insights into how pre-B cells integrate RAG 

DSB signaling and repair to promote Igκ+ and Igλ+ B cell development. Rag1C/C mice 

have no discernable defect in V(D)J joining (Bredemeyer et al., 2008), indicating that 

their pre-B cells are defective in pro-survival signaling from RAG DSBs but not repair of 

RAG DSBs. Our data shows that loss of these pro-survival signals leads to loss of pre-B 

cells that would normally develop into Igλ+ B cells. Rag2del352/del352 mice exhibit 

destabilization of RAG-cleaved DNA ends and therefore impaired V(D)J joining (Deriano 

et al., 2011), suggesting that their pre-B cells are defective in RAG DSB repair but not 
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pro-survival signaling from RAG cleavage of IgL loci. It remains to be determined how 

the destabilization of RAG-cleaved DNA ends increases the development of Igλ+ B cells 

relative to Igκ+ B cells. One possibility is that RAG-cleaved Igλ loci are inherently more 

stable than RAG-cleaved Igκ loci due to the simpler organization and smaller size of Igλ 

loci. Consistent with this notion, Rag2del352/del352 mice exhibit normal levels of IgH and 

TCRβ D-to-J rearrangements across short genomic distances but severely reduced 

levels of IgH and TCRβ V-to-DJ rearrangements across large genomic distances 

(Deriano et al., 2011). The observation that Atm-/- mice have normal Igκ+/Igλ+ B cell 

ratios was used to argue that activation of Pim2 by RAG DSBs does not promote Igλ+ B 

cell development (Liang et al., 2002). In addition to their DSB pro-survival signaling 

defect, Atm−/− mice exhibit destabilization of RAG-cleaved DNA ends and impaired V(D)J 

joining (Derudder et al., 2009). This suggests that increased Igλ+ B cell development 

from defective V(D)J joining counters decreased generation of Igλ+ B cells from loss of 

pro-survival signaling. Impaired V(D)J joining and normal DSB signaling may enable pre-

B cells with un-repaired RAG-cleaved Igκ loci to initiate Igλ recombination, leading to the 

assembly of in-frame VJκ and VJλ coding joins in a greater than normal fraction of pre-B 

cells, which may explain the increased frequency of dual-Igκ+/Igλ+ B cells in 

Rag2del352/del352 mice. The expression of Rag2del352 at a ~10-fold higher level than full-

length Rag2 (Bredemeyer et al., 2006) also might enable cells to be temporarily 

refractory to RAG DSB-induced, ATM-mediated suppression of Rag1 and Rag2 protein 

expression (Liang et al., 2002). Similarly, the absence of a conserved consensus ATM 

phosphorylation motif (amino acids serine 365 and glutamic acid 366) might allow 

Rag2del352 to escape ATM-dependent phosphorylation and resultant suppression of RAG 

nuclease activity before loss of RAG expression. Future generation and analysis of 



 79 

Atm−/−Rag1C/C mice, EµBCL2:Atm−/− mice, and Rag2S365A/S365A mice could be used to 

elucidate precise mechanisms through which pre-B cells integrate RAG DSB signaling 

and repair to promote Igκ+ and Igλ+ B cell development. 

Our demonstration of non-cleavage functions of RAG1 in modulating accessibility 

and signaling has broad implications beyond mechanisms that regulate V(D)J 

recombination. In addition to the ATM-NF-κB pathway, RAG DSBs signal through 

undefined ATM-dependent and ATM-independent pathways to activate a transcriptional 

program including genes that encode proteins that regulate the selection of lymphocytes 

based on antigen-receptor specificity (Bednarski et al., 2012; Bredemeyer et al., 2008; 

Steinel et al., 2013). Thus, the noncore regions of Rag1 may additionally be critical for 

activating these and possibly additional unidentified signaling pathways to modulate 

positive and negative lymphocyte selection, ensuring creation of a robust self-tolerant 

adaptive immune system. Notably, humans with mutations in noncore RAG1 regions that 

do not affect RAG recombinase activity develop Omenn syndrome (Bednarski et al., 

2012; Bredemeyer et al., 2008; Muljo and Schlissel, 2003; Steinel et al., 2013). Our data 

suggest that impaired signaling in response to RAG DSBs may contribute to the immune 

deficiency and autoimmunity of these Omenn Syndrome patients. Further, a recent study 

has revealed that RAG endonuclease activity in a subset of common lymphoid 

progenitors leads to elevated expression of DSB repair/response genes in mature NK 

cells, imparting these innate immune cells with enhanced ability to survive virus-driven 

proliferation (Lee et al., 2014). This function of RAG outside of V(D)J recombination also 

is important for endowing mature T cells and other innate lymphoid cell types with a 

cellular fitness that protects them from apoptosis upon immune response-driven 

proliferation (Karo et al., 2014). These data lead us to speculate that the accessibility 

and signaling functions of the noncore Rag1 regions that we have demonstrated here 
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may be important for the RAG endonuclease to instil cellular fitness in multiple cell 

types. Therefore, in addition to serving as an essential subunit of the V(D)J 

recombinase, the RAG1 protein has physiologic functions outside of catalysis of Ig and 

TCR gene assembly that are critical for the development of an effective immune system. 
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Figure 3.1. Noncore Rag1 promotes Igλ+ B cell development. (A) Representative 

FACS analysis of Igκ and Igλ expression on BM and splenic B cells isolated from the 

indicated mice. (B and C) Graphs showing average frequencies (B) and numbers (C) of 

BM and splenic Igκ+ and Igλ+ B cells isolated from the indicated mice. (D) 

Representative PCR analysis of Vλ1-to-Jλ1 rearrangements or HuR as a loading control 

on serial 5-fold dilutions of genomic DNA from WT or Rag1C/C pre-B cells. (E) Graphs 

showing the average frequencies of dual-Igκ/Igλ expression on BM and splenic B cells 

of the indicated mice. (B, C, and E) Data are from five independent experiments 

conducted on five WT, nine Rag1C/C, and three Rag2C/C mice of the same age. Error bars 

are SEM. *; p<0.05.  
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Figure 3.2  
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Figure 3.2 Impaired Igλ+ B cell development in Rag1C/C mice is not due to 

decreased recombinase activity. (A and B) Graphs showing the average numbers (A) 

and frequencies (B) of BrdU+ BM B cells isolated from the indicated mice at the indicated 

time points following intraperitoneal injection of BrdU. Data were collected from three WT 

and three Rag1C/C mice at 4-6 weeks of age per time point. Error bars are SEM. *; 

p<0.05. (C) Graphs showing the average numbers of total splenic B220+, marginal zone 

(MZ), follicular (FO), T1, and T2 B cells from the indicated mice. Data are from six 

independent experiments conducted on eight WT and eleven Rag1C/C mice at 4-6 weeks 

of age, and three independent experiments on six WT and six Rag1C/C mice at 5-months 

of age. Error bars are SEM. *; p<0.05. (D) Representative FACS analysis of Igκ and Igλ 

expression on BM B cells from the indicated mice. (E and F) Graphs indicating the 

average frequencies (E) and numbers (F) of BM B cells from the indicated mice. Data 

are from three independent experiments conducted on six WT and six Rag1C/C mice at 5-

months of age. Error bars are SEM. *; p<0.05. (G) Representative FACS analysis of Igκ 

and Igλ expression on BM B cells from the indicated mice. (H) Graphs showing the 

average numbers of BM B cells from the indicated mice. Data are from three 

independent experiments conducted on three κMS and three κMSRag1C/C mice at 4-6 

weeks of age.  
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Figure 3.3 
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Figure 3.3 Rag1 protein promotes Igκ + and Igλ + B cell development. (A) 

Representative FACS analysis of Igκ and Igλ expression on BM B cells from the 

indicated mice. (B - C) Graphs indicating the average frequencies (B) and numbers (C) 

of BM Igκ+ and Igλ+ B cells from the indicated mice. (D) Graphs indicating the average 

numbers of pro-B and pre-B cells from the indicated mice. (B - D) Data are from three 

independent experiments conducted on six IgHTg and twelve IgHTgRag1C/C mice at 4-6 

weeks of age. Error bars are SEM. *; p<0.05.  
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Figure 3.4 
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Figure 3.4 Rag1 protein promotes Igλ  locus accessibility. (A) Schematic of Jλ1 and 

Jκ1 segments with arrows indicating positions of PCR primers used to amplify germline 

transcripts from RNA or gene segments from Sty1-digested DNA. (B - D) Graphs 

showing average relative levels of germline Jκ1 and Jλ1 transcripts in primary pre-B 

cells purified from the indicated mice (B), STI571-treated Abl pre-B cells of the indicated 

genotypes (C), or IL-7 withdrawn primary pre-B cells cultured from the indicated mice 

(D). Data are from three independent experiments conducted on six WT and six Rag1C/C 

mice at 4-6 weeks of age (B), four independent experiments on Abl cell lines of each 

genotype (C), or five independent experiments on cells pooled from five mice of each 

genotype (D). Error bars are SEM. *; p<0.05. (E - F) Graphs depicting relative 

accessibility at Jκ1 and Jλ1 in STI571-treated Abl pre-B cells of the indicated genotypes 

(E) or in IL-7 withdrawn pre-B cells from mice of the indicated genotype. Data are from 

three independent experiments on Abl cell lines of each genotype (E) or five 

independent experiments on cells pooled from five mice of each genotype (F). Error bars 

are SEM. *; p<0.05.  
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Figure 3.5 
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Figure 3.5 Rag1 transduces pro-survival signals in pre-B cells undergoing IgL 

recombination. (A - B) Average levels of Pim2 transcripts in primary pre-B cells sorted 

from the indicated mice (A) or IL-7 withdrawn primary pre-B cells cultured from the 

indicated mice (B). Data are from three independent experiments conducted on six 4-6 

week old mice of each genotype (A) or on IL-7 withdrawn cells pooled from five 4-6 week 

old mice of each genotype (B). Error bars are SEM. *; p<0.05. (C) Schematic of the Jκ 

locus in germline (GL) configuration or with coding ends (CEs) at the Jκ1/Jκ2 segments. 

The relative locations of the BamH1 sites and 3’Jκ probe are indicated. (D) 

Representative Southern blot analysis of RAG-cleaved Jκ loci in STI571-treated Abl pre-

B cells of the indicated genotypes. TCRβ probe is shown as a DNA loading control. (E) 

Graph depicting average levels of Pim2 transcripts in STI571-treated Abl pre-B cells of 

the indicated genotypes. Data were collected from four independent experiments. Error 

bars are SEM. *; p<0.05. (F) Graph showing average levels of Pim2 transcripts in Abl 

pre-B cells of the indicated genotypes after their exposure to 4 Gy IR. Data are from four 

independent experiments. Error bars are SEM. *, p<0.05. 
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Figure 3.6 
 

 
 
 

Figure 3.6 Ectopic BCL2 expression rescues Igλ+ B cells in Rag1C/C mice. (A) 

Representative FACS analysis of Igκ and Igλ expression on BM B cells of the indicated 

mice. (B - C) Graphs indicating the average frequencies (B) and numbers (C) of Igκ+ and 

Igλ+ B cells from the indicated mice. Data are from three independent experiments 

conducted on four EµBCL2 and four EµBCL2:Rag1C/C mice at 4-6 weeks of age. Error 

bars are SEM. *; p<0.05. (D) Graph showing average relative levels of germline Jκ and 

Jλ1 transcripts in primary pre-B cells sorted from the indicated mice. Data are from three 

independent experiments conducted on three EµBCL2 and three EµBCL2:Rag1C/C mice 

at 4-6 weeks of age. Error bars are SEM. *; p<0.05.  
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CHAPTER 4 

Potential Roles for RAG DSB Signaling in NK Cell Development2 

Abstract 

In developing B/T lymphocytes, the RAG1/2 endonuclease complex catalyzes 

the assembly of antigen receptors (AgRs) via a series of programmed DNA double 

strand breaks (DSBs) at AgR loci. Natural killer (NK) cells are an innate lymphocyte 

lineage that express germline-encoded receptors and do not require the RAG proteins 

for development. Yet, approximately 40% of mature NK cells derive from common 

lymphoid progenitors (CLPs) that have expressed RAG during ontogeny. Recent 

evidence suggests that NK cells that develop in the absence of RAG DSBs are 

phenotypically more terminally differentiated and functionally less “fit” than those with a 

history of RAG expression. The RAG proteins are comprised of “core” regions that 

together possess DNA endonuclease activity and “non-core” regions that are 

dispensable for RAG cleavage. The RAG1 protein has been proposed to employ its non-

core regions to regulate V(D)J recombination by promoting survival and differentiation 

signals in response to RAG DSBs. We show here that Rag1C/C mice, which express the 

core-Rag1 protein, exhibit a pronounced impairment in the development of CD27- 

CD11b+ mature NK cells relative to mice expressing wildtype Rag1 protein, full-length 

cleavage-dead Rag1 protein, and Rag1-deficient mice. These preliminary data suggest 

that through its non-core regions, RAG1 may function outside of the canonical 

lymphocyte lineage to promote normal NK cell development.  

 

  

                                                
2 Experiments described in this chapter were conducted with EnJun Yang and Taku Kambayashi 
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Introduction 

Natural killer (NK) cells are an innate subset of lymphocytes that control 

intracellular pathogens and tumors through cytotoxic effector functions and the secretion 

of activating cytokines. Like B/T lymphocytes, NK cells undergo “licensing” to establish 

tolerance to self-proteins, undergo proliferative expansion during infection, and generate 

antigen-specific recall responses on secondary antigenic stimulation. However, the 

mechanisms regulating NK cell development, NK cell lineage commitment, and NK cell 

effector function are not well understood (Karo et al., 2014).  

The RAG1/2 endonuclease complex catalyzes the assembly of antigen receptors 

(AgRs) via a series of programmed DSBs in developing B/T lymphocytes. Although RAG 

expression is not required for NK cell development, approximately 40% of mature NK 

cells derive from common lymphoid progenitors (CLPs) that have previously expressed 

RAG during ontogeny (Sun and Lanier, 2011). Recent evidence suggests that NK cells 

developing in the absence of RAG DSBs are functionally distinct and less fit during an 

immune response (Borghesi et al., 2004; Pilbeam et al., 2008). Further, NK cells that 

either lack RAG1 protein expression (Rag1-/-) or NK cells that express full-length, but 

cleavage-dead Rag1 protein (Rag1D708A) mice develop with delayed kinetics (Karo et al., 

2014), and exhibit a more terminally differentiated phenotype, hyper-responsiveness 

during infection, decreased expression of DNA damage response factors, and 

diminished survival capacity in response to virus-driven proliferation (Andrews and 

Smyth, 2010). These findings suggest a requirement for RAG DSBs and or RAG-DSB-

induced signalling in normal NK cell ontogeny.  

RAG DSBs in pre-B cells induce a program of genes involved in cell survival and 

lymphocyte differentiation pathways (Karo et al., 2014). The RAG1 and RAG2 proteins 

are each comprised of “core” regions, which together possess DNA endonuclease 
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activity, and “non-core” regions, which are dispensable for RAG cleavage. Non-core 

Rag1 possesses intrinsic E3 ubiquitin ligase activity and can interact with a separate 

ubiquitin ligase complex, a kinase, histones, DNA damage response proteins, and at 

least one transcription factor (Bednarski and Sleckman, 2012; Bredemeyer et al., 2008; 

Helmink and Sleckman, 2012). These activities of non-core RAG1 have been proposed 

to generate survival and differentiation signals in response to RAG DSBs ((Coster et al., 

2012; Grazini et al., 2010; Jones et al., 2011; Kassmeier et al., 2012; Kim et al., 2013; 

Maitra and Sadofsky, 2009; Raval et al., 2008; Yurchenko et al., 2003); Chapter 3). Mice 

expressing truncated Rag1 core protein (Rag1C/C mice) exhibit impaired lymphocyte 

development associated with defects in generating survival signals following RAG DSBs 

(Dudley Horowitz; Chapter 3). Thus, to begin to determine whether non-core RAG1 has 

a role in generating survival and/or differentiation signals in NK cell ontogeny, we 

assayed NK cell development in Rag1C/C mice. We show here that Rag1C/C mice exhibit a 

pronounced impairment in the CD27- CD11b+ mature NK cell populations relative to 

wildtype, Rag1D708A and Rag1-/- mice. These preliminary data support findings that RAG 

DSBs promote normal NK cell development and may further suggest that RAG1 

functions outside of the canonical lymphocyte lineage to generate signals required for 

NK cell fitness.  
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Materials and Methods 

 

Mice. Wildtype (129SvEv), Rag1C/C (Horowitz and Bassing, 2014), and Rag1D708A 

(Dudley et al., 2003) mice were bred with Rag1−/− (Ji et al., 2010b) to generate mice on a 

mixed 129SvEv and C57BL/6 background. All mice described in this study were 4-weeks 

old and either littermate or age-matched. All studies were conducted in accordance with 

national guidelines and approved by the Institutional Animal Care and Use Committee of 

the Children's Hospital of Philadelphia. 

 

Flow Cytometry 

Single cell suspensions were isolated from spleens and stained as in (Mombaerts et al., 

1992). Data was acquired on a FACSCanto (BD Biosciences, San Jose, CA) using Diva 

software (BD Biosciences) and analyzed using FlowJo software (Tree Star).  
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Results 

 
Potential Roles for RAG DSB-Signaling in NK Cell Development 

To identify potential functions of the non-core regions of Rag1 in modulating NK 

cell development, we first quantified mature CD27- CD11b+ splenic NK cells from mice 

expressing either wildtype, full-length cleavage-dead Rag1 (Rag1D708A), and core-Rag1 

(Rag1C/C) proteins that were bred to C57BL/6 Rag1-/- mice to reduce variation between 

background strains. Thus, we generated and analysed Rag1+/-, RagaD708A/-, Rag1C/-, and 

Rag1-/- mice at 4 weeks of age when the mature NK cell compartment is still expanding 

(May et al., 2013). We observed decreased frequencies of mature splenic CD27- 

CD11b+ NK cells between Rag1+/- mice and Rag1-/- mice (Figure 4), suggesting that 

RAG1 protein promotes mature NK cell development. We also observed an increase in 

the frequency of CD27- CD11b+ NK cells in Rag1D708A/- mice relative to either Rag1+/- or 

Rag1/- mice (Figure 4), indicating that the absence of RAG DSBs in CLPs yields NK cells 

that are more terminally differentiated (Andrews and Smyth, 2010). In contrast, we 

observed ~2-3-fold lower frequencies of splenic CD27- CD11b+ NK cells in Rag1C/C mice 

compared to Rag1+/-, Rag1/-, or Rag1D708A/- mice, indicating that Rag1C/C mice exhibit an 

impaired mature splenic NK cell compartment. These data suggest that both RAG DSBs 

and non-core regions of RAG1 promote normal splenic NK cell development. 
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Discussion 

Natural killer (NK) cells control viral infections and tumors through activation of 

germline-encoded receptors. NK cells do not require RAG proteins for their 

development. Yet, RAG endonuclease activity in a subset of CLPs leads to elevated 

expression of DSB repair/response genes in mature NK cells, imparting these innate 

immune cells with enhanced ability to survive virus-driven proliferation (Karo et al., 

2014). RAG DSBs also appear important for endowing mature T cells and other innate 

lymphoid cell types with a cellular “fitness” that protects them from apoptosis during 

bouts of immune response-driven proliferation (Karo et al., 2014). Data shown here 

indicates that mice developing in the absence of RAG1 protein and/or RAG DSBs exhibit 

impaired mature NK cell populations. This finding supports a requirement for RAG DSBs 

in normal NK cell development (Karo et al., 2014). Additional data shown here also 

indicates that non-core RAG1 regions may be required for RAG-DSB-induced NK cell 

fitness. The experiment shown here cannot account for potential quantitative differences 

in the frequency of RAG DSBs generated among CLPs in Rag1C/C mice versus wildtype 

CLPs. Yet, the data are suggestive of a qualitative difference in RAG DSB-induced 

signals in Rag1C/C CLPs that impair NK cell development in these mice. Thus, future 

analyses should determine whether Rag1C/C CLPs have undergone equivalent 

frequencies of RAG DSBs prior to committing to the NK cell lineage. Subsequent studies 

on NK cells having experienced equivalent levels of RAB DSBs at the CLP stage can be 

used for gene expression analyses to determine which, if any, RAG DSB-induced genes 

are regulated by non-core Rag1 in NK cells. Further, these preliminary data allow for 

speculation that non-core Rag1 regions transduce a subset of signals in CLPs that may 

be important for multiple downstream lymphocyte lineages. Thus, in addition to serving 
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as an essential subunit of the V(D)J recombinase, the RAG1 protein may function 

outside of the canonical lymphocyte lineage to establish an effective immune system. 
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Figure 4.  

 

 

Figure 4. Rag1C/C mice have altered NK cell development. Representative flow 

cytometry plots and quantitation of CD27- CD11b+ splenic NK cells from two independent 

experiments on 3 mice each of the indicated genotype.  
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CHAPTER 5 

Discussion 

 
I. Overview 

Nearly 25 years ago, the RAG1 and RAG2 proteins were identified as the V(D)J 

recombinase based on their ability to catalyze rearrangement of recombination 

substrates in non-lymphoid cells (Karo et al., 2014). Subsequent studies identified the 

essential “core” domains of RAG1 and RAG2 required for DNA endonuclease activity, 

providing critical tools for defining the fundamental mechanisms of V(D)J recombination 

(Oettinger et al., 1990; Schatz and Baltimore, 1988; Schatz et al., 1989). Mutating the 

remaining “non-core” domains of RAG1 or RAG2 preserves V(D)J recombination activity 

on plasmid and extra-chromosomal substrates (Sadofsky, 2004; Sadofsky et al., 1993), 

but reduces recombination frequencies at TCRβ and IgH loci leading to altered TCRβ 

and IgH repertoires and defects in early B/T cell development in mice (Lee et al., 2014; 

Santagata et al., 2000; Wong and Roth, 2007) and causes fatal immunodeficiencies in 

people (Akamatsu et al., 2003; Dudley et al., 2003; Horowitz and Bassing, 2014; Liang 

et al., 2002). Thus, one outstanding question in the field of V(D)J recombination is how 

mutations in RAG1 or RAG2 that preserve V(D)J recombination result in altered AgR 

repertoire and impaired lymphocyte development in vivo. Recent studies have identified 

several functional biochemical domains in both the RAG1 and RAG2 proteins that serve 

critical functions in normal AgR assembly and lymphocyte development overall (Lee et 

al., 2014). For instance, non-core Rag2 binds histones at sites of active transcription, 

ties V(D)J recombination to the cell cycle, and prevents genomic instability (Matthews 

and Oettinger, 2009; Schatz and Ji, 2011). Non-core Rag1 possesses intrinsic E3 

ubiquitin ligase activity and can interact with a separate ubiquitin ligase complex, a 

kinase, histones, DNA damage response proteins, and at least one transcription factor 
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(Li et al., 1996; Liu et al., 2007; Matthews et al., 2007). These interactions have led to 

suggested roles for RAG1 in modulating AgR gene assembly in vivo via ubiquitylating 

histones and/or other proteins, promoting AgR locus accessibility, regulating RAG 

endonuclease activity, repairing RAG DSBs, and/or transducing gene expression 

changes following RAG DSBs (Coster et al., 2012; Grazini et al., 2010; Jones et al., 

2011; Kassmeier et al., 2012; Kim et al., 2013; Maitra and Sadofsky, 2009; Raval et al., 

2008; Yurchenko et al., 2003). However, data supporting either these RAG1 protein-

protein interactions or RAG1 biochemical activities and their relevance in vivo is lacking. 

The data presented in Chapter 2 of this thesis demonstrates roles for non-core Rag1 in 

αβ T cell development by promoting diverse Vβ recombination and normal αβ TCR 

selection. Additional data presented in Chapter 3 of this thesis indicates roles for Rag1 in 

promoting late B cell development by enhancing accessibility of AgR loci prior to 

recombination and by generating survival signals in response to RAG breaks. Future 

site-directed analyses of non-core Rag1 regions in vivo may reveal the precise 

mechanisms by which non-core Rag1 modulates chromatin accessibility prior to RAG 

DSBs and promote gene expression changes following RAG DSBs. The final sections of 

this thesis seek to provide mechanistic insight underlying the phenotypes observed in 

Rag1C/C mice and to explain how RAG may function outside of classic V(D)J 

recombination in a cell-type and locus-specific manner.  

 

II. Non-Canonical Roles for RAG1 Protein: Pre-RAG DSBs 

Transcription-dependent opening of chromatin is associated with efficient V(D)J 

recombination (Coster et al., 2012; Grazini et al., 2010; Horowitz and Bassing, 2014; 

Jones et al., 2011; Kassmeier et al., 2012; Kim et al., 2013; Maitra and Sadofsky, 2009; 

Raval et al., 2008; Sadofsky, 2004; Yurchenko et al., 2003), and experiments described 
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in Chapter 3 of this thesis suggest roles for RAG1 protein in promoting chromatin 

accessibility of AgR loci prior to recombination. Analysis of unrearranged germline 

transcripts in both primary and Abelson-transformed pre-B cells indicate that the Igλ 

locus is less accessible in pre-B cells lacking non-core Rag1 regions relative to pre-B 

cells expressing full-length, wildtype Rag1. Further, analyses of both germline transcripts 

and restriction endonuclease sensitivity in primary pre-B cells expressing full-length, 

cleavage-dead Rag1 protein indicate that both the Igκ and Igλ locus is more accessible 

in pre-B cells expressing full-length Rag1 relative to pre-B cells that lack Rag1 protein 

altogether. Together, these data indicate that the RAG1 protein has roles in promoting 

both Igκ and Igλ locus accessibility that function independently of RAG endonuclease 

activity. How might this occur? Substrates for the Rag1 E3 ligase include histones H3 

and variant histone H3.3, which is present at actively transcribing genes and promotes 

both transcriptional activation and accessibility by reducing core histone-DNA 

interactions (Hamel et al., 2014; Hesslein and Schatz, 2001; Krangel, 2007). Thus, one 

physiologic role for the RAG1 E3 ligase may be to ubiquitylate H3 and/or H3.3 prior to 

RAG cleavage to promote opening of chromatin and germline transcription to enhance 

AgR gene segment accessibility. Further, Rag1 RING domain auto-ubiquitylation at non-

core Rag1 residue K233 is speculated to yield conformational changes in Rag1 that 

foster interactions with additional proteins (Grazini et al., 2010; Jones et al., 2011; Wang 

et al., 2006; Zentner and Henikoff, 2013), some of which may promote AgR gene 

segment accessibility. Along these lines, N-terminal non-core Rag1 interacts with the 

VprBP component of the VprBP/ROC1/DDB1 E3 ligase complex, which ubiquitylates 

histones H3 and H4 and promotes chromatin accessibility (Jones and Gellert, 2003). 

Thus, RAG1-bound VprBP could serve to scaffold the ROC1/Cul4/DDB1 E3 ligase 

(Kassmeier et al., 2012; Wang et al., 2006) to promote Igκ/lgλ gene segment 
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accessibility through ROC1/Cul4/DDB1-mediated histone ubiquitylation. Additionally, 

non-core RAG1 binds the transcription factor Gmeb1 (Kassmeier et al., 2012), and RAG-

binding of the transcription factors Runx1 and c-Fos at TCRδ and TCRβ loci, 

respectively, increases Rag recruitment subsequent Rag cleavage at these loci (Maitra 

and Sadofsky, 2009). Thus, Gmeb1 or another yet-unidentified transcriptional co-

activator recruited to AgR loci by Rag1 could increase Igκ/Igλ accessibility independent 

of Rag1 E3 ligase activity. Future analyses of mice expressing specific Rag1 RING 

mutants, VprBP/ROC1/DDB1-binding mutants, or Gmeb1-binding mutants in the context 

of a full-length, cleavage-dead Rag1 protein may identify how non-core Rag1 region 

promote AgR gene segment accessibility. 

Based on findings shown in Chapter 3 that full-length, cleavage-dead Rag1 

enhances Igκ and Igλ locus accessibility, while Rag1C/C pre-B cells exhibit reduced 

accessibility at both Igλ and Igκ gene segments but only exhibit reduced Igλ 

recombination, could suggest locus-specific mechanisms by which RAG1 might 

regulates AgR assembly. The Igλ locus contains two V/J gene arrays, each containing 

one or two Vλ gene segments that rearrange to a Jλ gene segment ~30-80 kb away 

(Cieslak et al., 2014; Wang et al., 2008) (Figure 1.1). Thus, Vλ-to-Jλ rearrangements 

closely resemble the small-scale D-to-J rearrangements of TCRβ and IgH loci rather 

than large-scale V-to-(D)J recombination of Igκ, TCRβ, and IgH loci, which are 

separated by ~0.5-3 Mb (Sanchez et al., 1991; Vettermann and Schlissel, 2010). Since 

Rag1C/C mice have similar reductions in Dβ-to-Jβ and DH-to-JH recombination (Schatz 

and Ji, 2011) as Vλ-to-Jλ recombination (Figure 3.1), the ability of non-core Rag1 

regions to promote recombination by enhancing AgR gene accessibility may be most 

critical for rearrangements that do not proceed via long-range chromosome looping 
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(Dudley et al., 2003). This possibility is supported by data in Chapter 3 showing that a 2-

fold reduction in Jλ accessibility impairs Vλ-to-Jλ rearrangements while a 2-fold 

reduction in Jκ accessibility has no effect on Vκ-to-Jκ rearrangements (Guo et al., 2011; 

Majumder et al., 2015; Shih and Krangel, 2013). It is also possible that the 2-fold 

reduction in Jκ accessibility in Rag1C/C pre-B cells results in similar decreases in Vκ-to-

Jκ recombination, but that these differences are not detectable by PCR (Dudley et al., 

2003). However, the data presented here supports a view in which local JL gene 

segment accessibility appears limiting for small-scale rearrangements, which occur in 

Igλ but not Igκ recombination. 

The current model for V-to-(D)J rearrangements is that RAG proteins bind 

accessible D/J segments and then capture and cleave accessible V segments placed in 

proximity of RAG-D/J recombination centers via chromosome looping (Dudley et al., 

2003). Evidence suggests that capture/cleavage of accessible V segments is limiting for 

Igκ and TCRβ loci (Ji et al., 2010b; Schatz and Ji, 2011). These loci have large V 

clusters that contain dozens of V segments organized in chromosome loops and 

recombine across genomic distances of 0.5-2 Mb to D/J gene segments through long-

range chromosomal interactions (Figure 1.1). Rag1C/C mice have defects in early T cell 

development associated with reduced D-J and V-DJ recombination at the TCRβ locus 

(Bassing et al., 2008; Casellas et al., 2002; Wu et al., 2003; Xiang et al., 2013). The 

experiments in Chapter 2 of this thesis show that non-core Rag1 regions drive Vβ-to-

DβJβ recombination and promote diverse Vβ usage in both primary and secondary Vβ-

DβJβ rearrangements. Further, exchanging a single inefficient Vβ RSS for a consensus 

RSS is sufficient to partially rescue the overall αβ T cell developmental defects observed 

Rag1C/C mice (Figure 2.6). The relative usage of a given Vβ gene segment during 

recombination is likely a function of Vβ RSS accessibility, changes in locus topology that 
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place Vβ segments near DβJβ joins, and the on-off rates of RAG proteins at Vβ RSSs 

within the pre-cleavage synaptic complex (Dudley et al., 2003). Thus, non-core RAG1 

regions may promote or preserve changes in TCRβ topology that help assemble or 

stabilize synaptic complexes for a subset of Vβ segments. This may explain how 

replacement of a single RSS out of a possible ~30 possible Vβ RSSs with one 

containing a consensus sequence is enough to partially rescue αβ T cell development. 

Overcoming Vβ RSS inefficiency in this manner might occur via Rag1-medated 

ubiquitylation of histone H3, which can remove nucleosomes and promote accessibility 

(Bassing et al., 2008; Schatz and Ji, 2011; Wu et al., 2003). Future analyses of Vβ 

usage in mice expressing Rag1 RING mutations or Rag1-VprBP/ROC1/DDB1-binding 

mutants may elucidate how non-core Rag1 overcomes Vβ RSS inefficiencies. 

Differences in accessibility and transcription among germline Vβ and Jα gene 

segments are observed in DN and DP thymocytes, whereas changes in TCRα locus 

topology control Jα usage in Vα-Jα rearrangements (Wang et al., 2006; Zentner and 

Henikoff, 2013). Data shown in Chapter 2 of this thesis shows that Vα3 rearrangements 

are biased toward 3'Jα segments in DP cells of Rag1C/C mice. These data suggest that 

non-core RAG1 regions may modulate Jα gene segment utilization via promoting Jα 

gene accessibility. Based on the prediction that large-scale rearrangements are not 

limited by small decreases in local J gene segment accessibility, any potential decreases 

in Vα/Jα gene segment accessibility may have only slight impact on Jα recombination in 

DP cells (Chen et al., 2001; Krangel, 2007; Krangel, 2009). Further, the experiments 

shown here cannot differentiate whether this apparent skewing of the Jα repertoire 

results from decreased Jα accessibility/recombination at the TCRα locus itself in DP 

cells versus altered αβ TCR chain pairing observed in DP cells as a result of skewed Vβ 

usage at the DN3 stage (Figure 2.3). Future analyses of Jα germline transcripts in mice 
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expressing a pre-assembled TCRβ transgene on a Rag1D708A background are necessary 

to unequivocally assess roles for Rag1 Jα gene segment accessibility.  

Point mutations in the RAG1 RING domain that partially or completely abrogate 

RAG1 ubiquitylation activity cause Omenn syndrome in humans (Dudley et al., 2003; 

Horowitz and Bassing, 2014). Recently the Rag1C325Y/C325Y mouse was generated, which 

lacks Rag1 E3 ligase activity and exhibits more severe D-J and V-DJ at IgH and TCRβ 

loci than deletion of the entire Rag1 non-core region (Lee et al., 2014; Simkus et al., 

2007). These data support the requirement for RAG1 histone H3 ubiquitylation in normal 

V(D)J recombination and lymphocyte development in vivo. However, because these 

mouse studies were conducted on a Rag1 cleavage-sufficient background, the relative 

contribution of Rag1-H3 ubiquitylation to accessibility at AgR loci versus roles for Rag1-

H3 ubiquitylation in stabilizing the RAG synaptic complex, and/or the response to RAG 

DSBs is unclear. Ongoing studies using full-length, cleavage-dead Rag1 with the RAG1-

C325Y mutation may determine whether the RAG1 E3 ligase promotes V(D)J 

recombination via AgR gene segment accessibility prior to RAG DSBs.  

 
III. Non-Canonical Roles for RAG1 Protein: Post-RAG DSB 
 

RAG DSBs in pre-B cells change expression of a catalog of genes involved in 

cell survival and lymphocyte differentiation pathways, among others (Deng et al., 2015; 

Dudley et al., 2003). One gene induced downstream of ATM/NF-κB signals encodes the 

pro-survival kinase Pim2, which is required for the survival of pre-B cells undergoing 

RAG DSBs (Bednarski and Sleckman, 2012; Bredemeyer et al., 2008; Helmink and 

Sleckman, 2012) and necessary for the development of Igλ+ B cells (Bednarski et al., 

2012). Experiments shown in Chapter 3 of this thesis demonstrate that RAG DSBs 

induced at Igκ loci in Artemis−/−Rag1C/C pre-B cells are unable to up-regulate Pim2 
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expression. This finding indicates that, in addition to catalyzing RAG breaks, the RAG1 

protein transduces pro-survival signals through its non-core regions and in response to 

RAG breaks. DNA DSBs induced by IR or by RAG in pre-B cells activate the ATM 

kinase, which phosphorylates the NF-κB essential modifier (NEMO) to trigger NF-κB-

mediated Pim2 transcription (Derudder et al., 2009). The expression of Pim2 increases 

pre-B cell survival by antagonizing pro-apoptotic signals (Bednarski et al., 2012; 

Bredemeyer et al., 2008; Li et al., 2001). Nuclear NF-κB signaling in response to 

exogenous DNA DSBs relies on phosphorylation of the NEMO by ATM and subsequent 

ubiquitylation of NEMO by an E3 ubiquitin ligase complex (Bednarski et al., 2012; 

Bredemeyer et al., 2008; Muljo and Schlissel, 2003; Steinel et al., 2013). However, the 

E3 ligase responsible for NF-κB activation in response to RAG DSBs is currently 

unknown. Thus, in response to RAG DSBS, either the RAG1 E3 ligase, RAG1-bound to 

the VprBP/Roc1/Cul4/DDB E3 ligase complex, or a RAG1 bound to a separate E3 ligase 

complex may activate Pim2 transcription through RAG1-mediated NEMO ubiquitylation. 

This notion is supported by observations that both mice with B cell lineage deletion of 

NEMO (mb1-cre NEMOf mice) and Pim2-/- mice exhibit similar decreases in the 

frequencies of Igλ+ B cells as Rag1C/C mice, and BCL2 expression rescues the frequency 

of Igλ+ B cells in mb1-cre NEMOf mice (Wu et al., 2010) and in Rag1c/c mice (Figure 3.6). 

Further, experiments described in this thesis have uncovered additional ATM- and NF-

κB dependent genes induced by non-core Rag1 regions (data not shown), indicating this 

response is not specific for Pim2 alone. Considering that RAG DSBs also signal gene 

expression changes via ATM-dependent/NF-κB-independent and ATM/NF-κB-

independent pathways (Derudder et al., 2009), non-core Rag1 regions may transduce 

additional signals that fall in these other pathways, as well. Thus, future gene expression 
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profiling arrays in Artemis−/−Rag1C/C pre-B cells and Artemis−/− pre-B cells are necessary to 

elucidate these signals. 

The data presented in Chapter 2 demonstrating that Rag1C/C and Rag2del352/del352 

mice exhibit oppositely skewed Igκ+/Igλ+ B cell ratios may offer insight into how pre-B 

cells integrate RAG DSB signalling and repair to promote Igκ+ and Igλ+ B cell 

development. Rag1C/C mice have no discernable defect in V(D)J joining (Bredemeyer et 

al., 2008), indicating that their pre-B cells are defective in pro-survival signalling from 

RAG DSBs but not in the repair of RAG DSBs. Further, data in Chapter 3 shows that 

failure to induce pro-survival signals following RAG DSBs leads to loss of pre-B cells that 

would normally develop into Igλ+ B cells (Figure 3.1 versus Figure 3.6). Rag2del352/del352 

mice exhibit destabilization of RAG-cleaved DNA ends and therefore impaired V(D)J 

joining (Deriano et al., 2011), suggesting that their pre-B cells are defective in RAG DSB 

repair but not RAG DSB-induced pro-survival signalling. The observation that Atm-/- mice 

have normal Igκ+/Igλ+ B cell ratios, has been used to argue that activation of Pim2 by 

RAG DSBs does not promote Igλ+ B cell development (Deriano et al., 2011). However, 

in addition to lacking RAG DSB pro-survival signals, Atm-/- mice exhibit destabilization of 

RAG-cleaved DNA ends and impaired V(D)J joining (Derudder et al., 2009). This 

suggests that increased Igλ+ B cell development from defective V(D)J joining (as in both 

Atm-/- and Rag2del352/del352 mice) may counteract the decreased generation of Igλ+ B cells 

from loss of pro-survival signalling (as in Atm-/- mice only). Impaired V(D)J joining and 

normal DSB signalling may enable pre-B cells with un-repaired RAG-cleaved Igκ loci to 

initiate Igλ recombination, leading to the assembly of in-frame VJκ and VJλ coding joins 

in a greater than normal fraction of pre-B cells, which may explain the both the increased 

frequency of Igλ+ B cells as well as the increased frequency dual-Igκ+/Igλ+ B cells in 
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Rag2del352/del352 mice (Figure 3.1). In line with this hypothesis, we find that germline 

deletion of ATM in Rag1C/C mice or in EµBCL2 mice yields normal Igκ/Igλ ratios (data not 

shown), indicating that the role of ATM in the formation of stable coding ends 

supersedes ATM-mediated Pim2 induction downstream of RAG DSBs at Igκ. 

 

IV. Implications for RAG1 Outside of RAG Cleavage 

Humans with mutations in non-core RAG1 regions that do not affect RAG 

recombinase activity develop Omenn syndrome (Bredemeyer et al., 2006). Data here 

demonstrating non-cleavage functions of RAG1 in modulating accessibility and signalling 

has broad implications beyond mechanisms that regulate V(D)J recombination. In 

addition to the ATM-NF-κB pathway, RAG DSBs signal through undefined ATM-

dependent and ATM-independent pathways to activate a transcriptional program of 

genes that encode proteins that regulate the selection of lymphocytes based on antigen-

receptor specificity (Lee et al., 2014). Thus, the non-core regions of Rag1 may 

additionally be critical for activating these and possibly additional unidentified signalling 

pathways to modulate positive and negative lymphocyte selection, ensuring creation of a 

robust self-tolerant adaptive immune system. Further, the normal human B cell 

repertoire is 40% Igλ+. The impaired ability of RAG1 to promote the development of Igλ+ 

cells results in loss of 5% of all mouse B cells, but could potentially result in loss of ~20% 

of all human mature B cells. Yet, Igκ/Igλ ratios have not been examined in OS or other 

SCID-like condition with non-core RAG1 mutations. Together, the data presented here 

suggest that impaired signalling in response to RAG DSBs may contribute to the 

immune deficiency and autoimmunity of Omenn Syndrome patients. Thus, further 

elucidation of the roles for non-core RAG1 are necessary and may generate new 

therapeutics for Omenn Syndrome patients.  
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IV. Implications for RAG1 in Other Cell Types 

In contrast to B/T cells, innate lymphocytes, including natural killer (NK) and 

innate lymphoid cells (ILCs), do not require RAG for development (Bednarski et al., 

2012; Bredemeyer et al., 2008; Muljo and Schlissel, 2003; Steinel et al., 2013). 

However, ~40% of mature NK cells derive from RAG-expressing progenitor cells. Two 

recent studies have revealed that RAG endonuclease activity in a subset of common 

lymphoid progenitors (CLPs) leads to elevated expression of DSB repair/response 

genes in mature NK cells, imparting these innate immune cells with enhanced ability to 

survive virus-driven proliferation (Andrews and Smyth, 2010; Karo et al., 2014). RAG-

deficient NK cells demonstrate increased basal levels of apoptosis and DNA damage 

and have altered expression of genes involved in the response to and repair of RAG 

DSBs, suggesting that RAG DSBs in CLPs signal gene expression changes that 

promote the survival and differentiation of mature NK cell subsets. This function of RAG 

outside of V(D)J recombination also is important for endowing mature T cells and ILCs 

with a cellular fitness that protects them from apoptosis during immune response-driven 

proliferation (Andrews and Smyth, 2010; Karo et al., 2014). Data shown in Chapter 4 of 

this thesis demonstrate that NK cells in Rag1C/C mice have maturation defects relative to 

NK cells isolated from Rag1-/-, Rag1D708A, and wildtype mice (Figure 4). While these 

preliminary data cannot account for potential quantitative differences in RAG DSBs 

among CLPs in Rag1C/C mice, these data are suggestive of a qualitative difference in 

RAG DSBs in Rag1C/C CLPs that impair NK cell development in these mice. These data 

lead us to speculate that the signalling functions of non-core Rag1 regions may be 

important for the RAG endonuclease to instil cellular fitness in multiple cell lineages. 

Therefore, in addition to serving as an essential subunit of the V(D)J recombinase, the 
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RAG1 protein likely serves additional physiologic functions outside of catalysis of Ig and 

TCR gene assembly that are critical for the development of a robust immune system. 

 
V. Conclusions 
 
 The appearance of the RAG locus in the genomes of jawed vertebrates, 

coincident with the appearance of major histocompatibility loci, and seven AgR loci, 

marks a watershed moment for adaptive immunity (Karo et al., 2014). The diversity 

afforded by RAG-mediated AgR assembly likely provided a protective advantage 

through the increased ability to recognize, respond, and establish memory to a large 

number of potential antigens (Flajnik and Kasahara, 2010). The “core” domains of both 

RAG proteins are highly evolutionarily conserved (Cooper and Alder, 2006; Pancer and 

Cooper, 2006), as are portions of RAG “non-core” regions, including the RAG1 RING 

domain (Jones and Gellert, 2003). The identification of E3 ligase activity within the 

RAG1 RING domain, as well as multiple RAG1 protein-protein interactions, suggests 

additional roles for RAG1 beyond DNA cleavage. Data presented in this thesis 

demonstrates that RAG1 not only catalyzes V(D)J recombination but also promotes 

accessibility of AgR genes prior to recombination and promotes pro-survival signals in 

response to V(D)J recombination. Dispensing with non-core regions, which comprise 

40% of the Rag1 protein, does not prevent V(D)J recombination activity in vitro 

(Sadofsky, 2004), but leads to lymphocyte development defects, restricted AgR 

repertoires, and both autoimmunity and immune deficiencies, in vivo (Sadofsky, 2004; 

Sadofsky et al., 1993). These data suggest that biochemical activities of the non-core 

regions of RAG1 may have evolved under selective pressure to fine-tune V(D)J 

recombination in ways that both maximize diversity in AgR gene usage and minimize 
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risks associated with RAG-mediated DNA DSBs. Thus, the physiological roles for the 

V(D)J recombinase extend far beyond the generation of RAG DSBs.  
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