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Abstract

The mammalian immune system has been traditionally subdivided into two compartments known
as the innate and the adaptive. T cells and B cells, which rearrange their antigen receptor genes
using the RAG recombinase, comprise the adaptive arm of immunity. Meanwhile, every other
white blood cell has been grouped together under the broad umbrella of innate immunity,
including natural killer (NK) cells. NK cells are considered innate lymphocytes because of their
rapid responses to stressed cells and their ability to develop without receptor gene rearrangement
(i.e. in RAG-deficient mice). However, new findings implicate a critical function for RAG
proteins during NK cell ontogeny, and suggest a novel mechanism by which controlled DNA
breaks during NK cell development dictate the fitness, function, and longevity of these cells. This
review highlights recent work describing how DNA break events can impact cellular
differentiation and fitness in a variety of cell types and settings.

INTRODUCTION

The appearance of the recombination activating genes (RAG) in jawed vertebrates during
evolution endowed T cells and B cells with the ability to mediate VV(D)J gene rearrangement
at their antigen receptor loci, providing these lymphocytes with a molecular mechanism for
diversifying their antigen receptor repertoire. In contrast to these adaptive immune cells,
natural killer (NK) cells classically represent the third lineage of lymphocytes (i.e. innate
lymphocytes), which possess germline-encoded antigen receptors and do not require RAG
for their development [1]. As innate lymphocytes, these cells are the body’s first line of
defense against pathogen invasion and are thought to be short-lived effector cells that do not
need prior sensitization for their activation. Thus, since their discovery 40 years ago, NK
cells have been placed in immunology textbook chapters devoted to the innate immune
system [2].

However, this classical view of NK cells has been rapidly changing in past decade. Recent
evidence suggests that this cell type possesses traits attributable to adaptive immunity [3, 4].
These characteristics include education mechanisms involving NK receptor-MHC
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interactions to ensure self-tolerance during NK cell development (reviewed in [5]), and
clonal-like expansion of antigen-specific NK cells during viral infection, followed by the
ability to generate long-lived progeny known as “memory” NK cells [6-9]. NK cell memory
has also been described in a plethora of non-pathogen settings (reviewed in [10, 11]). For
instance, several groups have described the ability of NK cells to mediate anamnestic
responses against chemical haptens, demonstrating a surprising degree of specificity [10, 12,
13]. Another study found that activation by cytokines, including interleukin (IL)-12, IL-15,
and IL-18, can result in the generation of NK cells with memory-like properties [14]
However, few distinct surface markers discriminate cytokine-induced memory-like NK cells
from their naive or activated counterparts.

NK cells specifically share similarities with CD8" T cells, including their development from
the common lymphoid progenitor (CLP), their requirement for the IL-2 common gamma
chain receptor for their survival, their expression of similar activation/maturation markers,
and their use of identical cytolytic machinery (perforin and granzymes) to destroy
transformed or virally-infected target cells (reviewed in [3]). Because we are beginning to
understand the diversity and heterogeneity within the effector and memory CD8* T cell
response during infection, this body of literature can serve as a guide to investigating the
“adaptive” NK cell response against pathogens.

Some of the underlying molecular mechanisms that control NK cell function and longevity,
resulting in effector and memory NK cells subsets during pathogen challenge, have only
recently come to light. DNA damage is generally assumed to be a detrimental event,
frequently associated with impaired cell survival or cellular transformation [15, 16].
However, a growing body of evidence suggests that focal DNA breaks are a mechanism for
normal cell development, differentiation, and function. The most well-studied examples are
homologous recombination during cellular meiosis [17], and programmed DNA double
strand break (DSB) and repair during V(D)J recombination in developing lymphocytes.
DNA cleavage in V(D)J recombination is mediated by specifically-timed expression of the
evolutionarily conserved and lymphocyte specific RAG recombinase and repaired by the
ubiquitous non homologous end joining (NHEJ) DNA damage response (DDR) pathway.
Since adaptive immune cells require RAG for the development of their antigenic receptors,
genetic ablation of RAG in mice results in a loss of T cells and B cells [18, 19]. However,
innate lymphocyte lineages such as NK cells express germ-line encoded antigen receptors
and are not thought to require RAG for the development and function.

Our recent study [20] demonstrates that RAG expression in CLPs and NK cell precursors
that eventually develop into mature NK cells marks functionally distinct subsets of NK cells
in the periphery. Those NK cells that have had a history of RAG expression during
development are more “fit”, and are capable of greater survival following bursts of robust
proliferation, suggesting a role for the RAG recombinase and following DDR repair
pathway beyond their canonical pathways. This review will attempt to integrate our prior
understanding of RAG activity in adaptive lymphocytes with our recent discovery of a role
for RAG in innate lymphocytes. We will also discuss the implications of these advances in
understanding programmed induction of DNA damage/repair and their role in maintaining
the genomic integrity of cells and determining cell fate.
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CANONICAL ROLE OF RAG PROTEINS IN ADAPTIVE LYMPHOCYTES

The RAG recombinase mediates V(D)J recombination, an intricate and tightly regulated
process that requires the programmed induction and subsequent repair of DSBs at the
antigen receptor gene loci of developing T cells and B cells during the G1 phase of the cell
cycle [21]. Diversity in the antigen receptor repertoire is generated by shuffling of variable
(V), diversity (D), and joining (J) gene segments that are found within the T-cell receptor
and B-cell receptor loci. RAG1 and RAG2 (collectively known as RAG) function as ‘Y-
shaped’ heterotetramer consisting of two subunits each of RAG1 and RAG2 [22], where the
RAG1 subunits contain the endonuclease catalytic center (necessary for cleavage) [23, 24],
and is only active in the presence of its binding partner RAG2 [25]. RAG proteins bind to
highly conserved target recombination signal sequences (RSS) flanking the V, D, and J gene
segments (Figure 1A). These RSS reside next to conserved segments containing a
palindromic heptamer (CACAGTG) and an A/T-rich nonamer (ACAAAAACC) [26-29]
separated by non-conserved spaces of either 12 or 23 bases. During V(D)J recombination,
only coding segments flanked by RSS with nonidentical spacer lengths can be combined,
known as the “12/23 rule” [30]. This spatial restriction helps prevent non-productive
rearrangements. RAG initiates recombination by nicking DNA at the border between the
heptamer of RSS and the coding segment [31], leading to programmed induction of DSBs
within the antigen receptor loci.

Recent advances have been made in determining the mechanisms of how the RAG proteins
are guided to appropriate target sites. It is now known that RAG2 contains a plant
homeodomain (PHD) finger which targets the RAG1/2 complex to activated or “open”
chromatin through binding of histone 3 trimethylated at lysine 4 (H3K4me3) [32-34].
Therefore, recognition of the RSS and H3K4me3 chromatin mark by RAG1/2 facilitates the
recombination reaction [33, 34]. Although RAG is depicted in all immunology textbooks to
exclusively bind at RSS within V, D, and J genes, there was never direct evidence to suggest
RAG binding was restricted to H3K4me3 at the antigen receptor loci. Recent genome wide
ChiIP-seq analysis of lymphocytes in mice indicates that RAG2 recruitment mirrors the
footprint of the H3K4me3 activation mark, binding to thousands of sites throughout the
genome (Figure 1B), whereas RAG1 binding is more directed and occurs predominantly at
conserved RSSs [32]. It remains to be determined if RAG1 may also bind outside the
recombination center. Further studies have linked RAG1/2 to DNA breaks and chromosomal
rearrangements (including translocations) at RSS-like “cryptic” sites (sites that mimic RSSs
outside of canonical antigen-receptor loci) and non-RSS sequences that are scattered
throughout the genome [35-38]. In previously documented oncogenic rearrangements, many
translocation breakpoints on the non-antigen receptor gene partner contain RSS-like
sequences at or near the breakpoint [39]. However, the function of RAG proteins at these
“cryptic” RSS remains to be determined.

Following DNA cleavage, RAG stabilizes the four broken DNA ends in a post-cleavage
complex that directs repair by the ubiquitous classical NHEJ pathway [40, 41]. In response
to DNA DSBs, PI3K-like Ser/Thr kinases ataxia-telangiectasia mutated (ATM) kinase and
DNA-dependent protein kinase (DNA-PK), which phosphorylate hundreds of targets
necessary for the downstream activation of DDR pathways and the initiation of apoptosis in
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cells that fail to repair DNA breaks [16, 42—44]. Specifically, ATM phosphorylates the
CHK?2 kinase leading to the phosphorylation of Cdc25a promaoting cell cycle arrest and
apoptosis [45]. Furthermore, these kinases activate a multitude of downstream effector
molecules that regulate transcriptional programs to pro-survival pathways (e.g.
downregulate Bcl-2) within successfully rearranging cells [16].

During this catalytic reaction, ATM and DNA-PK also phosphorylate the histone protein
H2AX in chromatin flanking DNA DSBs [46, 47]. Phosphorylated H2AX (yH2AX) at the
site of DSB recruits DNA damage response proteins to the site of broken DNA [46].
Clearance of phosphorylation signifies repair of the DSB. To further increase receptor
diversity, several insertions and deletions occur at the ligated junction by specialized
proteins terminal deoxynucleotidyl transferase (TdT) and DNA Pol u[48]. This leads to a
final antigen receptor count of approximately 10! possible BCRs/antibodies for B cells and
1015 possible TCRs for T cells [49, 50]. High efficiency is required in this system, as
aberrant rearrangement events can lead to apoptosis, genomic instability, and cellular
transformation [36, 37, 51, 52].

RAG EXPRESSION IN INNATE LYMPHOCYTES

Although the generation of the lymphoid compartment has been studied extensively,
unifying models of lymphocyte development have been difficult to assemble, and the
ontogeny of NK cells is not yet fully understood. Progress in understanding stem and
progenitor cell populations is aided by experimental mouse models that report current RAG
expression (RAGCFP knockin mice [53]) or a history of RAG expression (“fate mapping’
mice: Rag1C" x Rosa26-floxed STOP-tdRFP) (Figure 2) [54, 55]. Within the bone marrow,
CLPs are destined to become B cells or commit to the NK cell lineage through the
upregulation of the IL-2/IL-15 receptor (CD122) [56, 57]. All developing B cells and T cells
in the bone marrow and thymus respectively have been shown to exhibit RAG expression
(using the RAG reporter mice), and all peripheral B cells and T cells have been shown to
exhibit a history of RAG expression (using the RAG ‘fate mapping’ mice); however, a
surprisingly large fraction of developing NK cells (~40%) were shown to derive from RAG-
expressing CLPs [20, 58] (Figure 2). Prior work utilized a transgenic mouse recombination
reporter system [59], whereby recombinase activity is indicated by the permanent expression
of violet light-excited (VEX) fluorescence [60], to mark NK cells that have undergone
recombination events. Analysis of recombination in NK cells revealed that approximately
50% of CLP in bone marrow are VEX+ and 20-30% of peripheral NK cells express the
reporter, in agreement with our observations in RAG fate-mapping mice [20].

Through analysis of RAG fate mapping mice, 20-30% of peripheral NK cells were shown to
have had, at one point, expressed RAG (i.e. are permanently marked by RFP expression)
[20, 55, 59, 61-63] (Figure 2). Analysis of NK cell development in RAG reporter mice by
flow cytometry [64, 65] revealed that the highest levels of RAG expression occurs in CLPs
from the bone marrow, with GFP expression decreasing as developing NK cells undergo
maturation and migration from the bone marrow. In support of these observations, previous
independent studies in both human and mouse cells have shown that NK cells can possess
rearrangements within the immunoglobulin (1g) and TCR loci, but these rearrangements do
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not result in a functional antigen receptor [55, 59, 62, 66]. Whether a physiological
consequence of these unproductive rearrangements exists remains unknown.

Innate lymphoid cells (ILCs) have recently between described to maintain tissue
homeostasis and provide protection against pathogens at mucosal surfaces [67, 68]. Similar
to T cells, B cells, and NK cells, ILCs develop from the CLP and require the common
gamma chain for their survival. ILCs have been divided into three classes based on their
transcription factor requirements, response to cytokines, cytokine production, and
anatomical location. Group 1 ILCs (ILC1s) produce IFN-y in response to IL-12 and IL-18,
and are broadly found throughout lymphoid and non-lymphoid organs (e.g. liver, intestine,
spleen, peritoneal cavity). ILC1s can be distinguished from NK cells by requiring the
transcription factor T-bet but not Eomes for their development, and ILC1s have been shown
to be important for immunity against viruses, intracellular bacteria and parasites [67, 68].
Unlike NK cells, ILC1s are not thought to mediate cytotoxicity [67, 68]. Group 2 ILCs
(ILC2s) require GATA3, RORa, and GFI1 expression for their differentiation/development,
produce type 2 cytokines (IL-4, IL-5, and IL-13) and amphiregulin in response to IL-25 and
IL-33, and are predominantly found in the lung and adipose tissue to protect against
helminth infection [67, 68]. Group 3 ILCs (ILC3s) require RORyt and T-bet for their
differentiation, and are important for immunity against extracellular bacteria. ILC3s are
found primarily in the gut, and produce a variety of cytokines, including 1L-17 and 1L-22, in
response to IL-1p and IL-23 [67, 68]. Although ILCs are not thought to require RAG for
their development [69], we showed that nearly half of all ILCs among the three subsets have
a history of RAG expression during ontogeny [20] (Figure 2). The functional consequence
of this subset heterogeneity is currently being investigated. These novel findings suggest that
RAG proteins may possess more ubiquitous and genome-wide functions in developing
lymphocytes, including NK cells and ILCs, than previously thought.

A NOVEL ROLE FOR RAG IN INNATE LYMPHOCYTES
A. HETEROGENEOUS SUBSETS DISTINGUISHED BY RAG EXPRESSION

In our recent findings, RAG expression in NK cells clearly defined subset heterogeneity in
the periphery [20]. Using the RAG fate mapping mice, NK cells that never expressed RAG
during development (RFP™) were more terminally differentiated (as defined by greater
KLRG1 and CD11b expression), and demonstrated a higher degree of cytotoxicity in ex vivo
and in vivo kill assays [20]. We investigated whether RAG influenced in vivo NK cell
responses by incorporating a well-established viral model of antigen-specific NK cell
expansion [8]. NK cells expressing the mouse cytomegalovirus (MCMV)-specific activating
receptor Ly49H have been shown to undergo a robust antigen-driven proliferation (100—
1000 fold expansion) following MCMYV infection, and following viral clearance, a
population of long-lived memory NK cells persists in both lymphoid and non-lymphoid
organs [8]. In this system, donor NK cells from RAG1- or RAG2-deficient mice were
outcompeted by WT NK cells following adoptive transfer and MCMV infection. NK cells
that lacked either RAG or a history of RAG expression were defective in virus-driven
expansion and failed to persist due to an increase in NK-cell apoptosis [20] (Figure 3).
These findings suggest a novel role for RAG outside of V(D)J recombination, where RAG
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expression during NK cell development results in the enhanced cellular “fitness” of
peripheral NK cells.

A recent study [70] demonstrated that KLRG1™ NK cells, which are considered less
terminally differentiated, are more likely to represent memory progenitor cells, retaining the
ability to generate long-lived memory cells. Several cell extrinsic factors were shown to
govern the development of these KLRG1™ NK-cell memory precursor populations, including
presence of T cells and the microbiota. During MCMV infection, the authors implicate T
cells competing for IL-15 (critical for NK cell development and survival [71-73]) as
responsible for diminished survival of KLRG1+ NK cells [70]. On the other hand, reduction
of the microbiota (using antibiotics) increased the memory potential of KLRG1+ NK cells
[70]. Thus, the lack of T cells in RAG-deficient mice may also contribute to the defect in
memory NK cell generation in these animals, and represents an extrinsic mechanism that
complements the cell-intrinsic role for RAG described in our study. Additional cell-intrinsic
and extrinsic factors that dictate memory-precursor NK cell populations remain to be
determined.

Interestingly, a paradigm of subset heterogeneity has recently been ascribed to CD8* T cells
following antigen encounter. Following LCMYV infection, responding CD8* T cells were
shown to generate a heterogeneous effector population consisting of KLRG1M short-lived
effector cells (SLECs) which are more terminally differentiated, and KLRG1!° memory
precursor effector cells (MPECSs) which can give rise to long-lived memory cells [74]. Given
that NK cells are more similar in function and phenotype to effector/memory CD8* T cells
than naive CD8" T cells [3], it will be of interest to further investigate whether a parallel
SLEC/MPEC paradigm can explain the heterogeneous peripheral NK cell pool in wildtype
mice, where certain subsets of NK cells (those that haven’t expressed RAG during
development) are more lethal Killers in the face of immediate pathogen insult, whereas other
subsets (those that have expressed RAG) contribute to the long-lived memory population
which can respond to repeated pathogen exposure.

B. DNA DAMAGE RESPONSE & CELLULAR FITNESS

Our recent findings suggest RAG expression during NK cell ontogeny establishes functional
heterogeneity in the periphery, likely through transcriptional or epigenetic changes. To this
end, NK cells that lacked RAG expression have a decreased expression in essential
components of the DDR including DNA-PKcs (Prkdc), Ku80 (Xrcc5), Chk2 (Chek2), and
ATM (Atm) in mature cells [20]. These perturbations in gene expression strongly correlated
with inefficient DNA repair, as measured by y-H2AX foci appearance and removal,
following introduction of exogenous DNA damaging agents such as radiation [20].
Interestingly, this phenomenon is not restricted to innate lymphocytes. Using TCR
transgenic CD8" T cells from OT-1 (RAG-competent) versus OT-1 x Rag2~/~ mice [75], it
was also shown that RAG-deficient OT-1 cells possess higher levels of genomic instability
and decreased levels of essential DNA damage repair proteins as in NK cells [20]. Radiation
exposure resulted in delayed y-H2AX foci resolution in RAG-deficient T cells, and virus
infection revealed a reduced capacity for survival, compared to OT-1 cells [20]. Thus, RAG
expression during ontogeny endows both innate and adaptive lymphocytes with enhanced
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cellular fitness, suggesting this may be a general mechanism for producing immune memory
in lymphocytes.

Consistent with the finding that poorly surviving RAG-deficient NK cells possess
diminished levels of DNA-PK, NK cells from SCID mice (which possess a genetic mutation
in DNA-PK) have also been shown to have an expansion defect following viral infection
[20]. Furthermore, NK cells from RAG1 endonuclease-dead mice [32] exhibited the same
defects as RAG1-deficient mice in response to viral infection, suggesting the RAG-mediated
DNA cleavage is critical in endowing cellular fitness. Altogether, these data suggest that
RAG-mediated DNA damage plus repair during NK cell ontogeny “educates” the
developing NK cells to better respond to subsequent DNA damage, possibly through the
manipulation of the transcriptional landscape in these cells (further discussed below). Future
studies will determine whether NK cells that have previously expressed RAG may become
functionally specialized through upregulation of lymphoid-related transcription factors,
resulting in the cellular “fitness” observed following periods of robust proliferation and
cellular stress.

Recent studies support the idea that controlled DNA damage during cellular development
acts as a feed-forward mechanism that propagates the transcription and translation of
proteins and factors that have important consequences for normal development and
differentiation [76-78]. In pre-B cells, RAG-mediated DSBs induce the expression of
homing receptors important for lymphocyte egress from the bone marrow and promote
homing to secondary lymphoid organs (e.g. CD62L, CD69) [76, 79]. The lack of these
homing receptors prior to RAG expression prevent pre-B cells from prematurely exiting the
bone marrow before complete rearrangement of B cell receptors (BCR). In another study
[80], caspase-3-mediated DNA damage was shown to lead to muscle cell differentiation by
inducing expression of non-apoptotic genetic pathways. These studies begin to highlight the
potential functional consequence of DNA DSBs beyond their detrimental effect on cell
survival. In fact, downstream DSB-mediated transcriptional events may be necessary for the
productive maturation of specific cell subsets, and support the idea that DDR by
programmed DSBs may “imprint” lymphocyte functions long after the breakpoint has been
repaired.

RAG-mediated DSBs have been shown to activate the canonical NF-kB pathway [81, 82],
leading to the expression of several pro-survival factors in response to genotoxic DSBs [82—
84]. Approximately half of the ATM-dependent gene expression changes that occur in
response to RAG DSBs require NF-kB [76]. For example, activation of NF-kB by RAG
DSBs leads to the upregulation of genes such as Pim2, a constitutively active anti-apoptotic
serine-threonine kinase, shown to be important for lymphocyte proliferation and survival
[76, 85-87]. Pim2 expression is increased in an ATM-dependent manner in response to
RAG DSBs [76, 78]. Upregulation of Pim2 maintains phosphorylation and inactivation of
BAD, which antagonizes the pro-apoptotic function of BAX, promoting increased levels of
Bcl-2 and associated cell survival [78, 88]. In these studies, upregulation of Pim2 by RAG
DSBs results in reduced proliferation of IL-7 stimulated pre-B cells [78] by enforcing the
G1 to S checkpoint and inhibiting the proliferation of pre-B cells with unrepaired DSBs [16,
89, 90]. Pim2 is not sufficient to block proliferation, but maintains cell cycle arrest due to
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coordination with other DSB-dependent signals [78]. In these cells, expression of Pim2
promotes genomic stability by preventing unrepaired breaks to enter cell cycle resulting in
further chromosomal aberrations during replication. Therefore, analysis of Pim2 levels and
cell cycle checkpoints in NK cells may provide insight to a mechanism whereby RAG-
mediated breaks suppress cell cycle progression during development, leading less mature
but more fit peripheral cells.

Interestingly, RAG2 is known to possess highly conserved domains that are important for
maintaining genome integrity [91]. Specifically, the RAG2 C-terminus domain is required to
escort the post-cleavage RAG1/2:DNA complex into the canonical NHEJ pathway for
proper DNA repair [91, 92]. Genetic ablation of only the C-terminal “non-core” domain in
Rag2°/c mice [93] (which still contains a functional cleavage activity) has been shown to
induce genome-wide chromosomal aberrations and lymphomagenesis when crossed to
highly proliferative p53~/~ mice [94]. Furthermore, threonine 490 (T490) within the C-
terminal domain is a target for the cyclin A-Cdk2 kinase and is phosphorylated at the G1 to
S cell cycle transition, leading to proteasomal destruction [95-97]. Defined RAG2(T490A)
knockin mice show RAG2 does not undergo cell-cycle mediated degradation and V(D)J
recombination persists throughout the cell cycle leading to aberrant repair of RAG-medicate
DSBs [98]. When crossed onto a p53~/~ background these mice also developed T
lymphomas, further reiterating that erroneous V(D)J recombination can promote
lymphomagenesis and genomic instability [98]. Thus, whether the additional “non-core”
functions of RAG activity (beyond the catalytic cleavage of DNA) further endows innate
lymphocytes such as NK cells with greater genomic integrity remains to be elucidated.

Although a global reduction in DNA damage repair enzymes poses an attractive mechanism
for the decreased cellular fitness of RAG-deficient NK cells, a close correlation has been
reported between RAG2 binding and the activating H3K4me4 histone mark at the promoters
of many tissue-specific genes throughout the entire genome [32-34]. Therefore, epigenetic
analysis of regulatory regions surrounding DNA damage repair genes in WT compared to
RAG-deficient NK cells might provide mechanistic insights into how damage response
protein levels are modulated in any given individual resting lymphocyte. Furthermore,
ATM-mediated changes in the nuclear chromatin structure of the post-cleavage complex
limits the number of potential substrates for recombination, protecting against aberrant
translocations [99]. Therefore, lower levels of ATM in RAG-deficient NK cells may further
lead to the increase in genomic stability seen by disrupting this chromatin organization. It is
possible the RAG1/2 complex plays a regulatory function during ontogeny at sites lacking
RSS sequences, resulting in changes in transcriptional activity, histone modifications, or
chromatin structure of non-antigen receptor loci.

The ability of RAG2 (and potentially RAG1) to bind to transcriptionally active sites outside
of antigen receptor loci raises questions about specificity and fidelity of V(D)J
recombination. There exists evidence that suggests RAG-mediated cleavage may be
occurring at these non-antigen receptor sites, contributing to lymphoma-associated genome
alterations [36, 37, 51]. The data from our group and others suggest that these ectopic breaks
by RAG might be evolutionarily conserved in order to create heterogeneity among cell
types, rather than be purely detrimental to the genome. Many questions remain unanswered.
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Are these RAG-mediated DNA break/repair events controlled or stochastic? How and when
do the RAG proteins create DSBs at these non-antigen receptor sites in the genome? Finally,
what additional mechanisms or other molecular chaperones exist to suppress (or promote)
this ectopic DNA damage leading to differential cellular fates?

NK cells that have previously expressed RAG proteins during their ontogeny are less
terminally differentiated, suggesting RAG-mediated DSBs may inhibit rapid cell maturation
and promote a genetic program that is important for processes beyond canonical DDRs. This
hypothesis is supported in other cell types where the DDR may be affecting cell
differentiation, which has been observed in myoblasts, melanocyte stem cells (MSCs), and
hematopoietic stem cells (HSCs) [100-102]. For example, C2C12 myoblasts undergo cell-
cycle arrest and a block in differentiation in the presence of genotoxic stress, due to a DDR-
regulated differentiation checkpoint during muscle differentiation [100]. This block can be
overcome following the repair of the damaged DNA. Furthermore, DNA DSB-initiated
ATM signaling has been shown to maintain MSCs within the stem cell niche and blocks
differentiation into mature melanocytes [101]. It is also thought that DNA DSB
accumulation over time leads to the functional decline of HSCs. HSCs from DDR-deficient
mice show significantly higher apoptosis and decreased proliferation, suggested that proper
repair of DNA damage is required for efficient HSC renewal and function [102]. Overall,
these studies suggest a protective function for DDR in stem and progenitor cells, similar to
that observed in NK cells that have expressed RAG activity, in order to promote normal
maturation and prevent the propagation of genetic errors.

Irrespective of the precise molecular mechanism behind the RAG-endowed cellular fitness
of lymphocytes, these examples suggest a paradigm where controlled DNA damage is able
to alter the functional properties of a developmental lineage during ontogeny, leading to
alterations that condition subsequent cellular behavior.

CONCLUSION

Adaptive lymphocytes have long been known to require RAG-mediated DNA DSBs for
development of functional antigen receptor genes. Recent findings demonstrate that
controlled DNA breaks are also required for the development and long-lived “fitness” of
innate lymphocytes, and that RAG expression is a major player in these events. The sum of
these results indicate that RAG-mediated DSBs outside of canonical V(D)J recombination in
developing lymphocytes may be regulating processes that impact their ultimate survival as
mature cells. From these studies a more general paradigm is emerging where activation of
the DDR by DSBs generated during timed cell processes (such as transient RAG expression
and activity in lymphocyte progenitors) regulate a multitude of cell-type specific programs.
This endonuclease-mediated DDR mechanism may be dictating the genomic integrity and
fitness of select cells within the total adaptive and innate lymphocyte populations, and
ensuring the longevity of specific lymphocyte subsets during periods of rapid proliferation
or stress during pathogen invasion.
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A RAG binding during V(D)J recombination B Revised view of RAG binding
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Figure 1. Canonical and revised view of RAG binding
(A) Traditionally, the RAG recombinase (RAG1/2) was thought to only bind to the antigen

receptor locus to facilitate rearrangement of the V, D, and J gene segments of the antigen
receptor, and generate receptor diversity in T cells and B cells. However, recent studies have
led to a revision of this canonical view of RAG binding. (B) In this revised view, RAG2
binds at points of ‘active’ chromatin throughout the genome (at thousands of sites), marked
by the histone modification H3K4me3. Whether RAG1 also binds outside the recombination
center remains to be determined.

Eur J Immunol. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Karo and Sun Page 17

BONE MARROW

THYMUS

Mature
Thymocytes T cells

@ Rag1 YFP knockin

@ Rag1¢"® x ROSA26-tdRFP

>

B cells . \
Developing
2 ILC/NK cells

Mature

Malulrg NK cells

B cells

Figure 2. Innate and adaptive lymphocytes demonstrating a history of RAG expression
Lymphocytes from RAG reporter mice (green-outlined cells) and RAG ‘fate-mapping’ mice

(red-filled cells) demonstrate that a subset of developing and mature innate lymphoid cells
(ILCs) and natural killer (NK) cells have a history of RAG gene expression, whereas all
mature B cells and T cells have previously expressed RAG.
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Figure 3. RAG expression during ontogeny delineates functional heter ogeneity and cellular
fitnessin NK cell subsets

NK cells from B6 mice expressing the activating Ly49H receptor will recognize MCMV-
encoded m157 on infected cells, leading to activation and clonal proliferation of antigen-
specific NK cells. NK cell with a history of RAG expression (red) were shown to have
enhanced DNA damage response (DDR) and survival following rapid proliferation. After
the NK cell expansion phase and viral control, effector Ly49H* NK cells undergo a
contraction phase resulting in long-lived memory NK cells, where only the NK cells that
previously expressed RAG remain. These memory NK cells are able to mount a recall
response when virus is re-encountered.
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