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Abstract

Developing lymphocytes must assemble antigen receptor genes encoding the B cell and T cell
receptors. This process is executed by the V(D)J recombination reaction, which can be divided
into DNA cleavage and DNA joining steps. The former is carried out by a lymphocyte-specific
RAG endonuclease, which mediates DNA cleavage at two recombining gene segments and their
flanking RAG recognition sequences. RAG cleavage generates four broken DNA ends that are
repaired by non-homologous end joining forming coding and signal joints. On rare occasions,
these DNA ends may join aberrantly forming chromosomal lesions such as translocations,
deletions and inversions that have the potential to cause cellular transformation and lymphoid
tumors. We discuss the activation of DNA damage responses by RAG-induced DSBs focusing on
the component pathways that promote their normal repair and guard against their aberrant
resolution. Moreover, we discuss how this DNA damage response impacts processes important for
lymphocyte development.
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Assembly of Lymphocyte Antigen Receptor Genes

The genes that encode B and T cell antigen receptors are unique in that the second exon
must be assembled in developing lymphocytes from component variable (V), joining (J),
and, in some cases, diversity (D) gene segments through the process of V(D)J
recombination. This process of somatic DNA recombination is initiated when the RAG
endonuclease introduces DNA double strand breaks (DSBs) at the border of two
recombining gene segments and their flanking RAG recognition sequences, termed
recombination signals (RSs) (1-3). The RAG endonuclease is composed of the RAG1 and
RAG2 proteins, which are expressed primarily in developing lymphocytes (1-3). Although
the catalytic nuclease activity resides in RAG1, both RAG1 and RAG2 are required for
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DNA cleavage (1-3). RAG activity is restricted to the G1-phase of the cell cycle because
RAG?2 is phosphorylated and degraded as cells enter S phase (4).

DNA cleavage by RAG leads to four broken DNA ends: a pair of coding ends and a pair of
signal ends that are processed and joined by proteins of the non-homologous end joining
(NHEJ) pathway of DSB repair to generate a coding joint and signal joint, respectively (5,
6). Occasionally these DSBs can be repaired aberrantly leading to the formation of
chromosomal lesions such as translocations, deletions and inversions (7, 8). If the
breakpoints of these chromosomal lesions lie near potential oncogenes or tumor suppressor
genes, they can lead to cellular transformation and lymphoid tumors.

There are seven antigen receptor genes. The T cell receptor (TCR) a and p chain genes are
completely assembled and expressed in af T cells, whereas the TCR -y and & chain genes
are completely assembled and expressed in y& T cells (9, 10). The B cell receptor (BCR) is
composed of a heavy (H) chain encoded by the immunoglobulin (Ig) H locus and light (L)
chain encoded by either the IgLx or IgLA loci (9, 10). All loci contain V and J gene
segments with the TCR &, TCRp, and IgH loci also containing D gene segments (9, 10).

The basic biochemical features of the DNA cleavage and DNA joining steps of the V(D)J
recombination reaction are shared by all antigen receptor loci. However, this process is
regulated in a lineage-specific manner with BCR genes completely assembled only in B
cells and TCR genes completely assembled only in T cells (9, 10). Moreover, assembly is
developmental stage-specific with IgH chain genes assembled in pro-B cells and IgL chain
genes in pre-B cells (9, 10). Similarly, TCRp chain genes are assembled in pro-T cells, and
TCRa chain genes are assembled in pre-T cells (9, 10). Finally, assembly is regulated in the
context of allelic exclusion, which ensures that a single complete productive rearrangement
is generated at the TCR{, IgH and IgL chain loci in most cells (9-11).

This regulation of antigen receptor gene assembly occurs at the DNA cleavage step of the
V(D)J recombination reaction through alterations in the accessibility of antigen receptor
gene segments to the endonucleolytic activity of RAG (9, 10, 12). In this regard, cis-acting
transcriptional regulatory elements such as promoters and enhancers bring about alterations
in DNA methylation, chromatin structure, and nuclear positioning that affect the ability of
RAG to access the appropriate regions of antigen receptor loci (9, 10, 12). This modulation
of accessibility is likely important not only for the regulation of antigen receptor gene
assembly but also for promoting genomic stability by limiting the generation of unnecessary
RAG DSBs that could be resolved aberrantly.

The V(D)J Recombination reaction

The V(D)J recombination reaction is generally divided into a DNA cleavage step that is
mediated by RAG and a DNA joining step mediated by the NHEJ pathway of DNA DSB
repair. The DNA cleavage step of the reaction is lymphoid-specific as RAG1 and RAG2 are
expressed primarily in developing lymphocytes (1-3). In contrast, the NHEJ proteins that
repair RAG DSBs are expressed in most tissues and function in general DSB repair (5, 6).
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RAG-mediated DNA cleavage occurs in the setting of a synaptic complex between an
appropriate pair of RSs flanking the gene segments that are undergoing recombination (1-3).
RSs are composed of conserved heptamers and nonamers flanking either 12 or 23 base pair
spacers that are relatively nonconserved. In order for RAG cleavage to occur, the RS pair
must have dissimilar spacer length, a restriction termed the 12/23 rule. However, not all
pairs of 12/23 RSs join with equal efficiency; thus, RSs can also impose restrictions on
cleavage beyond the 12/23 rule referred to as B12/23 (9). DNA cleavage by the RAG
proteins leads to the generation of a pair of hairpin-sealed coding ends and a pair of blunt
phosphorylated signals ends. These DNA ends remain in a post-cleavage complex until they
can be joined, although whether these exist in a single complex containing all four broken
DNA ends or whether the two coding ends and two signal ends are maintained separately is
not known.

The coding and signal end pairs generated by RAG cleavage are processed and joined by
NHEJ proteins (5, 6). Prior to joining, the hairpin-sealed coding ends must be opened, which
can occur asymmetrically leading to the addition of palindromic nucleotides (P nucleotides)
(9). In addition, exonucleases can remove nucleotides from the coding ends, and template-
independent polymerases can add non-templated nucleotides (N nucleotides) to coding ends
(9). The number of nucleotides gained and lost through these processes is random, and, for
that reason, only one third of completed variable region exons will be in-frame and capable
of encoding an antigen receptor chain. Although this joint diversification leads to the
generation of large numbers of non-functional antigen receptor genes, it is critical for the
generation of a broadly active adaptive immune response. In contrast to coding ends, signal
ends are joined relatively precisely with very little nucleotide addition or loss.

Coding joint formation is essential for antigen receptor gene assembly; however, it is also
essential for maintaining the linear integrity of the chromosome, thereby preserving genomic
stability. Signal joint formation is not required to complete antigen receptor gene assembly.
However, it can, in some cases, be required for maintaining the linear integrity of the
chromosome. If two recombining gene segments are in the same transcriptional orientation,
then rearrangement leads to deletion of the intervening segment of DNA (Fig. 1). During
these deletional rearrangements, the coding joint is formed in the context of the
chromosome; however, the signal ends are joined on the excised DNA fragment forming an
extrachromosomal circle that is lost upon cell division (Fig. 1). Thus, signal joint formation
is not required for maintaining the linear integrity of the chromosome during deletional
rearrangements. Alternatively, if the two recombining gene segments are in opposite
transcriptional orientations, then the intervening DNA is inverted and both the signal and
coding joints are formed within the chromosomal context (Fig. 1). In this situation, which is
common in the IgLx locus, both coding and signal joints are required to maintain the linear
integrity of the chromosome.

There are two other types of joints that occur rarely in wild type cells and involve the
inappropriate joining of coding ends to signal ends. Coding and signal ends can be rejoined
in their original configuration forming an open-and-shut joint, or the coding end from one
RAG DSB can be joined to the signal end at another forming a hybrid joint (Fig. 1).
Although these joints would not contribute to the formation of a functional antigen receptor
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gene, they would maintain the linear integrity of the chromosome. How NHEJ is modulated
to preferentially join the two coding ends and two signals from distinct DNA DSBs to form
a functional antigen receptor gene is not known, but is likely linked to the generation of
these DSBs within the context of a synaptic complex.

Signal joint formation was thought to be less efficient than coding joint formation based on
the ability to readily detect un-repaired signal ends, but not un-repaired coding ends, in
lymphocytes undergoing V(D)J recombination (13, 14). However, efficient signal joint
formation during inversional rearrangements is required to maintain the linear integrity of
the chromosome. Recent analyses have revealed that chromosomal signal joints and coding
joints are formed with similar kinetics (15, 16). Moreover, signal joint formation on
extrachromosomal DNA fragments during deletional rearrangement occurs with slower
kinetics than chromosomal signal joint formation (16). Thus, signal joints are formed
relatively efficiently within the chromosomal context where they are required to promote
genomic stability.

Experimental Approaches for Studying V(D)J recombination

Activation

In vitro analyses of both DNA cleavage by the RAG proteins and coding joint formation
mediated by purified NHEJ proteins have used small DNA duplex substrates to reveal many
basic biochemical and enzymatic characteristics of these proteins (1-3, 17). Gellert and
colleagues developed the first experimental approach for studying the V(D)J recombination
reaction in cultured cells (18). Extrachromosomal plasmid substrates containing appropriate
RS pairs were introduced into transformed pre-B cells that express RAG; plasmids
recovered from these transfected cells were then assayed for rearrangements. This approach
has also been used to assay recombination in non-lymphoid cells co-transfected with
plasmids encoding RAG-1 and RAG-2 (19). Although it has proven to be a powerful tool for
elucidating many important mechanistic features of both the DNA cleavage and joining
steps, this approach cannot be used to delineate pathways that are specific to the generation
or repair of RAG DSBs within the chromosomal context.

Rosenberg and colleagues developed a technique for studying chromosomal V(D)J
recombination using Abelson murine leukemia virus transformed pre-B cell lines, hereafter
referred to as abl pre-B cells (20). Abl pre-B cells harboring a temperature-sensitive Abelson
murine leukemia virus, when cultured at non-permissive temperatures, undergo G1 cell
cycle arrest, induce RAG expression and rearrange the endogenous IgLx locus (20). A
similar approach has also been developed that involves treating abl pre-B cells with the abl
kinase inhibitor Gleevec, which also causes G1 cell cycle arrest, induction of RAG
expression and robust rearrangement of the endogenous IgLx locus as well as
chromosomally integrated retroviral substrates (15, 21).

of DNA Damage Responses by RAG DSBs

DNA double strand breaks are dangerous lesions that can be generated by genotoxic agents
or as necessary intermediates of physiologic processes such as DNA replication and, in
lymphocytes, V(D)J recombination and Ig class switch recombination (CSR). All cells
mount a DNA DSB response that includes the activation of cell cycle checkpoint pathways,
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DNA repair pathways, and, in cells with persistent un-repaired DNA DSBs, cell death
pathways (22).

DNA DSBs activate one or more PI3K-like serine/threonine kinases, which include the
ataxia telangiectasia mutated (ATM) kinase, the DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) and the ATM and Rad3 related (ATR) kinase (22, 23). These kinases
regulate the activity of target proteins through the phosphorylation of serines or threonines
followed by glutamine residues (SQ/TQ). ATR is primarily activated by cells in post-
replicative stages of the cell cycle. In contrast, ATM and DNA-PKcs can be activated at all
stages of the cell cycle. In response to genotoxic DSBs, ATM phosphorylates hundreds of
downstream proteins active in different aspects of the DNA damage response (24). Although
the full extent of DNA-PKcs targets is not known, DNA-PKcs shares a subset of
downstream targets with ATM (25, 26).

In response to genotoxic DNA DSBs generated in G1-phase cells, ATM and DNA-PKcs
phosphorylate the Chk?2 kinase, causing inactive monomers to form catalytically active
dimers (25-27). Chk2 phosphorylates Cdc25a, leading to its ubiquitylation and proteosomal
degradation, and, as a result, prevents G1-phase cells from transitioning into S phase (27).
Transit of a cell with un-repaired DSBs into S phase would result in the formation of a
replicated broken chromosome that could promote further genomic instability. In addition,
ATM and DNA-PKcs both phosphorylate the p53 transcription factor, which further
reinforces the G1-S checkpoint by promoting the expression of p21, a cyclin-dependent
kinase-2 (CDK?2) inhibitor that prevents the G1-to-S phase transition (28). In addition, p53
promotes the expression of pro-apoptotic genes, such as the Fas receptor, PUMA (p53-
upregulated modulator of apoptosis) and Bax (Bcl2-associated X protein), which all promote
the death of cells with persistent un-repaired DSBs (28). Finally, ATM and DNA-PKcs both
participate in regulating NHEJ in G1-phase cells (22, 23). RAG DSBs also activate an
ATM- and DNA-PKcs-mediated DNA damage response in G1-phase developing
lymphocytes. As discussed in detail below, this response includes not only the activation of
checkpoint, cell death, and repair pathways but also the activation of a cell-type-specific
genetic program.

Factors Involved in RAG DSB Repair

In the G1-phase of the cell cycle, DNA DSBs are predominantly repaired by NHEJ. Indeed,
RAG DSBs, which are generated in G1-phase lymphocytes require NHEJ factors for
efficient repair. The core NHEJ factors Ku70, Ku80, DNA Ligase 1V, and XRCC4 are
absolutely required for both signal and coding joint formation. Other proteins appear to have
specific activity in signal joint or coding joint formation, but not both. Still other proteins
may function primarily to prevent the aberrant resolution of rare un-repaired RAG DSBs and
have minimal activity during normal joining. Here, we discuss the proteins that have known
activities in the processing and joining of RAG-mediated DSBs (Fig. 2).

DNA-PK holoenzyme

The DNA-PK holoenzyme is composed of the Ku70 and Ku80 (also referred to as Ku86)
heterodimer and the 460 kD DNA-PK catalytic subunit (DNA-PKcs) (29, 30). Ku70 and
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Ku80 are recruited rapidly to broken DNA ends after the generation of a DNA DSB, binding
these ends as a heterodimeric ring structure with a central channel that accommodates the
broken DNA strand (31). The orientation of the DNA strand in this channel suggests that
Ku70 and Ku86 may have a role in aligning broken DNA ends prior to joining (32, 33).

The Ku heterodimer recruits DNA-PKGcs to the site of a DSB. DNA-PKcs initially binds the
C-terminus of Ku80, causing the translocation of the Ku heterodimer on the DNA helix and
allowing DNA-PKcs to directly bind the DNA end (30). DNA-PKcs kinase activity depends
on both its association with the Ku heterodimer and its interaction with the broken DNA end
(30). Once activated, DNA-PKcs can phosphorylate a host of targets involved in DNA
damage responses and DNA DSB repair. DNA-PKcs is also autophosphorylated at
numerous SQ/TQ motifs (30, 34). This autophosphorylation may occur in trans between two
DNA-PKcs proteins bound at the two broken DNA ends resulting from a single DSB (30).

DNA-PKcs can bind multiple DNA ends in a kinase-independent manner; as such, it may
have activities in bridging broken DNA ends prior to their joining (35, 36). DNA-PKcs
constitutively associates with XRCC4, DNA Ligase 1V, and Artemis in a manner that does
not depend on its kinase activity (6, 30). Thus, DNA-PKcs may have a role in recruiting
NHEJ factors to DSB sites. These findings raise the possibility that DNA-PKcs may have
functions in general DSB repair, and possibly in the repair of RAG DSBs, that do not
depend on its catalytic activity. However, the catalytic activity of DNA-PKcs is also
important as cells expressing a kinase dead mutant of DNA-PKcs exhibit defects in DSB
repair (30). Many NHEJ factors have SQ/TQ motifs that serve as targets for DNA-PKcs
kinase activity in vitro and in vivo (6, 30). However, mutational analyses of some of these
SQ/TQ motifs have not yet revealed a function for these phosphorylation events in DSB
repair.

While DNA-PKcs has important roles in the DNA end joining process, the persistence of
autophosphorylation of SQ/TQ motifs within the ABCDE and PQR clusters of DNA-PKcs
may promote the eviction of DNA-PKcs from broken DNA ends, allowing for joining (30,
34). In addition to autophosphorylation, some SQ/TQ motifs can be phosphorylated by
ATM, which may also impact DNA-PKcs activity in DSB repair (30, 34). Indeed, mice with
threonine to alanine mutations of three of the TQ maotifs phosphorylated by ATM exhibit
defects in DNA DSB repair pathways beyond simple end joining, leading to complete stem
cell failure (37).

Although DNA-PKcs, Ku70, and Ku80 function as a complex, there is a distinct difference
in the phenotypes of mice deficient in DNA-PKcs and either Ku70 or Ku80 (5). Mice
deficient in Ku70 or Ku80 have a complete block in lymphocyte development, are small in
size, and are sterile (5). In contrast, DNA-PKcs-deficient mice develop normally and are
fertile but similarly have a complete block in lymphocyte development (5). These
phenotypic differences suggest that DNA-PKcs and Ku70/Ku80 may have distinct functions
in DNA damage responses and DNA repair.
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DNA Ligase

Artemis

During V(D)J recombination, Ku70 and Ku80 are essential for both signal and coding joint
formation, whereas DNA-PKcs is essential only for coding joint formation due to its
requirement to promote the hairpin-opening nuclease activity of Artemis (see below) (5).
Patients with mutations in Ku70 and Ku80 have not been identified. Although patients with
null DNA-PKcs mutations have not been identified, some patients with radiation sensitive
(RS) severe combined immunodeficiency (SCID) have a mis-sense point mutation in DNA-
PKcs (L3602R) (38). SCID can be caused by mutations in many genes that encode proteins
important for lymphocyte development. However, a concomitant sensitivity to ionizing
radiation, RS-SCID, is indicative of potential DNA DSB repair defects and suggests that the
immunodeficiency may be due to defects in the repair of RAG DSBs. Indeed, the DNA-
PKcs L3602R mutation has a diminished capacity to activate Artemis (38).

Although cells with null DNA-PKcs mutations do not exhibit significant defects in the repair
of signal ends, cells expressing some mutant forms of DNA-PKcs do exhibit such defects
(39). In addition, cells deficient in ATM have no demonstrable defect in signal joint
formation (15, 16, 40). However, cells deficient in both of these kinases have a marked
defect in signal joint formation (16, 40). Thus, during V(D)J recombination, DNA-PKcs and
ATM have important overlapping functions in the normal repair of signal ends. These
overlapping functions depend on the proteins’ kinase activity, suggesting that they
phosphorylate common downstream targets required for efficient signal joint formation (16,
40). In this regard, RAG-1 and RAG-2 each have SQ/TQ motifs that could be
phosphorylated by ATM or DNA-PKGcs, and it has been suggested that RAG1 and RAG2
must be displaced from signal ends prior to signal joint formation (41-44). However, cells
expressing mutant forms of RAG1 or RAG2 in which all SQ/TQ motifs were mutated to AQ
did not reveal defects in either signal joint or coding joint formation (43). In addition, the
overlapping requirement for ATM or DNA-PKGcs kinase activity during signal joining does
not simply reflect the need to phosphorylate DNA-PKcs to promote its eviction from signal
ends, because ATM Kkinase activity is required for efficient signal joint formation in DNA-
PKcs-deficient cells (16, 40).

IV - XRCC4

There are three mammalian ligases: DNA Ligase I, I11 and IV. DNA Ligase IV functions
during NHEJ and V(D)J recombination (5, 45). DNA Ligase 1V, XRCC4, and XLF/
Cernunnos exist in a complex in the cell (46). XRCC4 promotes DNA Ligase 1V stability
and maintains protein levels within the cell (5, 6). In addition, XRCC4 stimulates the
adenylation of lysine residues within the catalytic core of DNA Ligase IV, the first step in
the formation of a phosphodiester bond (5, 6). XRCC4 may also function to align DNA ends
prior to ligation (5, 6). DNA Ligase IV and XRCC4 are absolutely required for the repair of
both signal and coding ends, and mice deficient in DNA Ligase IV or XRCC4 exhibit a
complete block in lymphocyte development (5).

Artemis is a member of the metallo-p-lactamase superfamily of proteins that hydrolyze
covalent bonds and was first identified in a subgroup of patents with RS-SCID (47). The
presence of a B-CASP domain indicates that Artemis may hydrolyze phosphodiester bonds.
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Artemis-deficient cells exhibit increased sensitivity to ionizing radiation (48, 49). Indeed,
Artemis activity is required for the repair of a subset of genotoxic DSBs (50). From this it
has been proposed that Artemis may be required to process and repair broken DNA ends
with complex structures.

The coding ends generated by RAG cleavage are hairpin-sealed, and these DNA ends must
be opened by hydrolysis of a phosphodiester bond prior to joining. This hairpin opening is
often asymmetric from the apex leading to the generation of added palindromic (P)
nucleotides at the joint. Several lines of evidence demonstrate that Artemis is required for
the efficient opening of hairpin-sealed coding ends during V(D)J recombination and that this
function requires DNA-PKGcs. In vitro, Artemis has intrinsic 5"-to-3" exonuclease activity
(51). However, when complexed with DNA-PKcs in vitro, Artemis can open hairpin-sealed
DNA ends preferentially two nucleotides 3" of the apex, similar to what has been observed
in the opening of hairpin-sealed coding ends in vivo (51). This may reflect a requirement for
Artemis to associate with autophosphorylated DNA-PKcs and/or for the phosphorylation of
Artemis by DNA-PKcs (17, 51, 52). Moreover, in the presence of DNA-PKcs, Artemis has
endonuclease activity at 5° and 3" overhangs (51).

Artemis-deficient cells exhibit a block in coding joint formation and an accumulation of un-
repaired hairpin-sealed coding ends, which is identical to the defect observed in DNA-PKcs-
deficient cells (5, 49). As a result, Artemis-deficient mice have a severe block inBand T
cell development (49). The B and T cells that do develop in these animals have antigen
receptor genes with aberrant joints that exhibit an increase in the frequency and number of P
nucleotides, similar to what is observed in the rare B and T cells generated in DNA-PKcs-
deficient (SCID) mice (49, 53-55). These findings indicate that Artemis (and DNA-PKcs)
are required for the efficient opening of hairpin-sealed coding ends during V(D)J
recombination in vivo. However, in the absence of these factors, other nucleases can perform
this function with far less efficiency and with important qualitative differences that could
preclude the generation of a functional antigen receptor gene. These nucleases may include
Mrell and CtIP (discussed below). In addition, RAG has been reported to have hairpin
opening endonuclease activity in vitro (56, 57). Although Artemis is not required for signal
joint formation, signal joint fidelity is altered in Artemis-deficient cells, demonstrating that
signal ends are potential substrates for Artemis activity during V(D)J recombination (58).

XLF/Cernunnos

The XRCC4-like factor (XLF), also known as Cernunnos, shares structural features with
XRCC4 including an N-terminal head domain and a C-terminal coiled-coiled domain that
mediates homodimerization (59, 60). XLF interacts with XRCC4 in vivo and promotes, but
is not required for, the ligation activity of DNA Ligase IV (46). In this regard, XLF
facilitates the joining of non-cohesive and blunt DNA ends but is dispensable for the ligation
of cohesive DNA ends in vitro (61, 62).

Patients with mutations in XLF have RS-SCID, suggesting that XLF may be involved in the
repair of RAG-mediated DSBs (46, 63, 64). However, the immunodeficiency observed in
these patients is much less severe than that observed in Artemis-deficient patients.
Additionally, mice deficient in XLF do not exhibit significant immunodeficiency (65).
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TdT

Moreover, although signal and coding joint formation on extrachromosomal substrates in
XLF-deficient murine non-lymphoid cells is defective, XLF-deficient murine lymphocytes
undergo efficient VV(D)J recombination of both chromosomal and extrachromosomal
substrates (63—66). Thus, it appears that XLF is not required for the repair of RAG-mediated
DSBs in developing lymphocytes in mice, raising the question of why, in humans, does XLF
deficiency manifest itself as RS-SCID? One possibility is that mice have compensatory
mechanisms for XLF deficiency during V(D)J recombination and DNA DSB repair that may
be absent in humans.

XLF and other factors may have redundant functions in the repair of RAG DSBs. This is
supported by analysis of VV(D)J recombination in cells deficient for XLF and the histone
protein H2AX or ATM (67). Deficiency of H2AX has no demonstrable effect on the repair
of RAG DSBs, and deficiency of ATM has only a mild effect (15, 68-73). However, a
combined deficiency of either protein with XLF deficiency results in a severe block in
lymphocyte development with a significant defect in the repair of RAG-mediated DSBs
(67). This could reflect the function of XLF and H2AX (or XLF and ATM) in the same
RAG DSB repair pathway. For example, H2AX prevents un-repaired RAG breaks from
being aberrantly resected, and a combined deficiency of H2AX and XLF leads to more
dramatic resection, suggesting that these two proteins may both modulate DNA end
resection (67, 74). Alternatively, XLF and ATM or H2AX may function in unique pathways.
Deficiency in any of the three pathways individually having a minimal effect on joining;
however, a combined deficiency of two of these pathways leads to a block in the repair of
RAG-mediated DSBs. For example, the block in coding joint formation in cells deficient in
XLF and ATM could be due to a mild decrease in joining Kinetics caused by XLF-
deficiency coupled with the coding end instability caused by ATM deficiency (15, 61, 62,
67). Given that ATM phosphorylates H2AX, it is tempting to speculate that, during the
repair of RAG DSBs, ATM and H2AX function in the same XLF-redundant pathway.
However, the RAG DSB repair defects in cells deficient in XLF and H2AX are different
from those observed in cells deficient in XLF and ATM, which would suggest that H2AX
and ATM function in different pathways redundant with XLF in the repair of RAG DSBs
(67).

Terminal deoxynucleotydltransferase (TdT) is a member of the polymerase X family of
DNA polymerases that broadly functions in DNA repair (76). TdT is a template-independent
DNA polymerase that adds nucleotides to 3" DNA ends (77). TdT is expressed almost
exclusively in developing lymphocytes and adds nucleotides primarily to coding ends and
not signal ends (77). Although TdT is not required per se for the repair of RAG mediated
DSBs, the addition of non-templated (N) nucleotides by TdT provides coding joint sequence
diversity that is important for generating a varied antigen receptor repertoire.

Multiple isoforms of TdT are encoded by a single gene. In mice, the two isoforms differ
only in the presence of 20 amino acids at the C-terminus in one (TdT long, TdTL) but not
the other (TdT short, TdTS) (77). TdTS has polymerase activity, whereas TdTL appears to
be devoid of such activity (77). Although significantly reduced, some N-region additions are
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H2AX

found in TdT~/~ mice, demonstrating that there are other template-independent polymerases,
perhaps DNA polymerase I, capable of adding N nucleotides to coding ends (78, 79). TdT
may also have 3 to 5" exonuclease activity that could contribute to joint diversification by
removing nucleotides (77). Importantly, coding joints formed in lymphocytes from TdT-
deficient mice exhibit robust nucleotide loss; thus an exonuclease activity of TdTL is not
essential (78, 79).

The H2A histone variant H2AX is distributed in nucleosomes throughout the genome (80).
H2AX is phosphorylated at serine 139 in its C-terminal tail by ATM, ATR and DNA-PKs,
forming y-H2AX, in chromatin across great distances flanking DNA damage (81). -y-H2AX
functions, in part, through the recruitment and/or retention of DNA damage response
proteins at the site of a DNA DSB (80, 82).

At RAG DSBs, y-H2AX forms at distances of several hundred kb in flanking chromatin
(83, 84). y-H2AX may function, in part, to promote RAG DSB stability until the DNA ends
can be joined (73). ATM is primarily responsible for the formation of y-H2AX in response
to RAG DSBs; however, in the absence of ATM, DNA-PKcs can also generate y-H2AX,
although at lower levels and with slower kinetics (84). H2AX-deficient mice do not have
significant defects in lymphocyte development, and H2AX-deficient lymphocytes exhibit
robust chromosomal V(D)J recombination, demonstrating that H2AX is not essential for the
repair of RAG DSBs (71-73). However, as discussed above, H2AX and XLF have activities
that are redundant in the repair of RAG DSBs (67).

The generation of y-H2AX in chromatin flanking RAG DSBs in Artemis- or DNA Ligase
IV-deficient cells prevents the aberrant resection of these persistent un-repaired DNA ends
(74). The mechanism by which y-H2AX protects RAG DSBs from resection is not known,
but this DNA end protection depends on MDC-1, which binds directly to y-H2AX (74).
Interestingly, in the absence of H2AX, Artemis is not required for the efficient opening of
hairpin-sealed coding ends (74). Rather, hairpin-opening depends on CtIP, a protein
important for initiating DNA end resection and the generation of signal strand overhangs
essential for homology-mediated DSB repair (74, 85). The DNA end resection activity of
CtIP can be modulated by ATM; notably, CtIP activity in resecting RAG DSBs also depends
on ATM (74, 85).

During V(D)J recombination, Artemis is thought to function primarily in opening hairpin-
sealed coding ends. Thus, the hairpin-sealed coding ends opened in an Artemis-independent
manner in H2AX-deficient cells should be amenable to coding joint formation. However,
many of these hairpin-opened DNA ends persist un-repaired, possibly due to the presence of
significant single stranded overhangs, which would inhibit NHEJ (74, 85). Broken DNA
ends with significant single stranded overhangs are repaired primarily by pathways that rely
on the use of homologies at the DNA ends (85). Indeed, coding joints formed in cells
deficient in H2AX and Artemis demonstrate a substantial increase in the use of
microhomologies (74). A requirement for microhomology during joining may lead to
chromosomal deletions, which could preclude the formation of a functional antigen receptor
gene or promote genomic instability by disrupting neighboring genes.
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ATM

Sequence analysis of coding joints in H2AX-deficient lymphocytes does not reveal
extensive deletions or a bias for microhomology use as is observed in coding joints formed
in cells deficient in both Artemis and H2AX (71, 72, 74). This could be due to the
compensatory function of another protein, such as XLF. Alternatively, the function of
H2AX in protecting RAG DSBs from aberrant resection may not be critical at most RAG
DSBs, which are rapidly repaired. Rather, H2AX may primarily be important for preventing
rare un-repaired RAG DSBs from being nucleolytically processed in ways that would permit
aberrant joining. Thus, y-H2AX may maintain the structure of un-repaired broken RAG
DSBs until they are either joined normally by classical NHEJ or, if they persist, activate p53
and cell death (Fig. 3).

Like DNA-PKcs, ATM is a member of the PI3-kinase-like serine/threonine kinase family
(23). ATM exists as an inactive homodimer that is recruited to DNA DSBs by the Mrel1,
Rad50, Nbs1 (MRN) complex through direct binding of ATM to Nbs1 (86—89). Once bound
to MRN at the site of a DSB, ATM is activated through an autophosphorylation step that
converts the inactive dimer to active monomers (86, 90, 91). However, a mutant form of
ATM that cannot be phosphorylated at the canonical serine site can still initiate DNA
damage responses, demonstrating that there are additional ways to activate ATM (92). Once
activated, ATM phosphorylates numerous downstream targets that function in different
aspects of the DNA DSB response (24).

ATM deficiency in humans leads to ataxia-telangiectasia (A—-T), a disease marked by ocular
telangiectasias, cerebellar ataxia, sensitivity to ionizing radiation, lymphopenia and a
predisposition to lymphoid tumors with translocations involving antigen receptor genes (93).
Mice deficient in ATM manifest many of these same defects (94). With respect to the
lymphoid phenotypes, like A-T patients, ATM-deficient mice exhibit lymphopenia and a
predisposition to the generation of thymic lymphomas with translocations involving TCR
genes. Moreover, TCR locus translocations are found in a large fraction of non-transformed
T cells in these mice (95). The breakpoint locations of these translocations suggest that they
are derived from aberrantly repaired RAG DSBs. Indeed, mice that are deficient in ATM
and RAG exhibit a significant lag in the generation of thymic lymphomas, and the
lymphomas that develop do not have genomic lesions indicative of aberrantly repaired RAG
DSBs (96, 97). Thus, the aberrant repair of RAG DSBs contributes to thymic lymphomas in
ATM-deficient mice. However, the predisposition to thymomas in ATM-deficient mice
unable to make RAG DSBs suggests that ATM has additional functions unrelated to V(D)J
recombination in the prevention of thymocyte transformation.

Although mice with deficiencies in NHEJ factors have lymphopenia, they are not
predisposed to lymphoid tumors, presumably due to the activation of cell cycle checkpoint
and cell death pathways by un-repaired RAG DSBs. Conversely, mice deficient in p53 or
Chk2 do not have defects in lymphocyte development. Although germline p53-deficient
mice are prone to lymphoid tumors, most of these do not have chromosomal aberrations
indicative of aberrantly repaired RAG DSBs (98, 99). However, mice with combined
deficiency in NHEJ factors and p53 succumb to B cell tumors with translocations involving
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antigen receptor loci at an early age (100-102). These translocations are due to RAG DSBs
since breeding of these mice onto a RAG-deficient background prevents tumor formation
(103-105). Thus, a combined deficiency in NHEJ-mediated DSB repair and cell cycle
checkpoint/death pathways closely phenocopies the lymphoid defects seen in ATM-deficient
mice, suggesting that ATM functions in all of these pathways.

Indeed, ATM is activated by RAG DSBs and, in addition to initiating checkpoint and cell
death pathways, ATM functions in the repair of RAG DSBs by promoting the stability of
coding ends in post-cleavage complexes until they can be joined (15, 68-70, 106). In ATM-
deficient pre-B cells, 10-20% of coding ends are lost from post-cleavage complexes (15).
The dissociation of these DNA ends allows them to join aberrantly to other un-repaired
DSBs, generating chromosomal deletions, inversions, and translocations (15, 107). The
stabilizing function of ATM depends on its kinase activity. Although ATM itself can bind to
DNA ends, stabilization likely occurs through the phosphorylation of downstream proteins
that perform this function. These could include H2AX (as discussed above) and the MRN
complex (see below), the latter of which has known activities in tethering DNA. In contrast
to coding joint formation, signal joint formation is essentially normal in ATM-deficient cells
due to the overlapping activity of ATM and DNA-PKcs in repairing signal ends (15, 16, 40).

Mrell/Rad50/Nbs1

The MRN complex is composed of the Mrell, Rad50 and Nbs1 proteins (88). Although
Mrell, Rad50 and Nbs1 have distinct activities, they can function only in the setting of the
MRN holocomplex. Soon after the generation of a DNA DSB, MRN is recruited to the site
where it subsequently recruits and activates ATM (87, 88, 90, 91, 108). MRN has known
functions in the repair of DNA DSBs by homologous recombination (88). Specifically,
Mrell has endonuclease and exonuclease activity, which together with CtIP initiate the
resection of DNA ends required for homology-mediated DNA repair (85, 88). Mrell may
also function in the alignment of broken DNA ends prior to repair (109). Rad50 contains N-
terminal Walker A and C-terminal Walker B nucleotide binding motifs and a central hinge
region (88). The Walker A and B motifs form an intra-molecular dimer and bind to DNA,
resulting in a conformational change at the hinge region that generates a hook domain (88).
The association between two hook domains can tether two DNA strands and is thought to
facilitate the association of sister chromatids during homologous recombination (88).
Although the functions of Nbs1 are less clear, it may serve as a scaffold that recruits and/or
retains specific DNA damage response proteins at the DSB site. In this regard, CtIP binds to
the N-terminal FHA domain of Nbs1 and ATM binds to a C-terminal domain (110, 111).
Mrell, Rad50 and Nbs1 can all be phosphorylated by ATM, which could alter the activity
of these proteins in the repair of DNA DSBs (24, 112-114).

Humans with null Mrell, Rad50 or Nbs1 mutations have not been identified, and attempts
to generate mice deficient in these proteins have failed due to early embryonic lethality,
likely attributable to MRN function in homology-mediated DNA DSB repair (115-118).
However, humans with hypomorphic mutations in Mrell, Rad50 and Nbs1 have been
identified; these patients all exhibit hypersensitivity to ionizing radiation, but have variable
defects in lymphocyte development and a variable predisposition to lymphomagenesis (88).
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53BP1

Mice with a single hypomorphic Mrell allele and those with two distinct Nbs1
hypomorphic alleles have been generated (119-121). As with humans, cells from all of these
mice exhibit increased sensitivity to ionizing radiation; however, only one of the
hypomorphic Nbs1 alleles leads to a mild immunodeficiency and a predisposition to
lymphomagenesis (119-121). Together, these findings suggest that MRN functions in the
repair of RAG DSBs with the observed variability in lymphoid phenotypes possibly due to
the residual functions of the different hypomorphic alleles. Indeed, conditional deletion of
Nbs1 in early developing thymocytes results in a near complete block in thymocyte
development (122). However, this block was not rescued by expression of a TCR transgene,
demonstrating that it is not primarily due to a defect in TCR gene assembly (122).

Nbs1, and presumably the entire MRN complex, is recruited to RAG DSBs generated in
developing thymocytes (83). Cells expressing hypomorphic forms of Mrell or Nbsl1 have
V(D)J recombination defects similar to those observed in ATM-deficient cells, although of
lesser magnitude (123, 124). Thus, MRN functions in the repair of Rag-mediated DSBs.
Although its specific function is not clear, it is tempting to speculate that the DNA tethering
activity of Rad50 promotes the stability of coding ends in post-cleavage complexes. In this
regard, phosphorylation of one or more of the MRN components by ATM may be required
for this function. It remains possible that other substrates of ATM may function directly in
stabilizing coding ends but may not be phosphorylated and activated in MRN-deficient cells
as MRN is required to activate ATM. Multiple downstream targets of ATM were robustly
phosphorylated in response to RAG DSBs in MRN-deficient abl pre-B cells demonstrating
that ATM kinase activity is not globally compromised in these cells (87, 90, 91, 108, 123).

53BP1 is a phosphorylation target of ATM recruited to DNA DSBs soon after they are
generated. The localization of 53BP1 at DSBs has been linked to the formation of y-H2AX
in chromatin flanking these DSBs in addition to the presence of methylated histone H3
(K79) and histone H4 (K20) at the break site (125). 53BP1 localization also depends on the
v-H2AX- and MDC1-dependent recruitment of the RNF8 and RNF168 E3 ubiquitin ligases,
which ubiquitylate histones in chromatin flanking DNA DSBs (125). 53BP1-deficient cells
exhibit an increased sensitivity to ionizing radiation indicating that 53BP1 functions in DNA
damage responses (126, 127). 53BP1 has been implicated in diverse activities including
checkpoint activation, NHEJ-mediated DSB repair, modulation of DNA end resection and
the protection and sequestration of broken DNA ends in cells passing through the cell cycle
(128-133).

53BP1-deficient mice are mildly lymphopenic, indicating potential defects in V(D)J
recombination (131, 134, 135). Indeed, un-repaired TCRa (Ja) coding ends are found in
53BP1-deficient thymocytes and these DNA ends are extensively resected (131). Finally,
mice deficient in 53BP1 and p53 have a greater predisposition to generate lymphomas with
translocations involving antigen receptor genes, which are indicative of aberrantly repaired
RAG DSBs (136). Similar to V(D)J recombination, DNA DSB intermediates are generated
during Ig class switch recombination (CSR). 53BP1-deficient B cells exhibit a profound
defect in the repair of DNA DSBs generated during Ig CSR, leading to hyper-lgM syndrome
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(134, 137). Moreover, sequence analyses of joints made from these DNA ends suggest that
they were also aberrantly resected prior to joining (128).

The DNA DSB repair defects observed during V(D)J recombination and Ig CSR could be
due, in part, to the proposed role for 53BP1 in the joining of broken DNA ends from DSBs
separated by great distances in the chromosome and the function of 53BP1 in regulating
DNA end resection (128, 131, 133). H2AX and MDC1 also function in regulating DNA end
resection (74). As H2AX and MDC1 are involved in the localization of 53BP1 at DNA
breaks, it is possible that these three proteins function in the same pathway that preserves the
integrity of DNA ends until they can be joined. Like H2AX, 53BP1 could have more
substantial functions in V(D)J recombination with other proteins compensating for loss of
53BP1.

The RAGL1 and RAG2 proteins have both been implicated in the joining step of V(D)J
recombination. After cleavage in vitro, the RAG proteins remain associated with both signal
end and coding end pairs, although the association with signal ends may be stronger (138,
139). The removal of RAG proteins from signal ends is required for signal joining in vitro
(44). A role for RAG proteins in the joining step of the V(D)J recombination reaction has
been proposed, based on the generation of RAG1 and RAG2 mutants that have normal DNA
cleavage activity in vitro but are deficient in mediating VV(D)J recombination of
extrachromosomal substrates in vivo (140-143). The ability of these different RAG mutants
to cleave chromosomal substrates was not reported. Additional evidence that the RAG
proteins influence joining comes from the recent analysis of mice deficient in p53 that
express a “core” RAG2 protein lacking amino acids 387-527 of its C-terminus (144). These
mice develop T cell tumors with translocations involving TCR loci, a phenotype reminiscent
of ATM deficient mice. This observation suggests that the full length RAG2 protein has
activities in the repair of RAG DSBs, and the core RAG2 protein has defects in these
activities.

Finally, RAG1 and RAG2, in vitro, have endonucleolytic activity that can open hairpin-
sealed coding ends and process DNA ends (56, 57, 145). Although it is clear that the
Artemis endonuclease is essential for efficient hairpin opening in vivo, it remains possible
that RAG1 and RAG2 perform this function in Artemis-deficient cells. Moreover, it is
possible that RAG flap endonuclease activity normally contributes to joint diversification
through nucleotide loss (145).

Maintaining Genomic stability in Developing Lymphocytes

Normal individuals generate millions of RAG DSBs every hour in their developing Band T
cells. The vast majority of these breaks are repaired efficiently, which both allows for the
generation of functional antigen receptor genes and prevents RAG DSBs from being
resolved aberrantly as potentially dangerous chromosomal translocations, deletions, or
inversions. However, the presence of these chromosomal lesions in lymphoid tumors
indicates that, at some level, RAG DSBs are aberrantly repaired.
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Chromosomal lesions in lymphoid tumors

Chromosomal translocations are commonly found in lymphoid tumors (7, 8). Translocations
are reciprocal and balanced in nature when the telomeric ends of the two participating
chromosomes are exchanged. However, more complex lesions can be generated. For
example, when two centromeric fragments or two telomeric fragments join, they produce
dicentric or acentric chromosomes, respectively. Examples of translocations associated with
lymphoid tumors that could result from aberrant RAG DSB repair include the bcl-2/1gH
translocation found in follicular lymphomas and the IgH/cmyc translocations found in
Burkitt’s Lymphoma (7, 8). These recurrent chromosomal lesions found in lymphoid tumors
may be due to a mechanistic bias for their formation and/or to the selection of these
particular lesions based on their transforming capability. Although both factors play a role,
selection is likely a significant factor in the generation of tumors with recurrent
translocations. In addition to translocations, DNA DSBs can be aberrantly resolved as
chromosomal deletions and inversions. For example, deletion of the tumor suppressor MTS1
leads to T-ALL. Notably, the breakpoint of the deletion contains a heptamer sequence and
N-nucleotides indicative of an aberrant V(D)J recombination event (146). Importantly,
whereas translocations and inversions would generally require the aberrant joining of broken
DNA ends from two DSBs, chromosomal deletions could form through aberrant resection
and joining of broken DNA ends at a single DSB.

RAG activity in generating chromosomal lesions

The frequent occurrence of translocations involving antigen receptor loci in lymphoid
tumors suggests that these lesions could result from the aberrant activity of RAG or the
aberrant resolution of RAG-mediated DSBs. This is evidenced by the proximity of
breakpoints to RSs and joint diversification (N and P nucleotides) indicative of RAG DSB
processing (7, 8). Moreover, as discussed above, the lymphoid tumors with antigen receptor
gene translocations that develop in mice deficient in ATM or in those deficient in p53 and
NHEJ factors are dependent on RAG.

RAG cleavage most efficiently occurs in the setting of a synaptic complex between an
appropriate (12/23 and B12/23) pair of RSs. RAG cleavage can also occur at sequences in
non-antigen receptor loci that resemble RSs, referred to as cryptic RSs. Thus, reciprocal
translocations could form through synapsis of an appropriate pair of RSs that lie in different
antigen receptor genes (or between an RS and a cryptic RS pair or between a cryptic RS
pair) on different chromosomes. For example, translocations involving the human TCRy
(Vy) locus on chromosome 7 and the TCR&(J 8) locus on chromosome 14 have been found
in both normal and ATM-deficient lymphocytes (147, 148). Moreover, long-range synapsis
between an appropriate pair of RSs in different antigen receptor genes (or between an RS
and a cryptic RS pair or between a cryptic RS pair) that lie on the same chromosome would
lead to large chromosomal deletions or inversions. Indeed, chromosomal inversions
involving the human TCRy (Vvy) and TCRB (JB) loci, which both lie on chromosome 7
have also been found in both normal and ATM-deficient lymphocytes (147, 148). In
addition, some forms of T cell lymphoma are linked to inversions occurring between the IgH
and TCRa loci, which both lie on chromosome 14 (149).
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All of the aforementioned lesions could form through synapsis of RSs and normal V(D)J
recombination. However, analysis of a large number of unselected translocations involving
the IgL«x locus and a retroviral recombination substrate in ATM-deficient abl pre-B cells
revealed that many of these would violate the 12/23 rule (107). Thus, it is possible that
aberrant rearrangements between distinct antigen receptor loci (or genomic regions
containing cryptic RSs) may occur predominantly due to the joining of DNA ends generated
at independent RAG DSBs rather than through bona fide RS synapsis. Finally, while the
RAG endonuclease evolved from a transposase and truncated RAG proteins have
transposase activity in vitro that could lead to translocations, full-length RAG proteins
appear to catalyze these transposition events at a much lower level in vivo (150). These
results suggest that the full-length RAG proteins have lost transposase activity, thereby
preventing genomic instability.

Targets for aberrant RAG DSB repair

It is thought that most translocations are generated through the aberrant joining of two
broken DNA ends from distinctly generated DNA DSBs (151). In lymphoid tumors with
antigen receptor gene translocations, the DSB at the antigen receptor locus is frequently
generated by RAG with the other DSB also being generated by RAG or by other means. In
ATM-deficient pre-B cells, RAG DSBs generated at a retroviral recombination substrate
frequently form translocations with the IgLx locus, which undergoes rearrangement in these
cells (107). Here the bias for the aberrant joining of two RAG DSBs may be due to the
paucity of non-RAG-generated DNA DSBs in these G1-phase developing lymphocytes.
Indeed, the introduction of additional genotoxic DSBs (by ionizing radiation) in these cells
led to a substantial decrease in the aberrant joining of broken DNA ends generated by RAG.
Translocations involving RAG DSBs in the irradiated cells targeted all chromosomes
presumably at the sites of genotoxic DSBs introduced by irradiation (107).

The activation induced cytidine deaminase (AID) is expressed primarily in mature activated
B cells and functions to initiate Ig class switch recombination, which involves the generation
of DNA DSBs in switch regions flanking constant region exons in the IgH locus (9). DNA
DSBs generated by RAG during V(D)J recombination in immature B cells and those
generated by AID during CSR in mature B cells are usually temporally segregated (9).
However, AID may be expressed in developing B cells in the bone marrow (152).
Additionally, AID and RAG may both be expressed in transitional B cells (153). Thus, in
these situations, translocations could occur between the physiologic DNA DSBs generated
by AID and those generated by RAG. Moreover, the inappropriate transit of cells with un-
repaired RAG DNA DSBs through the cell cycle could result in translocations between these
persistent broken chromosomes and genotoxic DSBs or physiologic DSBs, for example,
those generated by AID in activated mature B cells (154).

Notably, both RAG and AID can generate off-target DNA DSBs at locations outside of
antigen receptor loci, and these DSBs can participate in the formation of aberrant joints. In
this regard, RAG can cleave at cryptic RSs as discussed above. In addition, RAG can cut at
sequences that do not resemble RSs but rather form unusual structures such as non-B DNA
(155). RAG cleavage at a non-B DNA structure located at the major break point region of
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Bcl2 generates the IgH/Bcl2 translocations found in follicular B cell lymphomas (155). AID
can have off-target effects that lead to the generation of DNA DSBs broadly throughout the
genome (156-159). In addition, by altering sequences at CpG sites, AID may generate non-
B DNA structures suitable for RAG cleavage (160).

Break localization as a determinant of aberrant RAG DSB repair

For DNA ends from two distinct DSBs to be joined, they must first be brought together in
the nucleus. Two models have been proposed to explain how this may happen. Importantly,
these two models are not mutually exclusive. In the “contact-first” model, translocations
form between chromosomal regions located in close proximity to one another prior to the
generation of DSBs due to a topological organization of chromosomes in the nucleus (161).
On the other hand, the “breakage first” model proposes that broken DNA ends separated by
great distances can migrate into close proximity and be joined (161). Broken DNA ends in
mammalian cells may be relatively immobile as compared to the freely mobile broken DNA
ends observed in S. cerevisiae (87, 162, 163). In studies of large numbers of translocations
involving either RAG DSBs or Ig CSR DSBs, the translocation targets are distributed
widely across the genome, suggesting that these DNA ends are mobile or the static topology
of the genome varies significantly between individual cells (107, 164, 165). Interestingly,
the majority of aberrantly resolved RAG DSBs or Ig CSR DSBs are joined to DNA ends
from DSBs on the same chromosome, generating chromosomal deletions or inversions, even
when these DSBs are separated by great distances (107, 164, 165). Thus, mechanisms may
be in place that favor the joining of broken DNA ends from distinct DSBs on the same
chromosome. Such mechanisms may explain how two independently generated broken
DNA ends in different switch regions can be efficiently joined during Ig CSR (166).

Pathways used for the aberrant repair of RAG DSBs

RAG DSBs can be resolved aberrantly in wild type cells with intact NHEJ. However, these
lesions also form in NHEJ-deficient cells, demonstrating that they can be generated through
alternate end joining (AEJ) pathways. AEJ is probably best defined as joining that occurs in
the absence of core NHEJ factors (XRCC4, DNA Ligase 1V and Ku70/80) and may reflect
the activity of one or more distinct DNA end joining pathways (6-8). The use of
microhomologies during AEJ is more common than during NHEJ but is not an absolute
requirement (6-8). Little is currently known about the components of AEJ pathway(s).
However, since these joints form in DNA Ligase 1V-deficient cells demonstrates, they must
use a different mammalian ligase -- either DNA Ligase | or DNA Ligase I1l. Recent studies
suggest that DNA Ligase 111 is a component of AEJ, but, in some circumstances, DNA
Ligase | can also function in this regard (167, 168). In addition, MRN, CtIP and PARP1
have been implicated as functioning in the AEJ pathway (124, 169-174).

Analysis of breakpoint junctions of the translocations involving I-Scel-generated DSBs
revealed that the frequency and extent of microhomology usage and deletions was not
substantially different between wild-type and NHEJ-deficient cells (175). Thus,
translocations may preferentially use AEJ even in wild-type cells where NHEJ is intact.
Why would aberrant joining of two DNA ends favor utilization of AEJ over NHEJ in wild-
type cells? One possibility is that persistent un-repaired DNA DSBs may be vulnerable to a
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mode of processing that prohibits efficient NHEJ. In this regard, resection of DNA ends may
generate significant single strand overhangs that inhibit NHEJ (85). However, these ends
may be joined efficiently by AEJ pathways, which can utilize microhomologies exposed by
the resection process. Consistent with this notion, persistent RAG DSBs in H2AX-deficient
cells are resected in a CtIP-dependent manner. Although many of these ends persist un-
repaired, the joints that do form exhibit chromosomal deletions and an increased usage of
microhomologies as compared to joints formed in wild-type cells (74). Moreover, the
chromosomal translocations involving I-Scel DSBs are reduced in number in CtIP-deficient
cells (172).

Mature B cells deficient in core NHEJ factors exhibit only a 50% reduction in Ig CSR (7).
Moreover, most of the joints that form in the mutant cells have microhomologies, suggesting
that they are products of AEJ pathways (7). Thus, Ig CSR proceeds efficiently by AEJ in
NHEJ-deficient cells. In contrast, RAG DSB repair is almost completely abolished in NHEJ-
deficient lymphocytes. Why is it that RAG DSBs are not efficiently joined by AEJ? In this
regard, the RAG-2 protein may function to prevent access of RAG DSBs to AEJ pathways,
although how this occurs is not currently known (176).

Perspectives on maintaining genomic stability in developing lymphocytes

The major function of V(D)J recombination is to assemble the genes encoding lymphocyte
antigen receptors. However, additional pathways must be in place to prevent rare un-
repaired RAG DSBs from being aberrantly resolved and disrupting genomic stability. In this
regard, the resolution of RAG DSBs as potentially dangerous chromosomal lesions requires
failures in multiple components of the DNA damage response. First, RAG DSBs must
persist or escape efficient repair. Second, the un-repaired RAG DSBs must avoid the
activation of p53 and cell death pathways. Third, un-repaired RAG breaks must dissociate
from their post-cleavage complex and associate with other cellular DSBs to which they will
ultimately join. Fourth, un-repaired DSBs must not be processed in a way that prevents
joining by NHEJ or AEJ.

As tumor formation requires the inactivation of multiple component pathways of the DNA
damage response, only combined deficiencies in factors affecting single component
pathways would lead to the generation of lymphoid tumors. In this regard, mice with
combined deficiencies of p53 and NHEJ factors exhibit a high frequency of lymphoid
tumors with translocations involving antigen receptor genes, whereas mice with singular
deficiencies of p53 or NHEJ factors do not. Alternatively, the inactivation of a single protein
that regulates multiple component pathways, such as ATM, could lead to lymphoid tumors.
In the case of ATM-deficiency, these pathways include maintaining coding ends in post-
cleavage complexes and activating p53 in response to un-repaired RAG DSBs.

The requirement to generate complete antigen receptor genes while maintaining genomic
stability may be achieved primarily through pathways that promote the efficient NHEJ-
mediated repair of RAG DSBs. Given the sheer number of RAG DSBs generated during
lymphocyte development, it is likely that not all of these DSBs are repaired with the same
efficiency. Even a small fraction of these breaks that persist unrepaired could have a
significant impact. Indeed, while conditional deletion of p53 at the pro-B cell stage in mice
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does not perturb B cell development, these mice readily develop B cell lymphomas with
translocations involving the IgH locus (177). These data suggest that, even in cells with
proficient NHEJ pathways, rare RAG DSBs may persist un-repaired and may be capable of
aberrant repair if these DSBs are unable to activate cell death pathways.

Moreover, there may be additional pathways that do not have a significant role in NHEJ;
rather they have evolved primarily to deal with rare persistent DSBs, ensuring that such
recalcitrant DSBs remain suitable substrates for NHEJ and, if not appropriately joined, result
in cell death rather than aberrant repair (Fig. 3). In this regard, H2AX-deficient mice exhibit
near normal lymphocyte development, and V(D)J recombination proceeds with normal
kinetics in H2AX-deficient lymphocytes (71-73). However, H2AX-deficient mice are
predisposed to lymphoid tumors that can have translocations involving antigen receptor loci
(71, 98, 178). Together, these data suggest that H2AX may be required to prevent rare un-
repaired RAG DSBs from accessing aberrant repair pathways.

Genetic program activated by RAG DSBs

Once activated by DSBs, ATM can regulate gene expression by modulating transcription
factor activity. Moreover, ATM also has post-transcriptional regulatory activity altering
miRNA processing (179). ATM directly phosphorylates and regulates the activity of the
transcription factor p53 (22). In response to genotoxic DNA DSBs, ATM-mediated
phosphorylation stabilizes the p53 transcription factor, enhancing its transcriptional activity
(28). p53 regulates many genes, such as Bax, PUMA and the Fas receptor, that promote cell
death in response to DNA damage (28). Persistent un-repaired RAG DSBs in developing
lymphocytes activate ATM and p53 (106, 180, 181). However, the unopposed activation of
p53 by RAG DSBs in wild-type developing lymphocytes could lead to their premature death
rather than repair of RAG DSBs and successful completion of antigen receptor gene
assembly. Conceivably, the activation of p53 could be delayed and only occur in the
presence of persistent un-repaired RAG DSBs. Alternatively, RAG DSBs may also activate
pro-survival pathways that, when integrated with pro-apoptotic pathways, ultimately
determine cell fate. Pro-survival pathways may predominate early after DSB generation
allowing the cell time to repair the DSB, whereas pro-apoptotic pathways may predominate
at later time points, eliminating cells with persistent un-repaired DSBs.

In addition to p53, RAG DSBs activate the classical (p50/RelA) NFxB pathway, which, in
other settings, is known to enhance the expression of pro-survival genes (182). Activation of
the classical NFxB pathway by RAG DSBs depends on ATM and NEMO (Ikkry) similar to
its activation by genotoxic DSBs (182, 183). ATM directly phosphorylates NEMO in the
nucleus, which results in its translocation to the cytoplasm and activation of the classical
NFxB pathway (183).

In pre-B cells, RAG DSBs activate a broad genetic program involving over 250 genes that
rely on transcriptional pathways in addition to p53 and NFxB (182). Approximately half of
these break-dependent gene expression changes require ATM, suggesting that other kinases,
including perhaps DNA-PKcs, are also capable of regulating gene expression in response to
RAG DSBs (182). As expected, the cohort of genes regulated by RAG DSBs comprise those
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that function in canonical DNA damage responses such as cell survival and cell death. For
example, Pim2 and Bcl3, which are both up-regulated by RAG DSBs, have known activities
in promoting cell survival (182, 184, 185).

Remarkably, many of the genes regulated by ATM in response to RAG DSBs are not
directly involved in canonical DNA damage responses (182). Rather, these genes have
known activities in lymphocyte development or function. For example, the expression of
CD62L, CD69 and SWAP70 are up-regulated by RAG DSBs in pre-B cells; these proteins
all have activities in lymphocyte migration and homing (see refs in182). In this regard, the
repositioning of pre-B cells actively assembling IgL chain genes to specific bone marrow
niches may be important for the appropriate stepwise maturation of these lymphocyte
precursors (186).

Several of the genes that are responsive to RAG DSBs in pre-B cells are also regulated by
genotoxic DSBs (182). This finding suggests that at least some portion of this genetic
program is not specific to RAG DSBs. Rather, developing G1-phase lymphocytes may be
poised to activate a specific genetic program when any DSB is sensed. As RAG is the most
common source of DSBs in these G1-phase cells, their generation and the resulting
activation of DNA damage responses could serve as a cellular sentinel for the initiation of
antigen receptor gene assembly. Importantly, these gene expression changes are activated by
transient RAG DSBs, which are normally repaired with rapid kinetics in wild-type cells
(182). RAG-dependent gene expression changes were observed in both developing Band T
cells (182). Moreover, recent studies have shown that DNA DSBs generated in mature B
cells during Ig CSR also activate ATM and a genetic program important for plasma cell
differentiation (187). Together, these findings suggest that signals emanating from DNA
DSB intermediates during physiologic processes may regulate cell-type specific functions
(182, 187, 188). Moreover, the inappropriate activation of these genetic programs by
genotoxic DSBs (e.g., those generated by ionizing radiation or chemotherapeutic agents)
could disrupt normal cellular development and/or function.

The notion that RAG DSBs activate a genetic program important for developing
lymphocytes may seem at odds with the observation that TCR and BCR transgenes drive T
and B cell development, respectively, in RAG-deficient mice. However, the genetic program
promoted by RAG DSBs may be important mainly for developing lymphocytes actively
rearranging antigen receptor genes. Forcing the expression of TCR and BCR transgenes in
RAG-deficient mice would bypass these requirements just as it bypasses the important
requirement for RAG gene expression.

Finally, as discussed above, antigen receptor assembly is regulated in several different
contexts (9-11). In this regard, it is possible that the generation of a RAG DSB provides
signals through the DNA damage response that regulates subsequent rearrangement steps.
This could, for example, prevent the generation of additional RAG DSBs until the initial
DSB has been resolved and the rearrangement product tested for functionality. This level of
regulation may be important for allelic exclusion, for example, by enabling interallelic
ordering of VV(D)J recombination (9-11). Indeed, recent studies have suggested that the
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activation of ATM via RAG DSBs at the IgH locus prevents the generation of a RAG DSB
at the other IgH allele, possibly by repositioning it to peri-centric heterochromatin (189).

Conclusions and future directions

All developing lymphocytes must generate and repair several DNA DSBs in order to
complete antigen receptor gene assembly. These physiologic DNA DSBs activate DNA
damage responses just as those breaks initiated by genotoxic agents such as ionizing
radiation or chemotherapeutic agents. The RAG DSB-initiated DNA damage response
promotes the efficient repair of these breaks, prevents their aberrant repair and activates cell
death pathways in the event the break cannot be repaired. Many of the proteins and
processes required for the NHEJ-mediated repair of RAG DSBs have been characterized.
However, the findings reported in recent studies emphasize that there are likely additional
important undefined pathways of the DNA damage response in developing lymphocytes that
have remained ill-defined due to functional redundancies. Identifying these pathways and
defining their function will be an important priority. Moreover, whether joining pathways
distinct from NHEJ are primarily responsible for the aberrant resolution of RAG DSBs and
if so, how these pathways are normally held in check will need to be determined. Finally, the
full breadth of processes regulated by signals emanating from RAG DSBs that directly or
indirectly regulate antigen receptor gene assembly and other broader developmental
processes remains to be determined.
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Figure 1. Types of rearrangements
Schematic of rearrangements that occur by deletion or inversion. RSs are indicated by

colored triangles and the V and J gene segment by rectangles. The resulting normal signal
and coding joints are depicted as are aberrant open-and-shut and hybrid joints.
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RAG cleavage generates a pair of hairpin sealed coding ends (rectangles) and a pair of blunt
phosphorylated signal ends (triangles). After RAG cleavage, coding ends and signal ends
reside in complexes until they can be processed and joined. Coding end complexes are
stabilized by ATM and MRN and may also be stabilized by H2AX and possibly RAG. ATM
and MRN do not appear to be critical for signal end complex stability. However, ATM and
DNA-PKcs have overlapping activities (shown in green) that are required for signal joint
formation. Although the basis for this requirement is unknown, it could reflect the
overlapping activity of ATM and DNA-PKcs in promoting signal end complex stability.
RAG stays bound to signal ends in post-cleavage complexes generated in vitro and it has
been suggested that RAG may stabilize signal ends in vivo, but a direct demonstration of this
RAG function is lacking. Ku70/80 and DNA-PKcs, which are recruited early to DSBs, have
been implicated in the stabilization of DNA ends prior to joining but their potential function

in stabilizing RAG DSBs has not been examined.

Hairpin sealed coding ends are opened through the endonuclease activity of Artemis. Its
endonuclease activity requires association with and possibly phosphorylation by activated
DNA-PKcs. Nucleotides can then be added to coding ends through the activity of TdT, and
nucleotides can be lost through the nuclease activity of Artemis and possibly RAG and TdT.
The joining of signal and coding ends is carried out by DNA Ligase IV and XRCC4 with
Ku70/Ku80 potentially being important to align DNA ends prior to joining. Although Ku
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function is essential for both signal and coding joint formation, its specific activities at RAG
DSBs have not been directly examined. Notably, ATM and XLF have overlapping activities
(shown in green) that are also important for signal and coding joint formation. In addition,
XLF has overlapping activities with H2AX that are required for coding joint formation.
Whether these overlapping activities are also required for signal joint formation has not been
examined. The nature of these overlapping activities of XLF and ATM or H2AX remains to
be determined. 53BP1 is required for optimal coding joint formation for reasons that are not
clear but may involve a function in long range joining and/or preventing DNA end resection.
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Figure 3. Pathways that maintain genomic stability
RAG DSBs are repaired efficiently by NHEJ. However, rare un-repaired RAG DSB must

eventually be resolved by NHEJ or, if they persist un-repaired, must promote cell death to
prevent their aberrant resolution as potentially dangerous chromosomal lesions. In this
regard, the ATM-dependent phosphorylation of H2AX, forming -y-H2AX, and MDC1,
which binds to y-H2AX, prevents persistent un-repaired RAG DSBs from being resected in
a way that allows them to access aberrant joining pathways in G1-phase lymphocytes. Thus,
H2AX may maintain the structure of the DNA end in G1-phase cells such that it is either
joined normally by NHEJ or activates p53-mediated cell death if it persists unjoined.
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