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The immune system is a collection of molecules, cells, and tissues, which protect an in-
dividual from infectious microbes and eliminate foreign substances, and consists of two
main branches: the innate immune system and the adaptive immune system.

The innate immune system provides immediate, nonspecific defense mechanisms,
including physical barriers like the skin, as well as immune cells that engulf and destroy
pathogens. The innate immune system responds always in the same way to repeated
infections and it is not able to escalate the responses with each successive exposure to a
particular microbe or antigen. The innate immune system is phylogenetically the oldest
system of host defense.

The adaptive immune system, on the other hand, develops a more specific and
targeted response over time, that can recognize and “remember” specific pathogens,
providing a more tailored and long-lasting defense. The most characteristic feature of
adaptive immunity is its unique specificity for distinct molecules. Lymphocytes and anti-
gen-presenting cells (APC) are the main components of adaptive immunity. There are dis-
tinct subpopulations of lymphocytes that differ in their function and how they recognize
antigens. B lymphocytes (B cells) recognize extracellular antigens, and are endowed with
the unique property to produce antibodies. Antibodies are effectors of humoral immunity;
they are serum proteins that initiate processes leading to the neutralization of antigens.
T lymphocytes (T cells), on the other hand, mediate cellular immunity. T cells are able to
directly kill the infected cells and they also direct immune responses by helping B cells to
eliminate the pathogens.

The communication between immune cells is crucial for an effective immune response,
and various signaling molecules, such as cytokines, help coordinate these interactions.
The immune system’s ability to distinguish self from non-self prevents it from attacking
the body’s own cells, a condition known as autoimmunity.

B cells are specialized white blood cells that are responsible for producing antibodies,
which are proteins that recognize and neutralize specific pathogens like bacteria and
viruses. The total of antibodies with different specificities is called the B-cell repertoire,
a vast and unique collection of distinct receptor molecules on the surface of B cells. The
B-cell repertoire is generated through a process known as V(D)J recombination, occurring
in the bone marrow during the early stages of B- and T-cell development. This genetic
rearrangement process creates an enormous variety of potential antibody specificities,
allowing the B and T cells to recognize a wide range of antigens. Upon maturation in the
bone marrow, B cells migrate to the bloodstream and lymphoid tissues, where they can
be activated, e.g. in response to foreign invaders. The diversity and adaptability of the
B-cell repertoire contribute significantly to the immune system’s ability to defend the body
against a myriad of pathogens. This intricate system ensures that the immune response
is tailored to the specific challenges posed by different infectious agents, providing a key
defense mechanism for maintaining overall health and well-being.
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At the same time, this system poses a serious threat to genome stability if not tightly
regulated. The V(D)J gene recombination process requires the activity of the recombi-
nation-activating gene-1 (RAG1) and recombination-activating gene-2 (RAG2) pro-
tein complex. RAG1 and RAG2 form a complex that cuts DNA at specific sites within the
immunoglobulin (Ig) and T-cell receptor (Tcr) loci, thereby initiating gene recombination.
DNA cleavage in genes outside of the Ig regions could give rise to potentially oncogenic
genetic lesions such as chromosomal translocations or deletions. As a matter of fact, there
is compelling evidence that some of the genomic lesions identified in subsets of B-cell
acute lymphoblastic leukemia (B-ALL) result from aberrant RAG1/2 recombination ac-
tivity. Though in the last couple of decades the physiological mechanisms of the regula-
tion RAG1/2 regulations have extensively been studied, the mechanisms of pathological
regulation of RAG1/2 are less well described.

This thesis aims to provide a deeper understanding of the mechanisms that regulate
the expression and the activity of RAGT and RAG2 in response to exogenous DNA damage,
but also to DNA damage originating from RAG-dependent V(D)J recombination activity
itself. Understanding the intricacies of RAG1/2 regulation is important for our understand-
ing of how the integrity of the genome is maintained in developing B cells that have to
deal with DNA damage during the Ig receptor formation. The misregulation of RAG1/2,
or the illegitimate targeting of RAG1/2, might also pose a threat to genome integrity, as
off-target DNA cleavage (outside the Ig loci), could potentially give rise to genomic lesions
that may result in oncogenic mutations.

In Chapter 2, the current understanding of B-cell development and the regulation
of RAG1 and RAG2 expression and activity is extensively summarized. The responses of
pre-B cells to DNA damage, and specifically the regulatory role of the double-stranded
DNA breaks (DSBs) are described in detail. This chapter reviews also the evidence for a
possible role of RAG1/2 in the etiology of B-cell malignancies, and the targeting properties
of RAG1/2 in this context.

Aberrant RAG1/2 targeting during B-cell development has been implicated in the de-
velopment of lymphoid malignancies. In Chapter 3 we developed a method that allows
the identification of RAG1/2-induced DSBs on a genome-wide scale in developing pre-B
cells. We found that many of the RAG1/2-induced DNA breaks can be detected outside
of the Ig loci, providing in vivo evidence for the off-target activity of RAG1/2. Moreover,
analysis of the common denominators with regard to the genomic locations and sequence
motifs of the RAG1/2-induced DNA breaks revealed an enrichment of simple sequence re-
peats (SSR) and GC-rich regions in the proximity of the RAG1/2-induced DNA breaks. To gain
a further understanding of the implications of programmed DNA damage in developing
lymphocytes, it is essential to unravel the intricacies of the regulation of RAG1/2 activity
during B-cell development, especially in the context of the DNA damage originating from
V(D)J recombination itself. Inappropriate regulation of RAG1/2 expression may result in per-
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sistent RAG1/2 activity, thereby potentially increasing the occurrence of genomic lesions
resulting in oncogenic events. In chapters 4, 5, and 6 we describe the interplay between
DNA breaks and RAG1/2 activity and regulation.

In Chapter 4 we showed that extrinsic DNA damage leads to the downregulation of
RAG1/2 expression in pre-B cells. We identified the ataxia telangiectasia mutated (ATM)
kinase as a key player in the DNA damage-dependent regulation of RAG1/2 transcription,
which primarily impinges on the transcription factor forkhead box O1 (FOXO1). In Chapter
5 we showed that the nuclear factor kappa-B (NF-kB) and phosphoinositol-3 kinase (PI3K)/
AKT signaling pathways act in concert to suppress inappropriate RAG1/2 expression and
activity in human and mouse pre-B cells and in B-cell acute lymphoblastic leukemia (B-
ALL) patients. Finally, in Chapter 6 we identified an additional regulatory mechanism that
regulates RAG1/2 expression in response to DNA damage, involving the p53-dependent
expression of microRNA-34a (miR-34a), which acts by inhibiting forkhead box protein P1
(FOXP1), a transcription factor that drives RAG1/2 expression.

In summary, the studies presented in this thesis show that RAG1/2 is capable of intro-
ducing DNA breaks outside of the /g loci, located in the proximity of SSR sequences. In ad-
dition, our studies show that DNA breaks in developing pre-B cells also have an important
regulatory function by instigating regulatory feedback loops that limit the expression and
activity of RAG1/2, thereby contributing to safeguarding genome stability and integrity
in developing B cells. These findings are further summarized and discussed in Chapter 7,
outlining their potential implications and perspectives.
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Abstract

This review explores the intricate regulatory mechanisms governing RAG1 and RAG2 ex-
pression and activity during the development of B cells, with a particular focus on their
implications in the development of lymphoid malignancies such as B-cell acute lympho-
blastic leukemia (B-ALL). We summarize current knowledge on B-cell development, the
mechanism of V(D)J recombination, and the role of the RAG1 and RAG2 (RAG1/2) complex.
We discuss the role of the DNA damage response (DDR) during V(D)J recombination, shed-
ding light on its involvement in the regulation of the activity and expression of RAG1/2.
Understanding the interplay between the various regulatory processes provides insights
into the potential links between aberrant V(D)J recombination, dysregulation of RAG1/2,
and the onset of lymphoid malignancies, contributing to our understanding of the mo-
lecular events underlying these diseases.
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Adaptive immune system

The adaptive immune system evolved into a system that allows specific and targeted re-
sponses, capable of recognizing particular pathogens after repeated encounters, ensuring
along-lasting defense. The hallmark feature of the adaptive immune system is its unique
specificity for distinct molecules, primarily facilitated by lymphocytes and antigen-pre-
senting cells (APCs). Among lymphocytes, B cells specialize in recognizing extracellular
antigens and producing antibodies, essential for humoral immunity. The antibodies initiate
processes leading to antigen neutralization. On the other hand, T cells play a vital role in
cellular immunity by recognizing antigens from intracellular microbes and eliminating
infected cells. Unlike B cells, T cells do not produce antibodies.

Antibodies have a polypeptide structure consisting of four protein chains: two iden-
tical heavy (H) chains and two identical light (L) chains, connected by disulfide bonds
and non-covalent interactions. These chains come together to form a Y-shaped structure
known as the basic antibody monomer. Each chain consists of a constant region and a
variable region. The variable regions of the heavy and light chains contain antigen-bind-
ing sites and it is responsible for pathogen recognition. To achieve an efficient adaptive
immune response, the immune system is equipped with the capability to generate an
enormously large array of antibodies of different specificities, recognizing the different
pathogens. In a cell, single proteins are typically coded by single genes. The number of
antibodies that are required to fight off hundreds of thousands of different pathogens is
so high, that one’s genome would have to accommodate hundreds of thousands of genes
to make the various antigen receptors available forimmune response. However, today it
is clear that the genome of vertebrates contains just around 20,000 genes and thus not
enough to give rise to the large repertoire of antibodies'. In B and T cells, an intricate
system has evolved allowing the flexible generation of a virtually unlimited number of
different antibodies, also referred to as immunoglobulins (Ig) or B-cell receptor (BCR)
in B cells, and T-cell receptors (TCR) in T cells, or collectively, antigen receptors. In this
system, the recombination of gene segments is responsible for the generation of genetic
variation. This is achieved by the ordered recombination of so-called variable (V), diversity
(D), and joining (J) gene segments, which together code for the antigen-binding portion
of the antigen receptor. These genes are non-functional in their germline configuration
but become functional following the process of somatic gene recombination, also called
V(D)J recombination, where one of the V-genes, one of the D-genes (only for the Ig
heavy chain) and one of the J-genes are ligated together and the intervening parts are
excised from the genome. V(D)J recombination is initiated by recombination-activating
gene 1 (RAGT) and recombination-activating gene 2 (RAG2) proteins, which introduce a
double-stranded DNA breaks into the V(D)J genes - first, the heavy chain is recombined,
followed by the recombination of the light chain. This newly assembled sequence encodes
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for the hypervariable (antigen-binding) part of the B-cell antigen receptor or antibody.
The BCR diversity in developing B cells is further increased by terminal deoxynucleotidyl
transferase (TdT), which catalyzes the addition of nucleotides to the 3’ end of DNA during
the formation of the V(D)J junction. V(D)J recombination is a site-specific recombination
process that takes place only at BCR/T-cell receptor (TCR) gene segments and occurs only
in developing lymphocytes in a lineage-specific manner2. The process of gene recombi-
nation, coupled with the induction of junctional diversity, exhibits remarkable complexity,
facilitating the creation of an extensive array of antigen receptors boasting millions of
specificities, all while requiring modest gene coding capacity. However, the induction
of DNA breaks necessary for recombination and the generation of billions of antigen re-
ceptors over an organism'’s lifespan poses a substantial threat to genomic integrity and
requires stringent fidelity mechanisms.

T cells during their development also undergo RAG1/2-mediated gene recombination
to express highly variable surface T-cell receptor (TCR) receptors alpha (o) and beta ()
chains, present in the majority of T cells, or gamma (y) and delta (8) chains present only
in a minor population of T cells**. Though the order of TCR loci recombination differs
from the order of BCR recombination, the molecular basis of the gene recombination is
the same in B and T cells. Considering the scope of this thesis, only B-cell-related gene
recombination processes, and their regulation, will be discussed. T-cell development and
TCR recombination have extensively been reviewed elsewhere®~.

Aberrant V(D)J recombination has been demonstrated to be an underlying cause of
several lymphoid malignancies, and therefore, the basic regulatory mechanisms safeguard-
ing the genome integrity during V(D)J recombination are of great interest 2. To understand
the pathogenesis of lymphoid malignancies, a deep knowledge of the inner workings of
our immune system is needed. The following chapters summarize the current knowledge
of the physiological B-cell development and gene recombination.

B-cell development, gene recombination, and B-cell activation

B-cell development

All lymphocytes develop from common lymphoid progenitors (CLPs) that are derived
from hematopoietic stem cells (HSCs). The commitment of CLPs to either B- or T-lineage
is coordinated by a set of transcription factors™. Commitment to the B-lineage is at first
instance mediated by early B-cell factor (EBF) and E2A transcription factors, and subse-
quently by Paired Box 5 (Pax-5)". Commitment to the T-cell lineage is mainly orchestrated
by Neurogenic locus notch homolog protein 1 (Notch-1) and GATA-3 transcription factors'
Pro-B cells are the earliest committed B-cell precursors. The early stage of B-cell devel-
opment is characterized by the sequential recombination of the /g loci (Figure 1). At the
end of this stage, RAG1 and RAG2 proteins are expressed for the first time and the first
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recombination of Ig genes takes place at the immunoglobulin heavy chain locus (/gh).
Typically, the D, to J, recombinations take place first, followed by a recombination of the
upstream V, region to the already rearranged DJ segment. The successful recombination
of Igh marks the transition to the pre-B cell stage'®. The early pre-B cells express a pre-B
cell antigen receptor (pre-BCR), consisting of the u—Igh chain and a surrogate light chain
(SLC). The SLC is a heterodimer and consists of 2 proteins: A5 and VpreB. The pre-BCR
can oligomerize and trigger downstream signaling in the absence of a specific antigen,
so-called tonic pre-BCR signaling, which is crucial for the survival of the pre-B cells at this
stage''. Subsequently, pre-B cells may undergo 1 or 2 cell divisions and then proceed
with the recombination of gene segments encoding for the immunoglobulin light chain
(Igl). At this stage the RAG1 and RAG2 are re-expressed and at first, the immunoglobulin
kappa chain (Igx) is recombined. If the pre-B cells fail to productively recombine the first
and the second allele of Igk, and when they have exhausted all the recombination pos-
sibilities, then they proceed with recombination of the immunoglobulin lambda chain
(IgA)™. The human Igk is located on chromosome 2 (the mouse Igk is located on chromo-
some 6), and the human Igh on chromosome 22 ( mouse IgA is located on chromosome
16) The light chain loci consist of V and J, segments, and the constant region C_but lack
D gene segments, in contrast to the Igh locus. Following a successful recombination, an
IgM BCR is expressed on the cell surface. Once the recombination has successfully been
performed, the RAG1/2 expression is in general suppressed throughout the mature stage
of the B cells, though there are instances when RAG1/2 can be re-expressed at immature
B cells and mediate secondary rearrangements in /g loci, so-called receptor editing'. In
the process of receptor editing, the functionally unresponsive or the self-reactive BCR may
acquire a new specificity, and thus escape the apoptosis. Secondary rearrangements in
mature peripheral B cells may also take place, the so-called receptor revision, which further
diversifies the repertoire”. Each B-cell expresses a BCR of only one particular specificity.
This is achieved by allowing only one functional recombined allele to be expressed. This
phenomenon called allelic exclusion, guarantees specificity of immune responses and
prevents auto-immune reactions. More details on the mechanism of allelic exclusion are
discussed elsewhere in this review.

After successful recombination, IgM-expressing immature B cells complete their mat-
uration outside of the BM, they enter the circulation or migrate to the lymph nodes or
spleen.
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Figure 1.

Schematic depiction of B-cell development in the bone marrow. B cells develop from common
lymphoid progenitor (CLP). At this stage, both the heavy and the light chains are present in their
germline configurations. Subsequently, at the pro-B cell stage, RAG1/2 is expressed (here depicted
in red) and gene recombination at the Ig heavy chain locus is initiated. First, a D to J segment
recombination takes place, followed by V to DJ recombination. Successful recombination at the
early pre-B cell stage leads to the expression of pre-BCR, composed of the recombined heavy chain
- u-Ilgh, and the surrogate light chain, composed of A5 and VpreB. At the late pre-B cell stage, the
RAG1/2 recombinase is expressed for the second time and the recombination of Ig light chain genes
is initiated. Following the successful Ig light chain recombination, the B-cell receptor (BCR/IgM) is
expressed at the immature B-cell stage. Created with BioRender.com

RAG1 and RAG2 proteins are essential for V(D)J recombination and normal B-cell de-
velopment, this has been clearly illustrated in mice where the biallelic disruption of Rag1
and Rag2 genes resulted in a complete developmental block of B and T cells at their pro-
genitor stage due to the inability to initiate V(D)J recombination'®'. Biallelic RAGT or RAG2
null mutations in human result in severe combined immunodeficiency (SCID) presented
with absent B- and T-cell lymphocytes®. Recent advances in genetic engineering allowed
successful replacement of the RAGT or RAG2 null mutations using CRISPR-Cas9 editing of
the hematopoietic stem cells in mice and patients, which led to successful production of
mature B and T cells with diverse antigen receptor repertoires?"?2. Omenn syndrome (OS)
presents as an additional clinical phenotype linked to hypomorphic mutations in RAGT
and RAG2, where only residual enzymatic RAG activity is observed. This condition is char-
acterized by the presence of oligoclonal lymphocytes and infiltrating activated T cells,
which cause damage to target tissues. Atypical SCID (AS) and delayed onset combined
immunodeficiency with granulomas or autoimmunity (CID-G/Al) are some of the other
clinical phenotypes associated with RAG1/2 mutations?.
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Receptor editing and allelic exclusion

Considering the vast diversity of antibody specificities, B cells must continuously ensure
the specificities against pathogens, while averting autoreactivity. Consequently, B cells
undergo multiple screening checkpoints during their development to assess their autore-
activity levels. The initial screening occurs following the differentiation of pro-B cells into
pre-B cells. The antigen-independent tonic pre-BCR promotes the progression of pre-B
cells with non-autoreactive pre-BCR to the next developmental stage. Lack of tonic pre-
BCR signaling leads to apoptosis. However, several studies addressing the mechanism of
central tolerance have uncovered that autoreactive B cells may undergo another round
of Igl chain gene recombination as an attempt to “edit” the autoreactive pre-BCR or BCR
and thus escape apoptosis. This ongoing gene recombination, known as receptor editing,
may change receptor specificity and this contributes to repertoire diversification?°, At
the same time, receptor editing, and the ongoing exposure of the pre-B cells to RAG1/2-re-
combinase, may be a potential source of genomic instability.

The concept of B-cell monospecificity has long been pivotal in explaining the targeted
production of antibodies against specific pathogens. Referred to as the ‘one B-cell - one
antibody’ rule, this paradigm finds substantial support in numerous experimental studies.
At the genetic level, the monospecificity of B cells arises from the so-called allelic exclusion,
mechanism ensuring that each B cell produces antibodies with a single specificity. B cells
with multiple different specificities could lead to autoimmune reactions or ineffective
immune responses??. It has been demonstrated that successful recombination on one
allele initiated signaling suppressing bi-allelic recombination by terminating RAG1 and
RAG2 expression as well as the accessibility of the Ig locus. Several mechanisms have
been proposed to explain how simultaneous rearrangement of both alleles is prevented.
The asynchronous recombination models rely on mechanisms regulating the accessibility.
These models propose two main mechanisms: the probabilistic model and the instructive
model. In the probabilistic model, the chromatin (in)accessibility leads to asynchronous
recombination, as the inaccessible Ig chromatin/allele leads to slow and inefficient re-
combinations, limiting the frequency of recombination events to one allele per cell. The
instructive model is based on the asynchronous replication timing of the two alleles. The
early-replicating allele is recombined first, while the late-replicating allele is recombined
only if the recombination attempt on the first allele failed®?. The stochastic model suggests
that while Ig recombination is highly efficient, it typically yields only one functional /g allele
per cell. This concept implies that /g allelic exclusion occurs due to the low probability
of rearranging an allele in the correct reading frame, resulting in a functional Ig chain,
compared to the higher likelihood of generating a non-functional allele. Consequently,
no coordination between the two Ig alleles is deemed necessary, rendering asynchrony
of allelic recombination inconsequential in this model®. On the other hand, feedback in-
hibition models propose that the recombination process of Ig genes is inhibited by their
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products or intermediates. In the classical feedback inhibition model, successful Ig gene
rearrangements activate signals through pre-BCRs or B-cell receptors (BCRs), leading to the
suppression of further allelic recombination®*', This model explains the observed ratios
of peripheral B cells with Igh and Igl loci in different configurations32. A more recent study
proposes a mechanistic explanation based on the fact that only the mRNA transcripts
from productively rearranged Igh allele are stable, whereas the non-productive Igh mRNA
transcripts carry multiple stop-codons and are degraded by nonsense-mediated mRNA
decay. Therefore, it was hypothesized that it is the stable mRNA transcript of productively
rearranged Igh is responsible for the allelic exclusion®. However, a more detailed inves-
tigation of this mechanism provided compelling evidence showing that the Igh mRNA
actually does not play a role in allelic exclusion, and that it is the Igh protein complex that
enforces the allelic exclusion and drives B cell development®,

In addition, the RAG2 C-terminus and ataxia-telangiectasia mutated (ATM) were shown
to prevent the bi-allelic gene recombination®. In fact, the double-stranded DNA breaks
(DSBs) arising from the RAG1/2 activity, which activate the DNA damage sensor ATM, have
been proposed to trigger a negative feedback loop limiting the RAG expression. Inhibi-
tion or deletion of ATM resulted in bi-allelic recombinations and an increase in genomic
instability in developing B cells®.

From mature B-cell to plasma cell
Immature B cells exit the bone marrow and travel to the spleen, where they complete their
early development by differentiating into naive, follicular, or marginal zone (MZ) B cells. In
secondary lymphoid organs, mature B cells encounter antigens presented by antigen-pre-
senting cells (APCs), such as dendritic cells. Upon recognition of specific antigens by their
BCRs, B cells become activated and undergo clonal expansion. Activated B cells that re-
ceive appropriate signals from helper T cells differentiate into plasma cells. Plasma cells are
specialized for antibody production and secrete large quantities of antibodies. A subset of
activated B cells differentiates into memory B cells, which persist long-term and provide
arapid and robust secondary immune response upon re-exposure to the same antigen®.
The first antibodies produced in a humoral immune response are always of the IgM
isotype. However, mature B cells may undergo so-called class-switch recombination (CSR)
changing the antibody isotype. There are 5 antibody isotypes: IgG (subclasses IgG1, IgG2,
IgG3, and IgG4), IgA (subclasses IgA1 and IgA2), IgM, IgD, and IgE. Exons that encode for
these antibody classes are named y (y1,y2, y3, and y4), a (a1 and a.2), y, 9, and e. Different
isotypes have adapted to function in different body compartments, for instance, IgA is
predominantly present in secretions such as saliva, digestive tract, or nasal secretions,
while IgG is primarily present in the blood serum®. In addition to CSR, the affinity and other
biological properties of the immunoglobulins can be further modified without changing
their specificity in a process termed somatic hypermutation (SHM). Both CSR and SHM are
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initiated by activation-induced cytidine deaminase (AID), an enzyme that is required for
the execution of both mechanisms**-*'. The exact molecular backgrounds of the CSR and
SHM mechanisms are provided elsewhere*=#, AID has been shown to bind non-Ig loci
and introduce collateral DNA damage throughout the genome of mature B cells 446, Thus,
throughout their lifespan, B cells encounter numerous challenges to maintain genome
integrity, highlighting the critical need for meticulous processes to safeguard genomic
fidelity.

RAG1, RAG2 and the molecular mechanisms of V(D)J recombination

The evolution of RAG

The human RAGT and RAG2 genes are situated in close proximity on chromosome 11p (the
mouse Rag! and Rag2 are located on chromosome 2p), each containing one large exon,
separated by only 8kb¥. Such locus configuration is rather unusual and the lack of introns
within the coding region is reminiscent of transposable elements. Indeed, the evolution
studies of RAG1 and RAG2 structure and biochemical function indicate that RAGs originate
from RAG-like (RAGL) transposable elements and evolved through so-called “molecular
domestication” to their current form*. Transposons are considered fragments of “self-
ish DNA,” acting as molecular parasites capable of replicating within the host’s genome
without offering any discernible benefit. These mobile genetic elements spread within ge-
nomes by excising or copying themselves from one location and inserting into another*=°,
The first transposition event that led to the formation of the split antigen receptor gene
occurred probably in early jawed vertebrate ancestors by invading the Ig-domain gene
receptor exon by the RAGL_A family transposon. After this event, the RAGL_A transposon
became a functional host protein, and its DNA-cleaving activity became essential for the
expression of the split gene. A selective pressure caused an evolutionary adaptation of
the RAGL_A in the way that it maintained its excision activity to allow the gene assembly,
but at the same time suppressed the integrase activity of RAGL_A to limit its liability to
genome integrity*®*'>2, Such an evolutionary change, termed the “molecular transposon
domestication”, might have occurred when the early jawed vertebrates acquired the ar-
ginine 848 mutation in RAG1L (R848). In most invertebrates, methionine would be found
in this position (M848). Interestingly, the methionine to arginine mutation does not seem
to increase the efficiency of DNA cleavage, but it strongly suppresses the transposition
activity and improves the odds of maintaining the genome integrity during the gene
recombination®334,

RAGT and RAG2 proteins
The human RAG1 contains 1043 amino acids (murine RAG1 contains 1040 amino acids) and
is composed of 7 distinct structural domains. It contains a catalytic site that is responsible
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for DNA cleavage®. The human and murine RAG2 is composed of only 527 residues and
has no direct contribution to DNA cutting, but enhances the RAG1 DNA cleavage activity
by hundreds of folds. The RAG2 is folded into a six-bladed B-propeller or Kelch-repeat
structure®®. The diverse domains in both RAGs can be categorized as either catalytically
essential “core” domains or “non-core” domains, which are dispensable for the enzymatic
activity but have a regulatory function®’. For instance, non-core RAG2, consisting of approx-
imately one-third of the full-length protein, mediates its nuclear localization, association
with specific histone-modified chromatin, and facilitates the long-range recombination
reactions®®-°, The non-core RAG2 also contains a zinc-binding domain called plant ho-
mology domain (PHD), which coordinates with two zinc ions, and it specifically binds the
histone H3 trimethylated on Lysine 4 (H3K4me3). Mutations in this region lead to severe
defects in V(D)J recombination activity and failure of RAG2-PHD to bind H3K4me3 and has
been linked to Omenn syndrome®'. Non-core RAG1 increases the efficiency and fidelity
of V(D)J recombination®*%3, An important feature in the N-terminal of non-core RAGT is
the zinc-binding dimerization domain (ZDD). ZDD contains two sub-domains, the C2H2
zinc finger and the Really Interesting New Gene (RING) finger, which act as an E3 ubiquitin
ligase mediating (auto)ubiquitination of Histone H3. Point mutations in this domain result
in decreased V(D)J recombination activity®*¢°.

Structural studies in mice and zebrafish revealed that RAG1 and RAG2 interact and form
together a Y-shaped heterodimer of 230kDa size, the RAG complex is composed of two
core subunits, forming a heterotetramer that holds the two paired DNA strands, where
RAG1 catalyzes the DNA nicking step. RAG2 is in particular responsible for stabilizing the
protein-protein interaction between the two halves of the RAG tetramer, and for conferring
the specificity to the interaction of RAG1 with the DNA substrate®®’,

Molecular mechanism of V(D)J recombination

V(D)J recombination is initiated by the RAG1/2 endonuclease heterotetramer,*® introducing
a single-stranded DNA nick in the RSSs flanking the two participating coding sequences
(Figure 2A and 2B) The RSSs contain conserved palindromic heptamer (CACAGTG) and
an AT-rich nonamer (ACAAAAACC), separated by 12 or 23 nucleotides of a less-conserved
spacer sequence. The nucleotide sequence of the RSS may vary, however, the gene re-
combination can (normally) occur only between genes flanked by the RSS segments, and
it is only efficient when it takes place between RSSs with different space lengths, this is
also known as the “12/23 rule”. In the recombination of T-cell receptor beta and delta loci,
additional spatial restrictions apply, so-called “beyond 12/23 restriction”®%, The RSSs are
limiting sequence structures required for V(D)J recombination; recombination on artificial
substrates can be successfully achieved in vitro and in vivo when the substrates are flanked
by canonical RSSs’®”". The orientation of RSS also determines if the joining of the coding
segments proceeds by inversion or by deletion of the intervening sequence’.
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Figure 2.

(A) Schematic representation of DNA cleavage process during V(D)J recombination. RAG1 and RAG2,
assisted by high-mobility group proteins (HMGB), binds the V(D)J segments (here represented by
the yellow/purple box) at recombination signal sequences (RSS) (represented by the yellow/purple
triangles). Next, a synapse is formed and nicked by the RAG1/2 at the RSS. The cleaved DNA is then
repaired in the process of non-homologous end joining (NHEJ), leading to the formation of a coding
joint (the recombines loci) and a formation of a signal joint, also called the excised signal circle “ESC”
(the intervening loci) (B) A more detailed schematic representation of the molecular mechanism of
V(D)J recombination. RAG1/2 recombinase introduces a nick on one DNA strand. Subsequently, the
free -OH group, created by the nick, attacks the other DNA strand by transesterification, leading
to the formation of a break at the other DNA strand, which ultimately creates a double-stranded
DNA break (DSB). A hairpin is formed at the broken end, and the Ku70 and Ku80 bind and stabilize
the loose DNA end, they also attract other proteins involved in the DNA repair process. To resolve
the DSB, first, the hairpin is opened by Artemis, which in the presence of DNA-dependent protein
kinase catalytic subunit (DNA-PKcs) acts as an endonuclease. Upon hairpin opening, the shorter DNA
strand is extended by the addition of palindromic nucleotides (P-nucleotides) at the coding end,
and the terminal deoxynucleotidyl transferase (TdT) further diversifies the junction by catalyzing
the addition of non-templated nucleotides (N-nucleotides). The ends are filled by the Polymerase
X family of polymerases (Pol u and Pol A) and finally, the broken DNA is sealed by Ligase IV/XRCCA4.
Created with BioRender.com



26 | Chapter2

More detailed studies of the initiation of V(D)J recombination revealed that DNA melt-
ing of the conserved RSS heptamer proceeds the nicking and suggested that the conser-
vation of the heptamer is determined by its ability to unwind at CAC/GTG sequences’.
Subsequently, trans-esterification takes place during which the nicked 3'OH of the coding
strand invades the opposite DNA strand, creating a DSB, which contains a closed hairpin
at the coding end and a blunt 5'RSS end (signal end). RAG1 and RAG2 are supported by
high-mobility group proteins belonging to the HMG-box family (HMGB1 and HMGB2),
which facilitate the association of two signal ends. The HMG proteins interact with the
nonamer-binding domain of RAGT even in the absence of DNA, amplifying its natural
DNA-binding activity”. Following the DNA cutting, Ku70 (also known as X-ray repair
cross-complementing group 5 or XRCC5) and Ku80 (also known as X-ray repair cross-com-
plementing group 6 or XRCC6) heterodimerize and bind the broken DNA ends and attract
DNA-dependent protein kinase catalytic subunit (DNA-PKcs), which controls the interac-
tion of the broken DNA ends. The Ku70/Ku80 heterodimer also attracts other factors con-
taining Ku-binding motifs’>’¢, Even though they form a heterodimer, striking differences
in their mutant phenotypes have been observed, while the ku80” mice were reported to
show early aging signs without the increased incidence of cancer, the ku70” mice exhibited
defective B-cell maturation and high incidence of thymic lymphomas’. Silencing of Ku70
in the Jurkat T-cell leukemia cell line resulted in accumulation of DSBs, cell cycle arrest,
and increased apoptosis as a consequence of the impairment of the DNA repair pathways
by the Ku70 deficiency’.

Next, from the four broken DNA ends two are covalently sealed forming a hairpin
(termed “coding end”), and the other two are blunt DNA ends (termed “signal ends”).
For this reaction no external energy is required, the necessary energy is derived from
the DNA breakage. The binding of RAG1/2 complex to the DNA does not form a covalent
complex and while the nicking occurs within minutes, the hairpinning might take several
hours™. Subsequently, the hairpins must first be opened in order to proceed with the
joining and repair of the broken DNA. A characteristic feature of V(D)J recombination is
the asymmetric processing of the signal and coding end. The blunt-ended signal ends can
directly be ligated with almost no processing, while the coding ends must first undergo
further processing, such as small deletions or small insertions®#, In the process of V(D)J
recombination, Artemis is a nuclease with an indispensable role in resolving and repairing
the DSBs. Artemis exhibits an inherent 5’-3'exonuclease activity while upon an association
with DNA-PKcs, Artemis acts as a 5-3’endonuclease. The hairpin is opened asymmetrically
on the coding end, creating a shorter and a longer strand. The shorter strand is extended
by the addition of nucleotides complementary to the longer strand, giving rise to the
insertion of palindromic nucleotides (P-nucleotides) at the coding end. These are never
observed at the signal end. In addition, the single-strand extensions increase the chances
of loss of nucleotides from the coding end, thereby further increasing the diversity of the
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antigen-binding sites®. In addition, the terminal deoxynucleotidyl transferase (TdT) fur-
ther augments the diversity of the junctional sequences by catalyzing the addition of the
non-templated nucleotides (N-nucleotides) to the coding ends. This process of junctional
diversification can potentially expand the diversity from around 10° up to 10" possible
combinations®. Typically, the ends are filled in by the Pol X family of polymerases, namely
Pol uand Pol A. Defects in these polymerases in mice resulted in shorter Igh and Ig/ D to J
and V to DJ junctions. Next, the Ligase IV/XRCC4 complex ligates the processed ends. This
DNA repair pathway is known as classical non-homologous end joining (c-NHEJ) where
Ku70, Ku80, Artemis, XRCC4, and DNA Ligase IV are considered to be indispensable for this
process, conserved throughout the evolution in different cell types®. Finally, the DNA be-
tween the two recombining segments is removed and covalently sealed at the signal ends,
forming a so-called excised signal circle (ESC). It has been estimated that the production
of every functional antigen receptor gene can generate up to 10 ESCs, depending on the
level of non-productive recombinations. ESCs are non-replicative elements that are likely
to be lost or diluted in the subsequent cell divisions&>8,

Aberrant V(D)J recombination and aberrant RAG mistargeting

Aberrant V(D)J recombination
Next to the typical outcome of the V(D)J recombination — the formation of the coding
and the signal ends, alternative outcomes have been reported. For instance, formation
of so-called "hybrid joints” (HJ) when the coding end of one exon is joined to the signal
end of another cleaved exon. Such events can occur in a small percentage of murine and
human B cells. HJs do not contribute to the repertoire diversity and their role in oncogenic
transformation remains inconclusive®. Increased formation of hybrid joints was observed
in mice harboring inactivating mutation in Nijmegen breakage syndrome 1 protein (NBS1).
NBST is part of the MRE11-RAD50-NBS1 complex (MRN), which plays a crucial role in DNA
repair. The NBST mutation was shown to promote DNA repair through the alternative
NHEJ pathway, known for its error-prone nature, often leading to small insertions or de-
letions®. In mice overexpressing coreRAG1 (cRAG1) and coreRAG2 (cRAG2) proteins, ex-
tremely high frequencies of HJ formation were observed as compared to cells derived
from mice overexpressing full-length RAG1 and RAG2, suggesting that the non-core RAG
regions suppress HJ formation under physiological conditions. In addition, leukemia that
the mice expressing cRAG1 and cRAG2 developed was more aggressive and showed more
genomic instability, as judged by the percentage of YH2AX-positive cells, which is a marker
for DSBs®?. However, the formation of HJ in endogenous wildtype/unmanipulated context
seems to be rather rare.

In other cases, the original pairs of coding and signal, cleaved by RAGs, are rejoined
leading to a formation of “open-shut joints”. These are rather difficult to detect if there are



28 | Chapter2

no further modifications of the joint®®. An in vitro cell-free RAG activity assay showed that
the truncated but catalytically active forms of RAG easily catalyzed the formation of hybrid
joints and open-shut joints suggesting that the full-length forms repress their formation.
The in vitro transposition activity of full-length RAG2 was dramatically reduced as opposed
to the full-length RAG1 transposition activity®'.

Several studies have shown that the ESCs do not seem to be as inert as initially thought,
and in fact, in various in vitro assays they display the capacity to re-integrate elsewhere in
the genome. However, it is supposed that the in vivo threat to the integrity of the genome
caused by RAG-mediated transposition is rather limited. Only a few in vivo RAG-mediated
transposition events have been described to date, and the evidence linking leukemia or
lymphoma cases to RAG-mediated transposition events remains inconclusive®*, The
RAG/ESC complex could, so far only theoretically, catalyse the formation of DSBs as it
still contains two RSSs (Figure 2A). It has been observed that upon cleavage of the ESC
is opened at the RSS but the RAG1/2, which is still bound to the ESC, is able to introduce
DSBs at the next RSS, a process termed as “cut-and-run”. Recently, a next-generation ge-
nome-wide sequencing of the leukemic B cells revealed similarities between the “cut-and-
run” breakpoints and the breakpoints observed in B-cell leukemia that harbor the ETV6/
RUNX1 chromosomal translocation®®*”. These studies argue that the lack of evidence is
caused by the limitations of the previously used techniques and suggest that the advanc-
es in the next-generation sequencing techniques of the whole genome could provide a
much better resolution of the genomic events, and thus in the future deliver the missing
evidence of RAG-mediated ESCs re-integration in lymphoid malignancies®®°.

RAG mistargeting

Sequences that resemble RSS, termed cryptic RSS (cRSS), were shown to be very abundant
in the vertebrate genome, with a remarkable estimate of one cRSS per each 600bp'. A
study employing genome-wide chromatin immunoprecipitation (ChIP) of RAG1 and RAG
in mouse pre-B cells, followed by next-generation sequencing (ChIP-seq), clearly demon-
strated that RAG1 and RAG2 binding in the genome is not solely limited to the /g loci, as
around 3400 RAG1 and around 18300 RAG2 binding sites were identified throughout the
genome of mouse pre-B cells. However, the presence of RSS alone seems to be a poor
indicator of RAG1-binding sites; the heptamer and cRSS sequences were even found to be
depleted from the RAG1-binding sites. Also, in this study no translocations were detected
of the selected examples of genes with high content of cRSS in their proximity, concluding
that RAG1/2 binding outside of the Ig/Tcr loci only rarely results in translocation events™.
On the other hand, the RAG2 binding throughout the lymphocyte genome coincided
significantly with regions containing high levels of histone H3 trimethylated at lysine 4
(H3K4me3)'*"1%2 which was not entirely surprising considering that the PHD finger of RAG2
was shown to specifically recognize and bind H3K4me3 in mammalian cells. Mutations
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that abrogate RAG2’s ability to bind H3K4me3 severely impaired V(D)J recombination in
vivo®. Furthermore, the junction analysis of mice bearing RAG2 with truncated C-terminus
showed the formation of genomic lesions in the proximity of cRSSs, including several
oncogenes'®, and similar lesions have also been observed in human pre-B cells derived
from B-ALL patients'®. Next to the lesions observed in the proximity of the individual
cRSS, the genomic events can also take place between pairs of cRSS. This may result in
a chromosome translocation as seen in several cases of human pre-T cells derived from
patients suffering from T-cell acute lymphoblastic leukemia (T-ALL), bearing recombina-
tion between TCR gene segments and the Ikaros locus (lkzf1)'®, neurogenic locus notch
homolog protein 1 (Notch1)'%, phosphatase and tensin homolog (PTEN)' or stem cell
leukemia (SCL)/ SCL interrupting locus (S/L)'%8109,

Besides being a sequence-specific recombinase, RAG1/2 has also been shown to rec-
ognize specific DNA structures and cleave DNA even without the presence of RSS motifs,
thus acting as a structure-specific nuclease, cleaving, for instance, heterologous loops
of G-quadruplexes'®™. For example, RAG1/2 shows 3'-flap endonuclease activity that is
able to remove single-strand (ss) extensions from branched DNA"2 In follicular lympho-
ma, non-B DNA structures were also identified around the BCL2 major breakpoint region
(Mbr) of the t(14;18) translocation, where the BCL2 gene is juxtaposed to the Igh locus. RAG
complex was shown to bind and nick at non-B DNA structures in the proximity of BCL2 Mbr,
resulting in double-strand breaks in vitro, thus demonstrating the transposase activity of
RAG1/2"3. Simple repeat sequences have also been shown to assume non-B DNA structures
and become a RAG1/2 target. For instance, CA-repeats were shown to function as a type of
cryptic RSS (cRSS) as RAG1/2 was able to cleave such structures™. In addition, the GC-rich
regions are also able to adopt structures such as hairpins, cruciform or triple-stranded
DNA, and the GC-rich motif 5-GCCGCCGGGCG-3’ was identified as RAG1/2 transposition
hotspot'™. In our study (manuscript under consideration) we identified RAG1/2-dependent
DSBs on genome-wide scale by using NBS1 ChIP-seq. Though the RAG1/2 DSBs were clearly
enriched at Ig light chain regions, where they associated with RSS motifs as expected, the
majority of the RAG-dependent DNA breaks were found outside of the /g loci and showed
no appreciable association with cRSSs. Interestingly, simple repeat sequences such as GA
and CA repeats, but also GC-rich motifs were found to be enriched in the 500-1000bp
proximity of the RAG1/2-dependent DSBs, further underscoring the propensity of the
repeat regions to become RAG1/2 target. Next to aberrant RAG1/2 targeting in developing
lymphocytes, the aberrant or persistent expression of RAG1/2 also represents a significant
threat to genome integrity, various aspects of which are outlined in the next chapters.
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RAGulation: the intricate regulation of RAG expression and activity

RAG1 and RAG2 proteins are regulated on multiple levels. In the next paragraphs, various
levels of RAG regulation are outlined.

Cell cycle and post-translational regulation

The cell cycle is an important regulator of RAG2 expression, ensuring that RAG2 is only
expressed in the GO/G1 phase, whereas it is almost undetectable in the S and the G2/M
phases of the cell cycle. The RAG2 availability is modified by cyclin-dependent kinases
(CDK), which initiate the rapid proteasomal degradation when entering the S phase. RAG2
is phosphorylated at Thr-490, which is a consensus substrate sequence for CDK2, CDK2, and
CDK4, providing the conserved degradation signal'¢. Consequently, V(D)J recombination
occurs exclusively in the G1 phase. In contrast to the cell cycle-dependent oscillation of
RAG2, the levels of RAGT remain rather consistent throughout the cell cycle'”.

Though not cell-cycle-dependent, post-translational modifications of RAG1 have also
been described. The N-terminus of RAGT contains a functional E3 ubiquitin ligase RING
domain™®. This domain has been shown to be involved in the ubiquitination of histone
H3 as well as RAG1 itself. Recently, it was found that mouse mutants carrying the P326G
mutation in the RAG1 RING domain accumulate RAG1 protein, likely due to the impaired
ability to degrade RAG1 through autoubiquitylation'*'?, Interestingly, we observed that
DNA damage negatively impacts the protein stability of RAG1. Specifically, in human pre-B
cell line harboring BCR-ABL1 translocation, co-treatment with the DNA damaging agent
neocarzinostatin (NCS) and the protein synthesis inhibitor cycloheximide (CHX) resulted
in a shorter RAG1 half-life compared to treatment with CHX alone, possibly due altered
post-translational modification of RAG1™'.

Spatial and temporal regulation

The subcellular spatial regulation of RAG proteins has been shown to be an important
regulator of V(D)J recombination. In T cells, the different regions of T-cell receptor b (Tcrb)
were shown to interact with the nuclear lamina and at the same time, the RAG2 abundance
in the nuclear periphery was found to be decreased. The spatial distributions of RAG2 and
the Tcrb locus may thus be involved in the regulation of V(D)J recombination by limiting
accessibility, and may even be one of the mechanisms enforcing allelic exclusion'?2. Not only
RAG2 but also RAG1 has been shown to be spatially regulated; in mouse pre-B cells RAG1
localized with nucleolar markers and disruption of nucleoli lead to increased V(D)J recom-
bination activity. The nucleolar sequestration of RAG1, controlled by N-terminal regions of
RAG], contributes to the regulation of the V(D)J recombination activity'. In addition, PAX5,
known mostly for being an important B-cell commitment factor controlling transcription,
also regulates the spatial positioning of chromatin towards the central nucleus regions
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ensuring active is in an extended state and promotes /g locus contraction'*. CCCTC-binding
factor (CTCF) is a zinc-finger protein with various functions in transcriptional regulation, was
also shown to influence chromosomal contacts genome-wide and on the /g locus through
CTCF-binding elements (CBEs), a 14bp conserved regions within the /g loci. Deletion of CTCF
hampers the B-cell maturation and arrests the cell at pre-B cell stage™>'%,

Protein aggregation

Protein aggregation and condensation were proposed to be an additional layer of requ-
lation of RAG expression and activity. In the absence of RAG2, the human RAG1 has been
shown to form aggregates scattered throughout the nucleus. RAG2 by itself does not ag-
gregate but interacts with RAG1 aggregates. The disruption of the RAG1 oligomers leads to
initiation of V(D)J recombination, as only the dimeric RAG1 form has the ability to interact
with RAG2 and RSS and thus exhibits the catalytic activity'. In addition, temperature plays
also a role in the self-association properties of RAG1'%,

Transcriptional regulation

Multiple cis-regulatory elements have been identified in the RAG locus, which restrict the
Rag expression during the development of B and T cells. Interestingly, these regulatory
elements differ in B and the T cells. While the murine and human Ragl promoters were
found to be active in lymphoid and non-lymphoid cell lines,'”® the Alt group showed
that the 2-kb and 2-7kb 5’ regions upstream of the Rag2 promoter can independently
drive the development of murine B cells but not T cells.*°. Multiple transcription factors
binding both promoters were identified, including PAX5, specificity protein1 (SP1), lym-
phoid enhancer-binding factor-1 (LEF1), myoblastosis viral oncogene homolog (c-MYB),
nuclear transcription factor Y (NF-Y), the longest isoform of B-cell ymphoma/leukemia
11A (BCL11A-XL) and Myc-associated zinc finger protein (MAZ)*'-'**, Similar to the previous
finding, the Muraguchi group identified, using a gene reporter assay, two enhancer ele-
ments in the 5’-upstream region of Rag2, one of which (D3) was not active in CD4*CD8" or
CD4+CD8" thymocytes, but only in CD4-CD8" lymphocytes, specifically in B220*IgM-, but
not in B220*IgM", cells in the bone marrow. This suggests a strict lineage and developmen-
tal stage-specific regulation of Rag2 by the cis-regulatory enhancer elements®®.

Erag was discovered to be a bona fide B cell-specific Rag enhancer, identified ~22kb
upstream from the Rag2 promoter. Deletion of Erag results in a dramatic decrease of Rag
expression and a partial block in the development of B cells, but not T cells’®. Multiple
transcription factors were shown to bind the Erag enhancer and positively regulate its
activity such as forkhead box O1 (FOXO1), forkhead box P1 (FOXP1), and E2A™®, Loss of
FOXP1 transcription resulted in severe impairment of B-cell development and function™®.
Decreased FOXO1 protein levels diminished the transcription of the Rag locus, impaired
development and receptor editing of primary bone-marrow B-cells'*. The Erag is nega-
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tively regulated by Gfilb, Ebf1, and c-Myb'"'%2, The chromosomal architecture of the Rag
locus is further summarized in great detail elsewhere':.

Signaling pathways controlling RAG expression

The many signaling pathways and their interplay at the different stages of B-cell devel-
opment are still the subject of active investigations. In this section, important signaling
pathways that affect Rag expression are summarized, amongst which are IL7 receptor
(IL7R) signaling, pre-B cell receptor (pre-BCR) signaling, and B-cell receptor (BCR) signaling.

IL7R signaling

Developing B cells in the bone marrow receive proliferative signals from stromal cells. Prior
to the gene recombination, the processes in early pro-B cells are controlled mainly by the
IL7 receptor (IL7R) and two tyrosine kinase receptors: c-kit and FIt3, activating downstream
signaling pathways that are interconnected. The binding of stem cell factor present on BM
stromal cells causes dimerization and transphosphorylation of the c-kit receptor, which
leads to an activation of various downstream pathways, including phosphatidylinositol-3
kinase (PI3K) and mitogen-activated protein kinase (MAPK), which are signaling path-
ways that promote survival and proliferation™“. Similar to c-kit, FIt3 also dimerizes upon
binding of the FIt3-ligand (FIt3L) and activates Ras and PI3K pathways, further stimulating
the proliferation of developing B cells'. Upon binding of IL7 to the IL7a chain, the IL7a
and IL7y subunits heterodimerize, which results in an activation and transmission of the
signals through pathways including the Janus kinase/signal transducer and activator of
transcription (JAK/STAT) and the PI3K/AKT pathway. In developing B cells, the PI3K/AKT
activation inhibits forkhead box O1 (FOXO1) and forkhead box O3 (FOXO3) transcription
factors through AKT-mediated phosphorylation,'¢'¥” which causes their nuclear export,
sequestration, or degradation.'*® B-cell specific deletion of Foxol using the conditional
CD19-Cre mouse model showed only a partial block in B-cell development, suggesting a
certain degree of redundancy with other transcription factors. However, the peripheral
lymphoid organs from these mice clearly showed an aberrant representation of B-cell
subsets, and even B220* B cells without surface Ig were detected'*. Similarly, FOXO3a
deficient mouse shows a lower number of pre-B cells but not a complete block™s.

IL7R activation triggers association of JAK1 with JAK3. The activated tyrosine kinases
phosphorylate in return the a-subunit of IL7R, which creates binding sites for STAT pro-
tein. Amongst the 7 different STAT proteins, the STAT5a and STAT5b isoforms mediate
the IL7R specifically in developing lymphocytes™®. STAT5 conveys the survival signals in
developing B cells by activating pro-survival factors such as B-cell ymphoma 2 (Bcl2), B-cell
lymphoma extra-large (Bcl-xl), and myeloid cell leukemia sequence 1 (Mcl1)"*". In addition,
STATS5 increases the expression of Ccnd3, encoding for Cyclin D3, which drives prolifera-
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tion. The proliferative signals resulting from IL7R/STAT5 activation, mediated through the
MAPK pathway, result in FOXO1 inhibition, which also keeps the expression of Ragl and
Rag2 low™2 In addition, the extracellular signal-regulated kinase (ERK)/ mitogen-activated
protein kinase (MAPK) pathway also regulates E2A (also known as TCF3), which is a RAG
transcription factor and a regulator of /g light chain accessibility >34,

Figure 3.

(A) Schematic representation of the interplay between IL7R signaling and pre-BCR signaling.
The signals from IL7R activate PI3K/AKT, which on the one hand negatively regulates Rag1/2
transcription factor FOXO1, and on the other hand activates NF-kB, which in turn further suppresses
RAG expression. Moreover, the IL7 signals activate the JAK/STAT5 pathway, which in turn leads to
the upregulation of anti-apoptotic proteins, such as Bcl2 or Bcl-XL, but also to the upregulation of
CyclinD3 which drives cell proliferation. The pre-BCR counteracts many of the IL7R-driven signals.
For instance, AKT signaling is inhibited through pre-BCR-driven B-cell linker (BLNK) upregulation.
BLNK also drives the expression of interferon regulatory factor 4 (IRF4), which helps to counteract
the IL7R-mediated proliferative signals through Aiolos and Ikaros. IRF4 also increases Ig light chain
availability and promotes the binding of RAG1/2 transcription factor E2A to the RAG promoter. The
pre-BCR driven extracellular signal-regulated kinase (ERK) and mitogen-activated protein kinase
(MAPK) signals further aid to counteract the IL7R proliferative and pro-survival signals. (B) Schematic
representation of BCR-mediated signals regulating RAG expression. Tonic BCR signaling activates
the PI3K/AKT pathway, leading to the downregulation of the RAG1/2 transcription factors FOXO1
and FOXO3. Antigen-dependent BCR signaling activates NF-kB, which conveys the pro-survival and
proliferation signals. Created with BioRender.com

pre-BCR signaling
Following the successful V- to (D)J- recombination at the heavy chain (HC), resulting in
the expression of uHC, giving rise to the pre-B cell receptor (pre-BCR), composed of uHC
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homodimer, two surrogate light chains (SLC) and the Iga and Igf units which possess the
signaling capacity . At this stage, the rapid clonal expansion comes to a halt, mainly
because of the cell-cycle arrest, which is required for the Ragi/2 expression and Ig gene
recombination. The pre-BCR signal promotes the expansion of large pre-B cells, which
remain dependent on IL7 signaling. The IL7R-induced STATS5 signaling also inhibits the Igk
recombination, presumably through direct binding to Igk intron enhancer’®¢'*’, Therefore,
in order to initiate Igk or IgA recombination, IL7 signaling must attenuate so that the large
pre-B cells can escape their proliferative state. The crosstalk between the IL7R signaling
and the pre-BCR signaling ensures successful progression of B-cell development and the
maintenance of genome integrity by ensuring that proliferation and gene recombination
are mutually exclusive.

Importantly, pre-BCR signaling has the ability to counteract the IL7-dependent pro-
liferation of pre-B cells through B-cell linker (BLNK)-mediated inhibition of the PI3K-AKT
pathway'™8'%°, The rapid clonal expansion is limited by the pre-BCR-driven RAS-ERK sig-
naling pathway that operates to diminish proliferation. This occurs through the activation
of the developmentally restricted transcription factor Aiolos (an lkaros family member
encoded by lkzf3'%"). Aiolos then suppresses the transcription of Myc and Cyclin D3. In
addition, in response to pre-BCR signaling, BLNK also mediates upregulation of interfer-
on regulatory factor 4 (IRF4), which on the one hand further enhances the expression of
Ikaros and Aiolos, aiding to limit the cell proliferation, and on the other hand, promotes
light chain rearrangement by attenuating the IL7 signaling and promoting the binding of
E2A to Rag promoter'¢©162,

BCR signaling

BCR serves as a regulator controlling the initial stages of development within the bone
marrow. Even in the absence of an antigen, in resting B lymphocytes, there is an observ-
able low-level phosphorylation of signaling intermediates, so-called “tonic signaling”,
driven by the surface expression of BCR. The tonic BCR signaling is crucial for cell survival
and its deletion results in loss of mature B cells'®3. These survival signals are mediated
primarily through PI3K: while constitutive activity of nuclear factor kappa B (NF-kB) or
MAPK or overexpression of BCL2 failed to prevent the loss of mature B cells in B cells with
conditionally deleted BCR (BCR™9cells), the conditional PI3K signaling was sufficient to
sustain the survival of mature B cells in BCR™9cells'®*. Following the discovery of AKT being
the effector of PI3K'®, it has been demonstrated that Akt (also known as protein kinase B
or PKB) is recruited to the membrane and activated downstream of BCR'¢. In immature
B cells with competent BCR the tonic BCR-signaling is low, which was shown to turn off
RAG expression through the downstream effectors of PI3K: AKT, but also phospholipase
C (PLC)gamma?2 (PLCy) and Bruton'’s tyrosine kinase (BTK)™%'6”¢8 and in this way thought
to protect the stability of the genome in developing B cells against excessive RAG1/2 ac-
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tivity. Interestingly, it has also been shown that in Btk/SIp65-deficient mouse pre-B cells,
malignancies can also arise independently from V(D)J recombination'.

Additionally, BCR signaling plays a crucial role in initiating processes such as clonal
deletion and receptor editing, which are essential for removing autoreactive B cells. As
opposed to the cells with competent BCRs, the immature B cells with a self-reactive BCR
lacking CD19, which functions as a BCR co-receptor, show attenuated PI3K activation. Also,
the self-reactive immature B cells show increased tonic BCR signaling leading to re-expres-
sion of RAGs in the effort of the self-reactive B cell to attempt to “edit” the autoreactive
BCR and escape apoptosis?. B cells undergoing receptor editing internalize the BCR, which
leads to a decrease in PI3K/AKT signaling'”°. Already in the 1980s, the notion was put for-
ward that NF-kB is a critical trans-acting factor that mediates the B-cell-specific expression
of Igk genes'”’. The NF-kB transcription factor family consists of five proteins: RelA (also
known as p65), RelB, c-Rel, p100, and p150. The p100 and p150 are precursors, which after
proteolysis produce p50 and p52 subunits'”2. The p50 subunit was shown to suppress
Rag1 and Rag2 expression in mice. Members of NF-kB were shown to associate with the
RAG locus and this transcriptional regulation was demonstrated to be limiting for Ig/ gene
recombination'3. Another study showed that crosslinking of the BCR by self-antigen signals
through NF-kB drove the IRF4 expression and thereby increased the accessibility of Ig/ to
RAG1/2 endonuclease and enabling receptor editing'®2.

Besides the role in receptor editing and allelic exclusion, the NF-kB signaling pathway
was shown to have an important role in RAG1/2 regulation and B-cell development. Sin-
gle-gene knock-in/knock-out experiments, involving the manipulation of a single gene
within the NF-xB pathway occasionally yielded conflicting outcomes likely attributed to
redundancies existing between the classical and alternative pathways. However, even
more sophisticated mouse models targeting both pathways or simultaneously deleting
several NF-kB components, did not always provide consistent results, all of which make
studying NF-kB a challenging task, as illustrated by the following examples: mice express-
ing a dominant negative form of IkBa. showed reduced numbers of pre-B cells, probably
due to the altered expression of PAX5 and IRF474. The deletion of p100 led to the activa-
tion of the alternative NF-xB pathway through a process involving the liberation of NF-xB
dimers. Normally, p100 functions as an inhibitor of the alternative pathway by sequestering
NF-xB dimers, particularly RelB/p52 complexes, in an inactive form within the cytoplasm.
However, upon deletion of p100, this inhibition is alleviated. Such constitutive activation of
the alternative NF-xB through p100 deletion showed arrested B-cell development at pro-B
cell stage'. However, in other studies, the constitutive activation of the alternative NF-xB
pathway 76 or the classical NF-xB pathway 77 showed no impact on B-cell development in
bone marrow. TNF receptor-associated factors 2 and 3 (TRAF2 and TRAF3) participate in the
NF-xB pathway, namely, they inhibit the alternative NF-kB pathway by targeting NF-«B-in-
ducing kinase (NIK) for ubiquitin-mediated degradation and thereby preventing the p100



36 | Chapter2

precursor from forming p52'78. A B-cell specific TRAF2 and TRAF3 double deficiency in mice
caused B cells to be more resistant to DNA damage-induced apoptosis, probably due to
cellular inhibitor of apoptosis 2 (clAP2) and X-linked inhibitor of apoptosis (XIAP), which
in turn attenuates caspase-3 activation. However, in this model, apart from oligoclonal
B-cell repertoire, no evidence was found that TRAF2/3 double deficiency would induce
genomic instability in primary B cells"’?. Another more recent study generated mice that
have either or both NF-«B pathways constitutively active as of the early pro-B cell stage,
by crossing the TRAF3 conditional knock-out mice (Traf3™®) and the lkB-kinase 2 (IKK2)
transgenic mice (IKK2%) mice, which lead to a systemic loss of B cells'®°. In one of our
studies, we demonstrated that in murine cycling pre-B cells, NF-kB signaling represses
RAG expression through the inhibition of CDK4 and FOXO1 and thereby protects pre-B
cells from RAG-induced genomic instability. Interestingly, we showed that AKT signaling
at this stage feeds into the NF-kB/FOXO1 axis and potentiates its inhibitory effect on RAG
expression. Furthermore, NF-kB and AKT also inhibit RAG expression in primary human
pre-B acute lymphoblastic leukemia cells from patients. Therefore, targeting parts of this
regulatory pathway with new therapies could accidentally increase the risk of malignant
pre-B cell transformation by allowing uncontrolled RAG expression''.

The regulatory function of RAG-induced DSBs

Throughout their development, B cells have to repeatedly deal damage to their genetic
material. Next to homeostatic sources of DNA damage, B cells sustain DNA damage as a
result of V(D)J recombination during development and as a result of CSR and SHM upon
activation and antigen encounter. Though DNA breaks can have devastating effects on
genome integrity, they can also be exploited for precise regulation of various biological
processes or decision-making activities.

The DSBs trigger a conserved DNA damage response (DDR) in order to repair the ge-
netic lesions, such a response is shared by most cell types. Sometimes, the activation of
DDR kinases results in cell-type specific processes that do not have a known function in
DNA damage repair, but instead seem to regulate other processes'®2. There are 2 central
kinases in DDR: ATM kinase and ATM- and Rad3-related kinase (ATR). ATM is recruited to the
sites containing DSBs upon MRN activation'. ATR primarily responds to a broad spectrum
of DNA damage lesions, including single-stranded DNA. Both ATM and ATR are essential
for checkpoint responses to the DSBs. Upon binding to the MRN complex, ATM activation
takes place through autophosphorylation, which subsequently activates the heterodimer
of KU70 (XRCC6) and KU8BO0 (XRCC5) and other kinases involved in DNA repair'8+185,

The DSBs-induced phosphorylation of ATM at Ser'*®' subsequently initiates phosphoryla-
tion of checkpoint kinase 2 (Chk2) at Thr68. Once activated, Chk2 phosphorylates more than
20 different proteins, mainly involved in cell cycle progression and apoptosis, such as p53,
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MDM4, and E2F1'8¢-'8, The Chk2-mediated stabilization of p53 drives the transcription of
p21Pand halts the progression of the cell cycle through inhibition of CDKs'™°. In developing
B cells, the RAG1/2-generated DSBs were shown to activate apoptotic factors that promote
cell survival to enable additional V(D)J recombination events, for instance, Igk-derived DSBs
were shown to promote p53-mediated activation of the pro-apoptotic BAX protein as well
as the ATM-mediated up-regulation of the pro-survival protein Pim2'®°. The balance be-
tween the pro-apoptotic and the pro-survival signals determines the outcome.

Our lab demonstrated that in response to external or RAG-derived DSBs, several related
negative feedback mechanisms are triggered that limit the availability of RAG1 and RAG2,
thereby dampening the V(D)J recombination activity, and thus preventing further genomic
instability. The activation of ATM, as a response to external, but also to the RAG-created
DNA breaks, resulted in the rapid downregulation of RAG1 and RAG2 expression. This
downregulation was shown to be mediated on one hand through the ATM-dependent
release of FOXO1 from binding to Erag, and on the other hand by ATM-dependent re-
duction of FOXOT1 levels. Strikingly, PI3K/AKT did not show any involvement in the DNA
damage-mediated downregulation of RAG1/2, suggesting under the genotoxic stress
conditions, this pathway does not regulate RAG expression, unlike observed under the
normal, non-stressed conditions'?'. In addition, our work also indicates that the ATM-medi-
ated activation of p53 constitutes an additional regulatory circuit, resulting in decrease of
FOXPT1 levels, possibly through the p53-dependent activation of microRNA-34a (miR-34a),
which targets and downregulates FOXP1 expression, and thereby limits the expression
of RAGs in response to external and RAG-mediated DSBs (Ochodnicka-Mackovicova et al,
manuscript under consideration). In this negative feedback regulation, the RAG-depen-
dent DSBs limit themselves and protect the genomic stability of B cells from excessive
RAG activity (Figure 4).

The RAG-induced DSBs introduced on one Igk allele suppress, through ATM signaling,
RAG expression and thereby suppresses RAG-mediated cleavage on the other allele, con-
tributing to Igxk allelic exclusion. It was demonstrated that immature B cells from ATM-de-
ficient mice demonstrated increased frequencies of bi-allelic cleavage at Igh and Igl. It was
proposed that the activation of ATM results in the down-regulation of growth arrest and
DNA damage-inducible alpha (GADD45a), which subsequently represses its targets Rag1
and Rag2®"'. It has been proposed that in this way, the RAG activity creates a negative
feedback loop limiting its own expression and protecting the genomic stability, though
in our previous study, the genotoxic stress in mouse v-Abl-transformed pre-B cells did not
confirm the ATM-dependent effect on the levels of GADD45a'*".

In eukaryotic cells the DSB-prompted ATM activation initiates phosphorylation of the
histone variant H2AX at Ser', giving rise to so-called YH2AX. yH2AX accumulates in the
proximity of the DSBs and serves as a landing pad for other components of the DDR cas-
cade™. In murine cells, yH2AX promotes the hairpin processing by Artemis. In the absence
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of yH2AX, carboxy-terminal binding protein (CtBP)-interacting protein (CtIP) endonuclease
takes over the hairpin opening and processing activities. Though CtIP can open the hairpin,
in G1-phase lymphocytes the CtIP-generated joints are not efficiently processed by NHEJ.
CtIP uses microhomologies to process the joints, which results in frequent chromosomal
deletions. Thus, the DSBs-recruited YH2AX ensures the maintenance of genomic integrity
in the G1 phase'2

Figure 4.

Schematic depiction of B-cell-specific requlatory processes impinging on RAG expression triggered
by the formation of DSBs. The formation of DSBs leads to autophosphorylation of the DNA damage
sensor Ataxia-telangiectasia mutated (ATM). The activation of ATM triggers several negative feedback
mechanisms that limit the expression of RAG1 and RAG2, such as the inhibition of FOXO1 and
FOXP1 transcription factors either directly or through downstream intermediates. The ATM-driven
stabilization of p53 drives the expression of miR-34a, which is a negative regulator of FOXP1. Next
to the effect of DSBs on RAG expression, the activated ATM also triggers the DNA damage response,
activates cell-cycle arrest, and, depending on the extent of the DNA damage, the pro-apoptotic or
the pro-survival and differentiation signals. Created with BioRender.com

RAG: driver of lymphoid malignancies

Acute lymphoblastic leukemia (ALL) is the most common pediatric cancer in developed
countries, accounting for 81% of childhood leukemias and one-third of all cancers diag-
nosed in children of age 0-14 years'3. ALL is characterized by the rapid proliferation of
lymphoid progenitor cells. B-cell acute lymphoblastic leukemia (B-ALL) originates from
abnormal progenitor B cells, while T-ALL originates from abnormal progenitor T cells.
These malignant progenitor cells, immature lymphoblasts, do not mature properly and
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instead, they accumulate in bone marrow, crowding out the normal cells. The presence
of mutations, translocations, or other genomic abnormalities is a hallmark of ALL. There
are several hypotheses regarding the underlying cause and mechanisms that give rise
to B-ALL, including the so-called “2 hit theory” postulating that for the development of
cancer, at least 2 different mutations are needed: suggests that two separate genetic mu-
tations are necessary for the development of cancer. The first hit, often a dominantly
inherited predisposition to cancer may entail a germline mutation. The second hit occurs
when the other copy of the gene also becomes mutated, either through environmental
factors (like exposure to carcinogens) or random errors in DNA replication. This second
mutation is usually acquired later in life. This model helps explain why certain individuals
with a hereditary predisposition to cancer may be more susceptible to developing the
disease and why cancer development often involves multiple genetic alterations'. The
most prevalent chromosomal lesion in ALL is the £(12;21)(p13;922) translocation, creating
the ETV6/RUNXT fusion gene (also known as TEL/AMLI1)'. This translocation is present in
25% of the childhood ALL cases™®. The detection of ETV6/RUNX1 fusion gene presence in
the neonatal blood suggests that the first event takes place in utero. Moreover, the ETV6/
RUNXT fusion gene is present in 1-5% of newborns, but the actual incidence of ETV6/
RUNXT* B-ALL is much lower (0.0001%), suggesting that a secondary hit is needed for the
malignant transformation and the development of clinically relevant B-ALL'®"”. The ETV6/
RUNX1 gene product was associated with increased levels of reactive oxygen species
(ROS)™8. It has been proposed that the ROS-mediated formation of DSBs may be one of the
sources of genomic instability, delivering the secondary hits'°. Because RAG1/2 is a source
of DBSs in progenitor B cells, its dysregulation was also suspected to be a significant source
of secondary mutations. Exome and whole-genome DNA sequencing of ALL cells carry-
ing ETV6/RUNX1 translocation revealed the presence of RSS motifs near the translocation
breakpoints, as well as the presence of N-nucleotides at the junctions, a typical signature
of RAG activity”. Inactivating deletions in PTEN are detected in 8% of childhood T-ALL
cases. The breakpoints in PTEN inactivation deletions were found to be flanked by cRSS
and the presence of N-nucleotides inserted in between the breakpoints, implicating ab-
errant RAG1/2 activity'2%. Besides the ETV6/RUNXT* cytogenetic subgroup, hyperdiploid
B-ALL cases revealed recurrent RAG-mediated copy number alterations (CNAs) in genes
including PAX5, IKZF1, and ETV6. In addition, hyperdiploid B-ALL shows frequent mutations
in receptor tyrosine kinase (RTK)-RAS pathways and mutations affecting histone modifi-
ers?®', The BCR-ABL1 translocation, or the so-called Philadelphia chromosome-positive
ALL (Ph*ALL), constitutes approximately 5% of childhood ALL cases and 20% of adult ALL
cases?®, In adult cases of B-ALL carrying the BCR-ABL1 t(9;22) translocation, the presence
of cRSS and N-nucleotides was reported in the breakpoint regions, as well as abundant
RAG binding in the breakpoint proximity®.
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The notion that there might be a causal relation between infectious diseases and the
development of ALL is now more than 100 years old**. It has been observed that infants
in highly sanitized environments in developed societies experienced delayed exposure to
infections. As a result, when they did encounter these infections, theirimmune responses
were prolonged and exaggerated, leading to significant collateral damage. On the other
hand, early exposure to common infections reduced this risk. Systemic introduction of
vaccination programs in early childhood significantly decreased the risk of childhood
ALL, presumably by reducing the chronic infections and the responses they instigate?°52%.
Indeed, repeated exposure to inflammatory stimuli has been shown to drive RAG1/2 and
AID, which did not only enhanced the genetic diversity within B cells but also facilitat-
ed the acquisition of genetic abnormalities, thus promoting the clonal evolution toward
leukemia®®, For instance, the detailed analysis of the breakpoints provides evidence that
the chromosomal recombination in human B-cell malignancies may originate from the
collaboration between RAG1/2 and AID?°72%¢, though the expression of these 2 enzymes
was thought to be strictly segregated and confined to specific developmental stages of
the B-cell development™. Taken together, all these findings underscore the potential threat
that V(D)J recombination, SHM, and CSR pose to B cells throughout their development and
maturation and the need for tight regulation of these processes.

Concluding remarks and future perspectives

Next to the conceptual breakthroughs in the topic of gene recombination from several
decades ago, also in recent years, important discoveries have been made, especially adding
to our understanding of RAG1/2 binding, targeting, and regulation. It became clear that
the gene recombination system evolved in a way that allows for the generation of a stag-
gering diversity in antigen receptors, at the expense of the risk imposed by the generation
and repair of DNA breaks. In lymphocytes these risks are mitigated by various regulatory
mechanisms, protecting the stability of their genome.

The DNA breaks generated by V(D)J recombination have important regulatory func-
tions, activating DDR responses, which in return control the availability of their substrates.
On the signaling level, ATM, p53, and NF-kB pathways, activated by the DSBs, seem to on
one end converge towards the same effect — control of RAG1/2 endonuclease availabil-
ity and the V(D)J recombination efficiency'"7"819 and at the same time branch out to
influence many other cellular processes as well. The qualitative and temporal crosstalk
between these pathways is not fully understood yet.

The occurrence of genomic lesions resulting from the off-target V(D)J recombination
and the RAG1/2 activity seems to be rare, despite the genome-wide binding of RAG1
and RAG2 in mouse lymphocytes™. In cell systems that are unable to repair the DSBs, the
location of the off-target RAG-dependent DSBs can be studied in more detail and the
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results can provide valuable insights into the off-target preferences of RAG1/2 recom-
binase (Ochodnicka-Mackovicova K et al, manuscript under consideration). In addition,
understanding how cells maintain genome stability may provide insights into mutagenic
processes in other cell types as well.

The exploration of links between the B-cell-specific regulatory pathways and lymphoid
malignancies may provide insights into novel targeted therapies. For instance, tyrosine
kinase inhibitors, and specifically, ABL kinase inhibitors have already revolutionized the
treatment of Philadelphia chromosome-positive B-ALL. The PI3K/AKT or mTOR pathway
inhibitors (e.g., idelalisib or everolimus) showed promising results in inhibiting leukemia
cell proliferation and enhancing the cytotoxic effects of chemotherapy*®-2". Targeting the
anti-apoptotic BCL2 (e.g. venetoclax) has demonstrated efficacy in inducing apoptosis and
enhancing the sensitivity of leukemia cells to chemotherapy?™. Inhibitors targeting JAK/
STAT proteins (e.g., ruxolitinib) may disrupt aberrant signaling and inhibit leukemia cell
growth?®2" Immunotherapies targeting pre-B cell surface marker CD19, such as chimeric
antigen receptor (CAR) T-cell therapy and bispecific T-cell engagers (BiTEs), redirect the
patient’s immune system to selectively eliminate leukemia cells expressing CD19%'>26,

Additionally, investigating the role RAG-induced genomic instability in cancer devel-
opment could lead to new diagnostic and prognostic advances. For instance, expression
patterns of specific microRNAs hold promise for non-invasive early detection. In chronic
lymphocytic leukemia (CLL), low expression of miR-34a was associated with shorter overall
survival and worse responses to fludarabine, cyclophosphamide, rituximab (FCR) therapy.
MiR-34a is induced in response to DDR activation and p53 stabilisation and was shown to
limit the BCR signaling in CLL during DDR by down-modulating FOXP1?"". Overexpression
of miR-196b has been associated with poor prognosis and chemotherapy resistance in B
cell ALL. It regulates the expression of HOXA9, a transcription factor involved in hemato-
poietic development, and contributes to leukemogenesis by promoting cell proliferation
and inhibiting apoptosis?'.
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Abstract

In developing B cells, V(D)J gene recombination is initiated by the RAG1/2 endonucle-
ase complex, introducing double-stranded DNA breaks (DSBs) in V, D, and J genes and
resulting in the formation of the hypervariable parts of immunoglobulins (Ig). Persistent
or aberrant RAG1/2 targeting is a potential threat to genome integrity. While RAG1 and
RAG2 have been shown to bind various regions genome-wide, the in vivo off-target DNA
damage instigated by RAG1/2 endonuclease remains less well understood. In the cur-
rent study, we identified regions containing RAG1/2-induced DNA breaks in mouse pre-B
cells on a genome-wide scale using a global DNA DSB detection strategy. 1489 putative
RAG1/2-dependent DSBs were identified, most of which were located outside the /g loci.
DNA sequence motif analysis showed a specific enrichment of RAG1/2-induced DNA DSBs
at GA- and CA-repeats and at GC-rich motifs. These findings provide further insights into
RAG1/2 off-target activity. The ability of RAG1/2 to introduce DSBs on the non-Ig loci during
the endogenous V(D)J recombination emphasizes its genotoxic potential in developing
lymphocytes.
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Introduction

During lymphocyte development in bone marrow, each lineage-committed B-cell under-
goes V(D)J recombination to assemble functional gene segments that encode the heavy
and the light chain variable regions of its antibody. These regions are critical for antigen
recognition and antigen binding. V(D)J recombination is initiated by RAG1/2 endonuclease
by binding the recombination signal sequences (RSS) flanking each variable (V), diversity
(D), and joining (J) gene segment and consisting of conserved heptamer and nonamer
sequences, separated by a less conserved spacer region. The cleavage of DNA by RAG1/2
endonuclease occurs in a coordinated manner, RAG1/2 first introduces a single-stranded
nick between the heptamer and the gene segment. This creates a 3" hydroxyl group which
then attacks the other strand and generates a double-stranded DNA break (DSB). This step
is also referred to as hairpin formation because it generates a covalently sealed hairpin at
the end of the gene segment’. Hairpin formation only occurs in the paired complex and
is thought to take place simultaneously at the two RSSs. The two blunt RSS ends are fused
by classical non-homologous end-joining (c-NHEJ) pathway in which Artemis plays a piv-
otal role in successful gene recombination by opening the end-associated hairpins®3. The
created DSBs are detected by the MRN complex, consisting of meiotic recombination 11
(MRET1), RAD50, and Nijmegen breakage syndrome 1 (NBS1; also known as Nibrin), which
binds the DNA in the proximity of the DSBs*.

B-cell acute lymphoblastic leukemia (B-ALL) is one of the most common cancers af-
fecting all age groups. In individuals under 20 years of age, it is the leading cause of can-
cer-related death. It is characterized by a high degree of genomic instability. A number
of genomic aberrations have also been associated with B-ALL, including fusions such as
ETV6-RUNX1, BCR-ABL1, mutations in IKZF1, ZEB2, MEF2D rearrangement or PAX5 tandem
duplication®”. In the last decades, thanks to new innovative treatment options, the sur-
vival of young B-ALL patients improved dramatically®®. Nevertheless, the true root cause
of the molecular formation of these genomic alterations remains not entirely understood.

Mistargeted activity of RAG1/2 recombinase can lead to an inappropriate DNA cleav-
age, resulting in to DNA breaks at unintended sites. Such genomic instability events may
create a favorable condition for the acquisition of an oncogenic event. Several transloca-
tions or fusions have been described in B-ALL patients that bear signs of RAG1/2 activity',
including ETV6/RUNXT gene fusion' or PAR1 deletion, where a conserved RSS was found
near the breakpoint or E2A-PBX1 translocation that harbors non-template nucleotides
reminiscent of V(D)J joint™.

Previous studies showed that RAG1 and RAG2 binding to DNA in B and T cells is not
exclusively limited to /g and Tcr genes. In fact, thousands of RAG1 and RAG2 binding sites
were identified throughout the genome in mouse lymphocytes. Though outside of the
Ig loci the presence of RSS was shown to be a poor predictor of RAG1 binding, a robust
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accumulation of RAG1 and RAG2 was demonstrated near the cryptic RSS (cRSS), which
are sequences that structurally resemble the canonical RSS. Interestingly, no endogenous
recombination events were detected in the tested gene pairs of thymocyte genomes,
concluding that despite the promiscuous RAGT and RAG2 binding, recombination events
must be rather rare™'. In extrachromosomal V(D)J recombination assays, or cell systems
with artificially introduced cRSS-containing constructs, RAG1/2 was demonstrated to bind
and cleave the non-Ig loci*'*'. However, the off-target activity of RAG1/2 in endogenous
chromosomal V(D)J recombination context in pre-B cells is less well described.

In this study, we aimed to identify off-target RAG1/2-dependent DSBs on a genome-wide
scale in in vivo endogenous chromosomal V(D)J recombination context, using pre-B cells
that can be induced to undergo immunoglobulin kappa light chain (/gk) recombination,
expressing endogenous levels of RAG1/2, but that are unable to repair the DSBs. We made
use of Artemis-deficient mouse v-Abl/Eu-Bcl2 pre-B cells where Artemis deficiency pre-
vents the hairpins of the coding ends from being opened, thus leading to accumulation of
the RAG-dependent DNA breaks that would otherwise be quickly resolved by c-NHEJ. We
used the DNA-bound repair protein NBST1 as a proxy of coding ends. NBS1, being a member
of the MRN DNA repair complex, binds the DNA in close proximity to DSBs. Performing
an NBS1 chromatin immunoprecipitation followed by massive parallel sequencing (ChIP-
Seq) in the pre-B cells undergoing Igk recombination allows genome-wide determination
of the position of DSBs, as has previously been demonstrated in a study investigating
the off-target AID-derived DNA breaks in splenic B cells”. Comparing the NBS1 ChIP-Seq
profiles of RAG-proficient pre-B cells to the RAG2-deficient cells allowed us to select and
analyze the RAG-dependent DSBs. Using this approach, we identified 1489 RAG1/2-de-
pendent DSBs throughout the genome. One of the common features of the off-targets is
the presence of simple sequence repeats in the proximity of the putative RAG off-targets,
further underscoring the vulnerability of such regions to DNA damage.

Material and methods

Cell culture and small molecule compounds

Mouse v-Abl transformed B-cell lines were used as a model to study the off-target ac-
tivity of endogenous RAGT and RAG2. The v-Abl-transformed cells are characterized by
the surface expression of B220*CD43*CD25-IgM-, which is typical for B cells in the pro- or
early pre-B cells stage. At this stage, the B cells proliferate rapidly and express very little
or no RAG1 and RAG2. Also, their Igk at this stage had not been yet rearranged. Treatment
with Abelson kinase inhibitor (STI571/Imatinib), leads to G1 arrest, upregulation of RAG1
and RAG2, and initiation of Igk recombination’. The treatment with STI571 also triggers
an apoptosis within several hours. As such cell system would be sub-optimal to study the
(off)-targeting activity of RAG1/2, the cell lines also carry an Eu-Bcl2 transgene, allowing
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them to circumvent the STI571-induces cell-death™. The following v-Abl/Bcl2 cell lines
were used: A70 wildtype (WT), Rag2” (R2K3), Artemis” (AH2), and Rag2”/Artemis” (R2K.
Art) as a model for developing lymphocytes, cultured under the conditions as previously
described®. The cell lines were kindly provided by Dr. Craig Bassing (University of Penn-
sylvania School of Medicine, Philadelphia, PA). The cells were cultured in RPMI1640 (Life
Technologies, Bleiswijk, the Netherlands) supplemented with 2 mM of L-glutamine, 100 U/
ml penicillin, 100 wg/ml streptomycin, and 10% FCS. To introduce RAG1/2 expression, and
the subsequent RAG1/2 endonuclease activity leading to Igk recombination, the cells were
treated with 5uM STI571 (imatinib methanesulfonate; LC Laboratories, Woburn, MA). The
formation of V 6-23 to J 1 coding joins was determined by semiquantitative polymerase
chain reaction (PCR) by using previously published primers®.

Chromatin immunoprecipitation (ChIP) and Real-time quantitative PCR

Cells were seeded at 2x10° cell/mL density and cultured for 72h following an addition of 5uM
STI571 to allow sufficient V(D)J recombination and accumulation of DSBs. At this timepoint
the cell death is still minimal™. After 72h, the viable cells were isolated using 3mL Lym-
pholyte M spun at 1200rcf/20min. The cells were washed in RPMI1640 containing a cock-
tail of protease and phosphatase inhibitors: 100 uM PMSF, 1 mM sodium ortho-vanadate,
2mM sodium fluoride, and 1.25mM B-glycero-phosphate. Crosslinking of the chromatin
was achieved by adding 37% formaldehyde (1% final formaldehyde concentration) to the
resuspended cells in RPMI1640 at 2x10° cell/mL density, and incubating in a 37°C water bath
for 5min. The crosslinking reaction was terminated by adding glycine to a final concentra-
tion of 125mM using 2.5M stock solution. The cells were washed in PBS and stored at -80°C
for at least overnight. The cells were re-suspended at a concentration of 40x10° cell/mL in
sonication buffer (2% SDS, 10 mM EDTA, 50mM Tris-Cl at pH=8, and containing the cocktail
of protease and phosphatase inhibitors as mentioned above) and subjected to ultrasound
sonication to obtain DNA fragments of average length of 250bp. Following the sonication,
the cells were diluted in a dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7
mM Tris-Cl pH=8, 167 mM NaCl) and incubated with 5ug of an antibody (rabbit anti-NBS1
antibody, Abcam; rabbit anti-histone H4 antibody, Millipore) per sample for 2.5h at 4°C,
after with Protein A on beads was added to each sample and the incubation continued for
another 2.5h at 4°C. The beads were washed with series of buffers, the low salt buffer (0.1%
SDS, 1%, 2 mM EDTA, 20 mM Tris-Cl, pH=8, 150 mM NaCl), high-salt buffer (0.1% SDS, 1%, 2
mM EDTA, 20 mM Tris-Cl, pH=8, 500 mM Nadl), LiCl buffer (250 mM LiCl, 1% deoxycholate,
1% NP-40, TmM EDTA, 10 mM Tris-Cl pH=8), TE buffer (10 mM Tris-Cl pH=8, TmM EDTA)
and finally the elution buffer (0.5% SDS, 5 mM EDTA, 10 mM Tris-Cl, pH=8, 300 mM NaCl) to
elute the protein-chromatin complexes off the beads. The samples were heated overnight
at 65°C to reverse the crosslinking, followed by the addition of Protease K and RNase A
and subsequent overnight incubation at 55°C to destroy the remaining protein and RNA.
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After reversal of the crosslinking the DNA was purified using phenol-chloroform-iso-
amylalcohol DNA extraction, the DNA was quantified using the CFX384 (Bio-Rad, Hercules,
CA) real-time PCR platform. The PCR master mix contained 5 ul of Sso Fast EvaGreen su-
permix (Bio-Rad, Hercules, CA) and 0.5 ul of 10 uM reverse and forward primers (Biolegio,
Nijmegen, the Netherlands). The final volume was adjusted to 9 ul using PCR-grade water,
to which 1 ul of diluted cDNA was added. The following PCR conditions were used: initial
denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 15 s,
annealing at 65°C for 5 s, and extension at 72°C for 10 s. The fluorescent product was mea-
sured by a single acquisition mode at 72°C after each cycle. For distinguishing specific from
nonspecific products and primer dimers, a melting curve was obtained after amplification
by holding the temperature at 65°C for 15 s followed by a gradual increase in temperature
to 95°C at a rate of 2.5°C s, with the signal acquisition mode set to continuous.

The following primers were used J1 forward (5-TCTGTCAGAGAAGCCCAAGC-3'), J
reverse (GGCTGTACAAAAACCCTCCTC-3Y), J 2 forward 5'-CTGGAGAATGAATGCCAGTG-3'),
J 2 reverse (5'- CCCCCATACAAAAACTGAGG3"), J 5 forward (5- GCTGAGCGAAAACTCGTCT-
TAAGG-3') and J 5 reverse (5'- AAAACCTGCCTGTGAAGCCAGTCGC3').

The binding of NBS1 to the Plac8 region was considered as negative control. Prim-
ers that amplify the intronic region of Plac8 on chromosome 5 were used as previously
described?'. Plac8 was found to be highly active during placental development and em-
bryogenesis?*%. Though random RAG1/2 off-target breaks around this gene cannot be
excluded, it is not expected to be a RAG1/2 hotspot as there are no antigen receptor loci
located on chromosome 5. To calculate the NBS1 density, we normalized the NBS1T gPCR
signal to the H4 gPCR signal at each location assayed and compared it to the NBS1/H4
ratio at Plac8 control.

Library preparation and SOLID Sequencing

The massive parallel sequencing was performed on the ABI SOLID 5500 platform. First,
the sonicated ChIP DNA samples were quantified by Quant-iT™ dsDNA High-Sensitivity
Assay Kit (Thermo Fisher) according to the manufacturer’s protocol. Next the libraries for
high throughput sequencing were prepared using the Fragment Library Preparation kit for
5500 Series SOLID Systems (Applied Biosystems) according to the manufacturer’s protocol,
briefly, the DNA fragments were first blunt-ended and phosphorylated at the 5'end. Next,
the DNA fragment size selection was performed on Agencourt AMPure® XP beads and
separated on 2% agarose gel. The fragments of 250bp bp size were selected by gel exci-
sion. Then, the dA-tail was ligated onto the size-selected DNA using the A-tailing enzyme,
and using T4 DNA ligase the P1-T and Barcode-T adaptors and barcodes were ligated onto
the DNA fragments. These adaptors/barcodes are designed to be compatible with the
reverse-read sequencing on 5500 Series SOLiD™ sequencers. Prior to ligation-mediated
PCR, the sample was incubated at 72°C for 20 minutes in PCR mix to let the DNA diffuse
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out of the gel and to perform nick translation on non-ligated 3'-ends of DNA fragments.
Finally, the libraries were amplified using Platinum® PCR amplification kit and the final size
distribution was checked using Agilent Technologies 2100 Bioanalyzer™.

To sequence the libraries an amplification on P1 beads was performed in an emulsion
PCR (ePCR), followed by enrichment of the templated beads. Templated bead preparation
was performed using the SOLID® EZ Bead™ System (Applied Biosystems) according to the
manufacturers’ protocol. The emulsion was dispensed into a 96-well plate and cycled for
60 cycles. After the amplification, emulsion was broken with butanol, beads were enriched
for template positive beads, 3'-end extended and covalently attached to sequencing slides.
Physically separated samples were deposited on one sequencing slide and sequenced
using standard settings on the 5500 Series SOLID™ sequencer.

Analysis of ChlP-Seq data

Color signal/SOLID signal was base-called into reads with the manufacturer’s software
(Lifescope). Sequencing reads were quality trimmed by clipping at 3 consecutive nucleo-
tides with a quality score of less than 10. Reads shorter than 18 nucleotides were discarded
and the remaining reads were cleaned of PCR duplicates and mapped onto the mouse
genome (MM9 assembly) using the Bowtie? tool available on the Galaxy platform. NBS1
peak calling was performed by MACS? in each cell line. Next, to identify the RAG-de-
pendent NBS1 peaks, the peaks called in Artemis”/Rag2” (R2K.Art) were subtracted from
breaks called in the RAG proficient Artemis” cell (AH2). Finally, the peaks called in the Input
sample were subtracted from the RAG-dependent NBS1 peaks to eliminate any back-
ground binding bias. Annotation of the resulting RAG-dependent NBS1 peaks cleaned of
input background was performed using PAVIS algorithm?® for which the RAG-dependent
NBS1 peaks were first lifted over to MM10 assembly.

The unsupervised motif analysis was performed by STREME (Sensitive, Thorough,
Rapid, Enrichment Motif Elicitation)?””. The program uses Fisher’s Exact Test or the Binomial
test to determine the significance of each motif found in the positive set as compared with
its representation in the control set. Shuffled primary sequences were used as a control
set. The identified motifs were then compared to known motifs using the Tomtom motif
comparison tool®. This tool compares the identified motifs against the database of known
motifs, produces alignment for each identified motif, and assigns a rank. The supervised
analysis of the simple repeat motif enrichment was performed by SEA (Simple Enrichment
Analysis)?®, which compares the used-provided motifs in the primary dataset and compares
them against the enrichment in the shuffled primary sequences used as a control data set.
The cut-off for g-value, the minimal false discovery rate at which the observed similarity
would be deemed significant, was set to 0.05 in all motif-finding analyses.
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Results
Experimental model and accumulation of RAG-dependent NBS1 peaks at Igk locus

The mouse v-Abl/Bcl2-transformed Artemis - (AH2) and Artemis “Rag2”’ (R2K.Art) pre-B
cells were used as a model to study the (off-)targeting capacity of RAG1/2 endonuclease.
Transformation of B cells with Abelson murine leukemia virus arrests B-cell development in
the early pre-B cell-like stage at which the expression of RagT and Rag2 is low and the light
chain recombination minimal. Treatment with Abelson kinase inhibitor STI571 alleviates
the developmental block, resulting in an increase in Rag? and Rag2 mRNA expression. The
subsequent increase in RAG1/2 endonuclease activity leads to Igk recombination. In this
experimental model, V 6-23/J 1 recombination was monitored by PCR (Figure 1A). In time,
theV 6-23/J 1 PCR signal increases (Figure 1B), suggesting more cells have undergone suc-
cessful recombination Igk recombination. RAG cleavage creates pairs of coding and signal
DNA ends, which are processed and joined by the canonical non-homologous end-joining
(c-NHEJ) pathway of DNA DSB repair®®. The DSB formation results in recruitment of the MRN
complex (composed of MRE11, RAD50, and NBS1)*'. The Artemis deficiency in v-Abl pre-B
cells treated with STI571 enabled detection of of unrepaired DSB as Artemis functions as
an endonuclease providing a hairpin opening activity®’. Using this model, we took advan-
tage of DSB accumulation, and thus accumulation of MRN members including NBS1 near
the DSBs. Importantly, based on the experiments including wildtype v-Abl-transformed
mouse pre-B cells, Artemis deficiency proved to be instrumental in the robust detection
of RAG1/2-dependet DSBs (data not shown).

The suitability of the model to interrogate RAG targeting was tested by assessing the
binding of NBS1 protein to Jk regions by chromatin immunoprecipitation (ChIP) of NBS1 at
J 1,J 2and J 5, and normalized to binding to Plac8 intronic region, used as a control region,

» Figure 1.

(A) Wildtype (WT), Rag2” (R2K3), Artemis” (AH2) and Artemis”Rag2” (R2K.Art) v-Abl cells were treated
with 5uM STI571 for 72h. Following the treatment, the recombination products of RAG1/2 activity
were confirmed by assessing the presence of V 6-23/J 1 recombination with the means of PCR. The
PCR products were analyzed on agarose gel stained with ethidium bromide. GAPDH was used as a
housekeeping gene. (B) Wildtype v-Abl cells were treated with 5uM STI571 for 6h, 12h, 24h, 48h, and
72h.The presence of V 6-23/) 1 recombination can be detected as early as 24h following the STI571
treatment with the means of PCR. The PCR products were analyzed on agarose gel stained with
ethidium bromide. GAPDH was used as a housekeeping gene. (C) Binding of NBS1 protein to DNA
was assessed by chromatin-immunoprecipitation (ChIP). Even though no productive recombination
takes place in Artemis” cells (AH2), RAG1/2 endonuclease still creates DSBs at the Igxk locus, thus
prompting the NBS1 binding to the vicinity of the DSBs. PCR was performed on the precipitated
material using J 1,J 2, and J 5 primer sets. The signal from NBS1 ChIP was normalized to the signal
from Histone 4 (H4) ChIP, where H4 was used as a control antibody, its relative presence in both cell
lines should be similar. PCR at Plac8 was used as a negative control, this is not active in developing
B cells and no accumulation of DNA breaks is expected here.
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which is not expected to be a RAG1/2 recombinase hotspot. Substantially more binding
toJ 1andJ 2 regions was observed in Artemis™” cells (AH2) as compared to Artemis”Rag2”
cells (R2K.Art). The binding of NBS1 to the Plac8 control region was low and there was
no notable difference between Artemis” (AH2) and Artemis”Rag2”’ (R2K.Art) (Figure 1C).

To identify RAG off-targets on a genome-wide scale, we performed NBS1 ChlIP followed
by subsequent massive parallel sequencing of all immunoprecipitated material. The NBS1
ChlIP-Seq reads were robustly accumulated at the Igk region on chromosome 6 (Figure
2A) in RAG1/2 proficient cells (AH2), whereas no accumulation of NBS1 reads is observed
in RAG2-deficient cell line (R2K.Art). Input samples show only a background level of NBS1
reads at this region.
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(A) NBS1 ChiP-Seq in Artemis™ cells (AH2) and Artemis”Rag2” (R2K.Artm) cells showing Igxk locus at
chromosome 6. Distinct accumulation of reads in the AH2 cell line, and their absence in R2K.Artm
cell line in this region, suggests that NBS1 binding, and thus the presence of DSBs at this locus is
only found in the Rag-proficient cell line. Input ChIP-Seq sample shows the background level of
the mapped reads. (B) and (C) examples of 2 NBS1 peaks outside of the /g loci: chromosome 4
(147160850-147160999) and chromosome 14 (39423000-39423149), where AH2 shows the NBS1
reads in RAG-proficient cell line, R2K.Art shows the NBS1 reads in the RAG-deficient cell line and an
untreated input sample shows the background levels of NBS1 in these regions.

In STI571-treated v-Abl cells, the Igk locus undergoes gene rearrangement, which was
reflected in the frequency of RAG-dependent NBS1 peaks in this region, which was 8.8-
fold higher (4.85 breaks per million bp) than the frequency of the RAG-dependent NBS1
peaks throughout the whole mouse genome (0.55 breaks per million bp; p<0.001). Inter-
estingly, we also found a hotspot at the Igh locus on chromosome 12, showing 33.1 fold
higher frequency of RAG-dependent NBS1 peaks (18.2 peaks per million bp; p<0.001), as
compared to 0.5 peaks per million bp in the rest of the genome (SUPPL Table 1A), which
is a 33-fold difference (p<0.001), suggesting simultaneous RAG1/2 activity at Igh and the
immunoglobulin light chain (/gl). This is rather unexpected as the v-Abl transformed pro-B
cells have previously been shown to contain rearranged Igh, which should prevent any
subsequent recombination on this locus'®.

RAG1/2 induces DNA breaks outside of Igk locus

Using our approach, 1489 RAG-dependent NBS1 peaks were identified throughout the
genome, 95,3% of which were located outside of the Ig loci (Figure 2B and Figure 2C are
examples of RAG-specific NBS1 peaks identified outside of the Igk locus, SUPPL Table 2 for
a complete overview of the RAG-specific NBS1 peaks). Interestingly, some of the RAG-spe-
cific NBS1 ChIP-Seq peaks, next to the 2 hotspots (Igk and Igh), were localized in or near
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genes previously associated with B-cell malignancies in mouse and human, such as lkzf4,
AbI2, KIf4, Tcf4, Tcf7, Rassf8, Mef2c®3-3° or involved in DNA repair, Rad51ap1*° (SUPPL Table 2).
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0.34% 3'UTR
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Figure 3.

(A) Pie chart showing the distribution of RAG1/2-dependent NBS1 peaks according to position within
genes. (B) Pie chart showing the distribution of RAG1/2-dependent NBS1 peaks according to gene
categories.

Of the 1489 RAG-dependent NBS1 peaks, 1473 peaks were annotated, of which 45,9%
(674 of 1473) were associated with known genes. Of all the peaks, 4% (59 of 1473) were
located in the gene exons and 30% (443 of 1473) were located in the gene introns (Figure
3A). 92.7% of genes that contained NBS1 peaks were protein-coding genes, the rest of
the genes (7.3%) containing NBS1 peaks were regions coding for miRNA, rRNA, lincRNA,
or other types of RNA (Figure 3B). Finally, 799 of 1473 RAG-dependent NBS1 peaks were
not associated with any known genes.
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Enrichment of cRSS motif at NBS1 binding sites at Igk, but not in the rest of the
genome

Simple Enrichment Analysis (SEA) of the canonical RSS in sequences directly at the RAG-spe-
cific NBS1 peaks, showed no significant enrichment for the nonamer 5-ACAAAAACGC-3’, nor
for the heptamer 5-CACAGTG-3' (false discovery rate expressed as g-values > 0.05). Similar
results were obtained when analyzing the sequences directly under the NBS1 peaks in the
subset of Igk peaks (Figure 4A), suggesting that NBS1 binding sites do not strictly co-lo-
calize with RSSs. We then extended the region around each NBS1 peak on each end by an
additional 500bps or 1000bps, respectively. In the subset of 500bp-extended NBS1 peaks
at the Igxk locus, a significant enrichment for both canonical RSS motifs was observed (3.75-
fold enrichment of 5-CACAGTG-3’, g=0.0006 and 3.5-fold enrichment of 5~ ACAAAAACC-3’
g=0.0023) (Figure 4B). The enrichment of the nonamer motif 5-~ACAAAAACC-3’ further
increased in the 1000bp-extended subset of NBS1 peaks at Igx locus (4.67-fold enrichment,
g=0.0005), whereas the enrichment of the heptamer motif CACAGTG in the 1000bp-ex-
tended dataset was lower compared to the 500bp-extended sequences (3.75-fold vs. 1.78-
fold; g-values < 0.05) (Figure 4C). The nonamer, but not the heptamer, was also found
to be moderately enriched in the 1000bp-extended sequences outside of the Igk loci
(enrichment ratio 1.69 g-value <0.01) (SUPPL Table 1B).

Zinc-finger binding sites are the most dominant motifs associated with RAG-
mediated DNA breaks

Next, we employed MEME motif analysis to identify motifs associated with the RAG-de-
pendent NBS1 peak sequences directly under the peaks and in the 500bp-and 1000bp-ex-
tended sequences. Two unique motifs were identified in the sequences directly under the
NBS1 peaks; 15 motifs in the 500bp-extended NBS1 peak sequences, and 41 motifs in the
1000bp-extended dataset (SUPPL Table 1C), p- and g- values cut-offs were both set to
0.05. Not all the identified motifs are known motifs already associated with specific pro-
tein binding sites. In the sequences directly under the NBS1 peaks (0bp off-set), 1 known
motif was identified (CTGAGTTCVAGGCCA) (Figure 5A), in the sequences with 500bp off-
set 3 known motifs were identified (CTGCCTCTGCCTCCC, CCCACCCACYCC, CCCTCCCCCQ)
(Figure 5B) and 4 different motifs were identified in the sequences with 1000bp off-set
(GAGTTCSAGGMCAGC, CCCCACCCMC, CCCTCCCTCCCC, TATATATATATATA) (Figure 5C).
Though other associated motifs are not known protein binding sites, amongst these other
motifs we observed several simple repeat motifs, such as CTCTCTCTCTCTCTC, ACACACA-
CACACACA (SUPPL Table 1C). Except for the TATA-box binding motif (TATATATATATATA)
the rest of the known motifs are zinc-finger type motifs, and which are shared by multiple
transcription factors or DNA binding proteins, amongst which proteins that play a role in
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Figure 4.

Graphs showing the enrichment ratios of canonical RSS sequences (CACAGTG and ACAAAAACC)
within RAG1/2-dependent NBS1 peaks, divided into 3 subsets: ‘all sequences’, ‘Igk only’ and in
a subset where the Igk locus peaks were excluded (“no Igk”). The enrichment of canonical RSS
sequences in these subsets was analyzed in sequences directly under NBS1 peaks (A), sequences
extended by 500bp at each end (B), and sequences extended by 1000bp at each end (C).
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DNA damage repair such as PRDM9, EGR1, MAZ or RREB14-%4, in p53 signaling or apoptosis
such as PATZ1or SP1%4¢, or in B-cell development and proliferation such as KLF4%.

RAG-dependent DNA breaks localized close to SSR such as CA- and GC-rich sequences

Several of the motifs identified by the unsupervised Simple, Thorough, Rapid, Enriched
Motif Elicitation (STREME) analysis indicated an association with simple sequence repeats
(SSR). SSRs have previously been associated with the formation of non-canonical (non-B)
DNA structures, such as quadruplexes, hairpins, cruciform or triple-stranded DNA*4°, and
were suggested to be a possible target of RAG1/2 recombinase®. Therefore, we inves-
tigated the presence of GA and CA repeats around the RAG-dependent NBS1 binding
sites. Using unsupervised SEA analysis, each dataset was interrogated for the presence of
[CACA] , and [GAGA]
length corresponding to half of the average NBS1 peak length without any extension.

repeats, where increases from 1 up to 20, the maximum repeat

1-20 1-20

While no notable enrichment for CA or GA repeats was observed in sequences directly
under the peaks (Figure 6A), both 500bp and 1000bp-extended NBS1 peaks showed
strong enrichment of both CA and GA repeats (Figure 6B and 6C).

Next to the SSR, GC-rich regions are also known to assume structures such as hair-
pins, cruciform or triple-stranded DNA, and the GC-rich motif 5-GCCGCCGGGCG-3’ was
identified as RAG1/2 transposition hotspot®'*2. We next investigated the presence of this
transposition hotspot motif, and 1 to 5 repeats thereof [5-GCCGCCGGGCG-37], , around the
putative RAG-off target DSBs. While no enrichment (all g-values > 0.05) has been identified
in sequences directly under the RAG-dependent NBS1 peaks (Figure 7A), a moderate
enrichment of 1.3-11 fold (g-value < 0.05) was found in the peaks with 500bp offset and
1.5-15 fold in the peaks with 1000bp offset (Figure 7B and 7C), further underscoring the
strong association of RAG1/2 (off-) targets with the repeat regions.

» Figure 5.

Motif analysis of RAG1/2-dependent NBS1 peaks motif logos are shown on the left side. For each
motif, additional Tomtom analysis was performed to compare the obtained motif to known motifs
(graphs on the right-hand side) in not extended NBS1 peak sequences (A), in sequences extended
by 500bp on each end (B), and in sequences extended by 1000bp on each end (C).
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Graphs depicting enrichment ratios of sequence motif (CACA) and (GAGA)  repeats versus the
number of repeats (repeat replicates: x-axis) in non-extended RAG1/2-dependent NBS1 peaks (A),
NBS1 peak sequences extended by 500bp (B) and by 1000bp (C) on each end. In all graphs, the left
y-axis shows the enrichment ratios and the right y-axis shows the g-values, q<0.05 was considered

as the cut-off for minimal false discovery rate (FDR).
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Graphs depicting the enrichment ratios (y-axis) of known GC-rich RAG1 transposition hotspot
(5'-GCCGCCGGGLG-3), versus the number of repeats (repeat replicates: x-axis) in non-extended
RAG1/2-dependent NBS1 peaks NBS1 peaks (A), NBS1 peak sequences extended by 500bp (B) and
by 1000bp (C) on each end. In all graphs, the left y-axis shows the enrichment ratios and the right
y-axis shows the g-values, q<0.05 was considered as the cut-off for minimal false discovery rate
(FDR). The red line depicts the q=0.05 cut-off value.
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Discussion

In the past, the prevailing thought was that RAG1/2 binding and activity were restricted to
regions containing RSSs, such as the immunoglobulin loci, and that this restriction limits
the potential genotoxic threat of RAGs. However, in the last decade, it has been shown
that RAG1 and RAG2 can bind DNA throughout the genome and that their DNA cleaving
activity might not only be limited to the canonical RSS sequences. Using NBS1 as a surro-
gate marker for DSBs, we identified RAG1/2-specific DSBs in a mouse v-Abl cell line at the
genome-wide scale. The off-target activity was examined through differential binding of
NBS1 to DNA in RAG-proficient and RAG2-deficient cell lines, which lack the capacity to
resolve the DSBs due to the absence of Artemis. This model allowed us to interrogate the
DSBs in the chromosomal context of living pre-B cells undergoing /g recombination. In
the previous studies, RAG1 was shown to bind to ~3400 sites in mouse pre-B cells™ and
RAG2 to ~18300 sites throughout the mouse genome?3. In our study we identified only
1489 putative RAG1/2 DSBs, suggesting that binding or co-localization of RAG1 and RAG2
does not necessarily result in the creation of DSBs.

Next to Igx, an accumulation of RAG-specific NBS1 peaks was observed at the Igh locus
on chromosome 12. The v-Abl cell line has previously been shown to be arrested in a stage
where the Igh recombination has already taken place'®. B-cells ensure the preservation of
successfully recombined Igh by allelic exclusion, not allowing any subsequent heavy chain
recombination on the other allele®. The abundant presence of NBS1 at the Igh region in
this experimental set-up suggests that RAG1/2 endonuclease continues to introduce DSBs
in this region following the treatment of the v-Abl cells with STI571 and their subsequent
transition from pro to pre-B cell stage. Some of the earlier work suggests that v-Abl trans-
formants are able to initiate but not terminate recombination®. It has been suggested that
v-Abl antagonizes the pre-B cell signaling pathway and the pre-B cells containing one func-
tional Igh allele continue to transcribe and rearrange the allelic, unrecombined Igh locus,
thus not adhering to the allelic exclusion rule®. In addition, subsequent work showed that
B cells with functional B-cell receptors may continue the recombination and “edit” their
specificity, allowing the cells with auto-reactive receptors to escape their elimination®’.

The off-target activity of RAG1/2 has been associated with a number of genomic le-
sions often seen in B-ALL cases. Though our data showed RAG-dependent NBS1 peaks
in the proximity of genes associated with B-cell malignancies, the genes that are most
frequently translocated in B-ALL (ETV6/RUNX1 or BCR/ABLI) or deleted (E2A, EBF1, LEF1,
IKZF1 or IKZF3)>*”"" were not identified in our model. This could be attributed to several
factors, for instance, differences in murine and human chromatin configuration, or to the
fact that the v-Abl B cell line has already acquired the transforming genomic event, which
may have changed the accessibility of some of the genes that are frequently translocated
in human patients. Furthermore, only 2.7% of the RAG1/2-dependent NBS1 peaks (SUPPL
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Table 3A and 3B) overlapped with the publicly available RAGT Chip-seq peaks published
by another group'. The cells used for the previously reported RAG1 ChIP-seq were primary
mouse pre-cells, whose DNA damage-response pathways are unimpaired, as opposed to
the Artemis” cell line used in our study, where the absence of Artemis would cause accu-
mulation of the DNA breaks. In primary WT pre-B cells, the DSBs (including those caused
by RAG1/2) would be efficiently repaired, which would perhaps result in a RAG1 binding
pattern than in Artemis” cells. Also, the binding of RAGT to a certain place in the genome of
WT bone marrow pre-B cells might be transient and represent a “snap-shot” at a particular
time point, which could explain the low overlap degree. It should also be noted that our
analyses represent a collective portrayal of the cell population and it remains uncertain
to what degree the individual lymphocytes mirror the population averages as shown by
the ChiIP-seq.

The association of genomic lesions in B-ALL to RAG1/2 activity is based either on the
proximity of conserved RSS near the breakpoint, the presence of N-nucleotides which
are reminiscent of V(D)J joints at the breakpoints, or the proximity of the breakpoints to
cRSS™2, Though sequences directly under the RAG-dependent NBS1 peaks did not show
enrichment for RSSs, we found a clear enrichment especially for nonamers, and in a lesser
extent also for heptamers 500bp and 1000bp around the NBS1 peaks on /gk locus. In
the rest of the genome a moderate enrichment for the nonamer, but not the heptamer,
was observed. This seems to be in line with the observation that nonamers, but not hep-
tamers, are enriched in the proximity of RAG1 binding regions in mouse v-Abl cell lines
and mouse thymocytes'. Interestingly, the nonamer was found mostly enriched in the
sequences with 1000bp offset, while the heptamer was mostly enriched in the sequences
with 500bp offset. Though MRN complex, including NBS1, binds the DNA at the broken
ends®, it is possible that the association of NBS1 with the DNA around the DSBs takes place
afew hundred bps away from the actual break, as also suggested by the NBS1-chromatin
binding studies®.

The motifs identified around RAG-dependent NBS1 peaks were associated with various
zinc-finger binding domains, the most common structural motif in eukaryotic cells. Most
of the known motifs were shared by several transcription factors or DNA-binding proteins.
Interestingly, several of the identified motifs were known binding sites of DNA repair pro-
teins, such as PRDM9, EGR1, MAZ, or RREB14-*4, or transcription factors involved in p53
signaling and apoptosis such as PATZ1or SP1%4¢, on one hand suggesting the susceptibility
of these regions to RAG-mediated damage, on the other hand underscoring the potential
threat that RAG1/2 off-target activity can inflict. Another identified motif was associated
with MYC-associated zinc finger protein (MAZ), a transcription factor regulating the MYC
oncogene expression and affecting large-scale genome organization through interaction
with cohesin®. Part of the MAZ binding motif is partially shared by other transcription
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factors such as SP1¢", which is also reflected in our findings (Figure 5C), this motif is also
CG-rich, which further emphasizes the preference of RAG for GC-rich motifs.

Next to RSS enrichment, we found a strong enrichment for CA and GA simple repeats
around the RAG-dependent NBS1 peaks. Repeat DNA has been associated with alternative,
non-B DNA structures, which often assume an open chromatin configuration and are also
prone to the acquisition of mutations®. Such DNA structures are thought to contribute to
genomic instability, for instance, H-DNA forming regions have been identified near the
breakpoints of the translocated c-myc in Burkitt’s lymphoma and t(12;15) BALB/c plasma-
cytomas®3. Non-B DNA structures were also identified around the Bcl-2 major breakpoint
region (Mbr), where the RAG complex was shown to bind and nick at duplex-single-strand
transitions of non-B DNA structures, resulting in double-strand breaks in vitro, thus demon-
strating the transposase activity of RAGs™. RAG1/2 has been shown to cleave non-B cell
structure without the presence of RSS, thus also functioning as a structure-specific en-
donuclease®. In fact, CA repeats have previously been shown to be a type of cRSS (mim-
icking the nonamer and the heptamer) and target of RAG1/2 activity, thus inadvertently
introducing DNA breaks at CA-rich sites%. A more recent study has even demonstrated
that the Znc2 domain of RAG1 is required for binding to non-B DNA structures; mutations
introduced in this domain hindered the nicking capacity of the endonuclease on DNA
quadruplexes and single-stranded regions.”” Therefore, the presence of the CA repeat
regions and the GC-rich regions around the RAG-dependent NBS1 peaks may reflect the
off-target activity of RAGs at the non-B DNA structures.

Taken together, RAG1/2 is able to introduce DNA breaks on non-Ig and repeat regions
are one of the common denominators of the off-target lesions. Non-B DNA structures,
previously also implicated in the off-target activity of AID in mature B cells®, are more
prone to DNA damage, putting lymphocytes under additional DNA damage stress during
their development and maturation.
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Supplement
Supplemental Tables 1

Table showing peak enrichment on Igk and Igh locus (A), results of SEA motif analysis of
the canonical RSS motifs in the dataset (B), and the results of the STREME and Tomtom
motif-finding analyses of the RAG1/2-dependent NBS1 peaks (C).

Due to the table size, please use the link hereunder to view the tables, or contact the
author.

https://www.dropbox.com/scl/fi/964q60oncz7bipjvjy49k4/Chapter-3-Suppl-table-1ABC.
xIsx?rlkey=wqltnna2r2phm4bissrpmudis&st=a7ucxsug&d|=0

e o

T

Supplemental Table 2

List of RAG1/2-dependent NBS1 peaks. The sequencing reads were initially mapped onto
the MM9 mouse genome (A). For annotation purposes, RAG1/2-dependent NBS1 peaks
were lifted over to MM10 (using the UCSC Genome Browser). (B) The list of annotated peaks
(those associated with known genes) in MM10. The annotation was performed using the
Pavis annotation tool.

Due to the table size, please use the link hereunder to view the tables, or contact the
author.

https://www.dropbox.com/scl/fi/xtqledgzplyOtexb4k67w/Chapter-3-Suppl-table-2.xIsx-
2rlkey=cvfb0zp21tsidgavr7599v3uf&st=gx701j92&d|=0
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Supplemental Table 3

Using the in-house developed and tested Python algorithm, overlapping peaks were iden-
tified between the RAG1/2-dependent NBS1 peak dataset (using 1000bp, 2000bp, and
5000bp offset) (A) and the RAG1 ChlIP-seq peaks in pre-B cells, available in Supplementary
Table S1 (Supplement 8) of Teng G, Maman Y, Resch W, et al. RAG Represents a Widespread
Threat to the Lymphocyte Genome. Cell. 2015;162(4):751-765. d0i:10.1016/j.cell.2015.07.009.
This supplement shows the list of overlapping sequences in the RAG1/2-dependent NBS1
peak dataset with 5000bp off-set (B).

Due to the table size, please use the link hereunder to view the tables, or contact the

author.
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Abstract

The recombination activating gene (RAG) 1 and RAG2 protein complex introduces DNA
breaks at Tcr and Ig gene segments that are required for V(D)J recombination in developing
lymphocytes. Proper regulation of RAG1/2 expression safeguards the ordered assembly
of antigen (Ag) receptors and the development of lymphocytes, while minimizing the risk
of collateral damage. The ataxia telangiectasia mutated (ATM) kinase is involved in the
repair of RAG1/2-mediated DNA breaks and prevents their propagation. The simultaneous
occurrence of RAG1/2-dependent and —-independent DNA breaks in developing lympho-
cytes exposed to genotoxic stress increases the risk of aberrant recombinations. Here we
assessed the effect of genotoxic stress on RAG1/2 expression in pre-B cells and show that
activation of the DNA damage response resulted in the rapid ATM-dependent down-regu-
lation of RAG1/2 mRNA and protein expression. We show that DNA damage led to the loss
of FOXO1-binding to the enhancer region of the RAG1/2 locus (Erag) and provoked FOXO1
cleavage. We also show that DNA damage caused by RAG1/2 activity in pre-B cells was able
to down-modulate RAG1/2 expression and activity, confirming the existence of a negative
feedback regulatory mechanism. Our data suggest that pre-B cells are endowed with a
protective mechanism that reduces the risk of aberrant recombinations and chromosomal
translocations when exposed to DNA damage, involving the ATM-dependent regulation
of FOXO1-binding to the Erag enhancer region.
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Introduction

In developing lymphocytes, Ag receptors are assembled by recombination of immuno-
globulin heavy chain (Igh) and light chain (Igl) variable (V), diversity (D), and joining (J)
gene segments. This recombination process is initiated by the recombination activating
gene (RAG) proteins RAG1 and RAG2, which form a heterodimeric complex possessing
endonuclease capacity, creating double-stranded DNA breaks (DSBs) at recombination
signal sequences (RSS) adjacent to the immunoglobulin (Ig) and T-cell receptor (Tcr) gene
segments"2 Subsequent to DNA cleavage, the RAG1/2 complex remains associated with
the DNA ends to facilitate their repair by the non-homologous end-joining repair mecha-
nism?. V(D)J recombination is initiated in a monoallelic fashion, and following a successful
in-frame Igh V to DJ rearrangement in pro-B cells, RAG expression is rapidly down-regu-
lated, thereby preventing biallelic recombinations and enforcing allelic exclusion. After
productive Igh rearrangement the pre-B cell receptor (pre-BCR) is formed, expressed on
the cell membrane, and as a result of pre-BCR expression, pre-B cells enter the cell cycle.

At the pre-B cell stage, an interplay between IL-7 receptor (IL-7R) signaling and pre-
BCR signaling coordinates subsequent B-cell development and RAG expression®. IL-7R
activates phosphoinositide 3-kinase (PI3K), which via AKT, represses forkhead box pro-
tein O1 (FOXO1), a major non-redundant RAG1 and RAG2 transcription factor. Moreover,
IL-7R activates STAT5 that, on one hand, drives cyclin D3 expression and promotes cell
proliferation, and on the other hand limits accessibility of the Igx light chain locus®. The
pre-BCR regulates pre-B cell proliferation by activating spleen tyrosine kinase (SYK) and
RAS-extracellular signal-regulated kinase (ERK) signaling, which represses cyclin D3 and
drives early region 2A (E2A), an important regulator of Igk locus transcription®’. In addition,
pre-BCR signals to pre-B cell linker (BLNK, also known as SLP-65), inhibiting the PI3K-AKT
pathway and enhancing Igk accessibility by a redistribution of long-range chromatin in-
teractions®®. Attenuation of IL7 signaling in mouse pre-B cells drives B-cell differentiation
and is associated with up-regulation of FOXOT1, re-expression of RAGT and RAG2, and Igk
rearrangement®.

RAG1 and RAG2 are convergently transcribed from the same locus. Cooperation of
distant sequences in cis, the proximal enhancer, the distal enhancer, and the RAG enhancer
(Erag), with RAG promoters is required for regulating RAG expression in lymphocytes'2,
Erag is the strongest enhancer and a complex network of transcription factors, including
Foxo1, forkhead box protein P1 (FoxP1), paired box protein 5 (Pax5), nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), and lkaros, was shown to activate RAG
transcription by binding to this element™.

Unlike RAG1, termination of RAG2 expression is linked to cell-cycle progression. In
dividing cells, RAG2 expression and activity are detected in the G1-phase whereas it is
absent in the S- and G2/M-phases of the cell cycle®. It was shown that phosphorylation
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of Thr490 of RAG2 by the CyclinA/CDK2 complex, which is active at the G1/S transition,
signals the periodic destruction of RAG2. A threonine-to-alanine mutation at this residue
(T490A) rendered RAG2 insensitive to this regulation and allowed its persistence in S-and
G2/M-phases™. Such unrestricted expression of RAG2 throughout the cell cycle resulted
in formation of aberrant recombinations®. In addition, on a p53-deficient background,
the T490A RAG2 mutation led to the development of lymphoid malignancies harboring
chromosomal translocations involving the antigen receptor loci'®. Proper termination and
restriction of RAG expression and activity are necessary to prevent formation of potentially
dangerous recombinations and genomic instability.

A recent study suggested that aberrant RAG activity is a dominant driver of second-
ary genetic hits in ETV6-RUNX1-positive childhood acute lymphoblastic leukemia (ALL)
cases, where many breakpoints map near RSS motifs”. Moreover, a large portion of B-ALL
cases display constitutive RAG expression, which has been associated with ongoing Igh
rearrangements even after the malignant clone transformation'®, thereby contributing to
secondary genetic hits that may be at the basis of therapy resistance™.

RAG-dependent chromosomal translocations occur as a result of the aberrant joining
of RAG-induced DSBs with DSBs in other chromosomes. Therefore, B cells that are actively
engaged in V(D)J recombination (pro-B cells and small pre-B cells) are especially at risk
to procure such aberrant joining events when exposed to genotoxic stress. It is not very
likely that cell cycle-dependent RAG2 degradation is the only protective mechanism that
limits RAG-associated DNA damage. Rather, it is conceivable that mechanisms exist that
down-regulate RAG activity when DNA damage is detected, irrespective of cell-cycle stage.
However, it is not known whether B-lineage cells undergoing V(D)J recombination possess
protective mechanisms that limit the formation of aberrant chromosomal rearrangements
under such conditions. Given its oncogenic potential, mechanisms controlling RAG ex-
pression and activity in cells that have initiated V(D)J recombination need to be better
understood. In this study we show that the DNA damage response limits the expression
of RAG1/2 in pre-B cells, involving the Ataxia Telangiectasia mutated kinase (ATM) and
FOXOT1, thus preventing further formation of potentially dangerous lesions.

Materials and methods

Cell culture and small molecule compounds

The v-Abl transformed mouse pre-B cell lines were generated from wild type (WT) (A70)
and Rag2” (R2K3) mice that harbor the Eu-Bcl2 transgene and were kindly provided by Dr.
Craig Bassing (University of Pennsylvania School of Medicine, Philadelphia, PA). The human
BCR-ABL* B-ALL cell lines BV173 and SUP-B15 were obtained from DSMZ (Braunschweig,
Germany) and cultured in RPMI 1640 (Gibco Life Technologies, Bleiswijk The Netherlands)
supplemented with 2mM L-glutamine, 100 U/mL penicillin, 100 ug/mL streptomycin, 20%
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fetal calf serum and 50 uM B-mercaptoethanol. HEK293 cells were obtained from the ATCC
and maintained in DMEM (Gibco Life Technologies) supplemented with 2 mM L-glutamine,
100 U/mL penicillin, 100 ug/mL streptomycin, and 10% fetal calf serum. The following small
molecule inhibitors/activators were used: STI571 (Imatinib methanesulfonate, LC Labora-
tories, Woburn, MA), GSK690693 (Selleckchem, Houston, TX), CAL101 (Idelalisib, Selleck-
chem), KU55933 (ATM-kinase inhibitor, Selleckchem), NCS (Neocarzinostatin, Sigma-Aldrich,
Zwijndrecht, The Netherlands), Q-VD-OPH (Sigma-Aldrich), AKTi VIII (AKT inhibitor VIII,
EMD Millipore, Billerica, MA). To induce RAG1/2 expression and Igl recombination, BV173,
SUP-B15, and A70 were treated overnight with 5 uM STI571, as previously established??',

Primary mouse bone marrow cultures

ATM-deficient mice??, Jackson Laboratory stock 002753, were provided by Dr. Stephen
Jones (University of Massachusetts Medical School, Worcester, MA). C57BI/6 WT mice
were housed in the animal research facility of the Academic Medical Center under spe-
cific pathogen-free conditions. Animal experiments were approved by the Animal Ethics
Committee and performed in agreement with national and institutional guidelines. Bone
marrow (BM) cells were harvested from 8- to 20-wk-old mice by flushing femurs and tibia.
Total BM cells were cultured in six-wells plates in RPMI1640 with 2 mM L-glutamine, 100 U/
mL penicillin, 100 ug/mL streptomycin, 10% fetal calf serum, 50 uM B-mercaptoethanol, 10
ng/mL recombinant mouse IL7, and 10 ng/mL FIt3L (both from ProSpec Inc., Ness-Ziona,
Israel). Culture medium and cytokines were replaced every three days. Cells were harvest-
ed after 7-10 days and analyzed by flow cytometry, typically yielding >95% B220*, IgM,
CD43* progenitor B cells (data not shown). To induce large to small pre-B cell transition,
RAG1/2 expression, and Igl recombination, cells were washed 3 times in culture medium
without cytokines and placed back in six-well plates at 2x10° cells/mL in medium without
cytokines (IL7 withdrawal).

Induction of DNA damage

DNA damage in cultured cells (2x106 cells/ml) was induced by adding 50 ng/mI NCS to the
culture medium. After 2 hours the cells were harvested for respective experiments. Addi-
tionally, where so mentioned, DNA damage was induced by irradiating the cells ([*’Cs], 5
Gy, 0.50 Gy/min) at a dose of 5 Gy. Following irradiation, the cells were allowed to recover
for 2 hours at 37°Cin an atmosphere of 5% CO, and subsequently harvested.

Western blotting and immunoprecipitation

Cells (2-5x10°) were washed with ice-cold PBS and lysed in ice-cold lysis buffer (10 mM Tris-
HClI pH 8, 150 mM NaCl, 1% NP-40, 20% glycerol, 5 mM EDTA supplemented with protease
and phosphatase inhibitors (EDTA-free protease cocktail inhibitor (Roche Diagnostics,
Almere, The Netherlands), T mM sodium-ortho-vanadate, 2 mM sodium phosphate, 1.25
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mM B-glycerophosphate, and 100uM phenylmethanesulfonylfluoride (PMSF). The protein
pellets were homogenized passing through a 27G needle and protein concentrations were
measured using the bicinchoninic acid (BCA) assay (Sigma-Aldrich). For each sample, 15
ug of protein lysate was used for protein separation in Precise™ 4-20% gradient Tris-SDS
gels (Thermo Fisher Scientific, Landsmeer, The Netherlands). Subsequently, separated
protein lysates were transferred onto polyvinylidene difluoride (PVDF) membranes (Im-
mobilon-P, EMD Millipore), membranes were blocked in 5% BSA (BSA Fraction V, Roche
Life Sciences, Almere, the Netherlands) in TBS-T or 5% milk in TBS-T for 2 hours. Primary
antibodies were incubated overnight at 4°C. Following a series of thorough washes with
TBS-T, membranes were incubated with secondary antibodies (goat-anti-rabbit-HRP or
rabbit-anti-mouse HRP, DAKO, Agilent Technologies, Heverlee, Belgium) for 2 hours at
room temperature. Antibody binding (protein expression) was visualized using Amersham
ECL Prime Western Blotting detection reagent (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). The following antibodies were used in this study: Rabbit-anti-RAG1 (D36B3),
rabbit-anti-FOXO1 (C29H4), rabbit-anti-phospho-FOXO1 (Ser*¢) (9461), rabbit-anti-AKT
(4691), rabbit-anti-phospho-AKT (Ser*’3) (D9E), rabbit-anti-phospho-p53 (Ser®®) (9284),
rabbit-anti-mTOR (2972), rabbit-anti-phospho-mTOR (Ser**48) (D9C2), rabbit-anti-cleaved
caspase-3 (Asp'”®) (9661), rabbit-anti-GADD450. (D17E8) (all from Cell Signaling Technology,
Danvers, MA), mouse-anti-phospho-ATM (Ser'®®") (10H11.E12), and mouse-anti-B-actin (C4)
(both from EMD Millipore).

For immunoprecipitation, nuclear extracts from 60x10° cells were prepared according
to the nuclear complex co-IP kit (active Motif, Carlsbad, CA). Cleared lysates were incubated
overnight at 4°C with rabbit anti-phospho-(Ser/Thr) ATM/ATR substrate antibody (2851,
Cell Signaling Technology), or polyclonal rabbit IgG (Santa Cruz Biotechnology, Dallas, TX)
with 1% detergent in 150 mM NaCl. Antibody-bound proteins were captured by protein-A
sepharose beads (CL-4B, GE Healthcare Bio-Sciences AB), thoroughly washed, resolved in
Novex Bolt™ 10% Bis-Tris Plus gels (Thermo Fisher Scientific), and subjected to Western
blotting. The following antibodies were used: rabbit-anti-FOXO1 (C29H4, Cell Signaling
Technology), and rabbit-anti-NBS1 (Y112, Abcam, Bristol, UK).

Real-time quantitative RT-PCR

Levels of mMRNA expression were determined using the CFX384 (Bio-Rad, Hercules, CA)
real-time PCR platform. Briefly, RNA from cells was isolated by TRI reagent (Sigma-Aldrich)
according to the manufacturer’s protocol. For each sample cDNA was synthesized from 500
ng RNA, using random primers (Promega Benelux, Leiden, the Netherlands) and M-MLV
reverse transcriptase (Invitrogen-Life Technologies, Bleiswijk, the Netherlands). For each
sample, cDNA was diluted 1:5 with PCR-grade water. The PCR mastermix contained 5 ul
of Sso Fast EvaGreen supermix (Bio-Rad, Hercules, CA), and 0.5ul of 10 uM reverse and
forward primers (Biolegio, Nijmegen, the Netherlands). The final volume was adjusted to
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9 ul using PCR-grade water, to which 1 ul of diluted cDNA was added. The following PCR
conditions were used: initial denaturation at 95°C for 5 minutes, followed by 40 cycles of
denaturation at 95°C for 15 seconds, annealing at 65°C for 5 seconds, and extension at 72°C
for 10 seconds. The fluorescent product was measured by a single acquisition mode at 72°C
after each cycle. For distinguishing specific from non-specific products and primer dimers,
a melting curve was obtained after amplification by holding the temperature at 65°C for
15 seconds followed by a gradual increase in temperature to 95°C at a rate of 2.5°Cs™", with
the signal acquisition mode set to continuous. For each cDNA preparation PCR reactions
were performed at least in duplicate, and for each condition at least three independent
experiments were performed. Expression of target gene mRNAs were normalized to the
housekeeping genes large ribosomal protein PO (RPLPO) for human samples and 18S ri-
bosomal RNA (78S rRNA) for mouse samples. Statistical significance was determined using
the one-sample t-test in which the DMSO-treated control samples were set to a value of 1.

PCR primers used in this study: human RAG1-forward (5-GGCAAGGAGAGAGCAGAG-
GA-3'), human RAG1-reverse (5-CTCACCCGGAACAGCTTAAA-3’), human CDKN1A/P21-for-
ward (5-GACTCTCAGGGTCGAAAACG-3’), human CDKN1A/P21-reverse (5-GGATTAGG-
GCTTCCTCTTGG-3'), human FOXO1-forward (5-AAGAGCGTGCCCTACTTCAA-3’), human
FOXO1-reverse (5-TTCCTTCATTCTGCACACGA-3'), human GADD45a-forward (5-GAGCTCCT-
GCTCTTGGAGAC-3'), human GADD45a-reverse (5-GCAGGATCCTTCCATTGAGA-3’), human
RPLPO-forward (5-GCTTCCTGGAGGGTGTCCGC-3'), human RPLPO-reverse (5-TCCGTCTC-
CACAGACAAGGCCA-3'), mouse Rag1-forward (5-AGCTATCACTGGGAGGCAGA-3’), mouse
Rag1-reverse (5-GAGGAGGCAAGTCCAGACAG-3'), mouse Rag2-forward (5-CTTCCCCAAGT-
GCTGACAAT-3'), mouse Rag2-reverse (5-AGTGAGAAGCCTGGCTGAAT-3'), mouse Cdknla/
p21-forward (5-TCCACAGCGATATCCAGACA-3’), mouse Cdknla/p21-reverse (5-AGACAAC-
GGCACACTTTGCT-3'), mouse Foxol-forward (5-AAGAGCGTGCCCTACTTCAA-3’), mouse
Foxol-reverse (5-TGCTGTGAAGGGACAGATTG-3’), mouse Gadd45a-forward (5-CCGAAAG-
GATGGACACGGTG-3’), mouse Gadd45a-reverse (5-TATCGGGGTCTACGTTGAGC-3'),
mouse 18S rRNA-forward (5-TGGTGGAGGGATTTGTCTGG-3’), mouse 18S rRNA-reverse
(5-TCAATCTCGGGTGGCTGAAG3').

Lentiviral and retroviral transductions

Lentiviral constructs for overexpression of WT and mutant kinase-dead AKT (K179M/
T308A/S473A) were generated by cloning the BamH1/EcoR1 fragments from Addgene
plasmids 9011 and 90132 into the [eGO-iG2 backbone. The leGO-iG2 was a gift from Boris
Fehse (Addgene plasmid #27341)*. Lentiviral particles incorporating measles virus glyco-
proteins H and F were generated by cotransfection of HEK293T cells with the D8.91 (gag/
pol) and Hdel24 and Fdel30 plasmids® using GENIUS DNA transfection reagent (West-
burg, Leusden, the Netherlands). In brief, virus supernatants were harvested 48h after
transfection, and concentrated by overnight centrifugation at 3000xg at 4°C. BV173 cells
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were exposed overnight to the concentrated virus in the presence of 7 ug/mL polybrene
(Sigma-Aldrich). Transduced cells were FACS-sorted based on green fluorescent protein
(GFP) expression 5 days after transduction. To assess RAG recombination activity, A70 WT
mouse v-Abl pre-B cells were transduced with a retroviral RAG-reporter construct®, as
described previously?.

Chromatin immunoprecipitation

Protein-DNA binding was studied using the MAGnify™ Chromatin Immunoprecipitation
system (Life Technologies) in accordance with the manufacturer’s protocol. Briefly, 20x10°
cells were used for each IP, which were performed in triplicate for each condition. The cells
were fixed in 1% formaldehyde for 5 minutes at 37°C and quenched for 10 minutes with
125 mM glycine. Subsequently, cells were washed twice in ice-cold PBS and lysed using the
enclosed lysis buffer and sonicated by Covaris S2 (intensity: 3, duty cycle: 5 %, and cycles
per burst: 200) to obtain DNA fragments of an average length of 500bp. Protein concen-
tration was measured after sonication by the BCA assay and equal amounts of fragmented
chromatin-protein complexes were incubated for 2 hours with enclosed Dynabeads’ that
were first coupled to a cocktail of FOXO1-specific antibodies (rabbit-anti-FOXO1, C29H4
[Cell Signaling Technology], rabbit-anti-FOXO1, H-128, [Santa Cruz Biotechnology], rab-
bit-anti-acetyl-FOXO1, D-19, [Santa Cruz Biotechnologyl], rabbit-anti-FOXO1, ab70382,
[Abcam], rabbit-anti-phospho-FOXO1 (Ser**), 9461, [Cell Signaling Technology]) (10 ug in
total per ChIP), phospho-ATM (Ser'®®) (10H11.E12, EMD MilliPore), or to polyclonal rabbit
or mouse IgG (control ChIP) (Santa Cruz Biotechnology). Following a series of washes,
chromatin was decross-linked for 15 minutes at 65°C and purified using the ChIP DNA
Clean & Concentrator kit (Zymo Research, Freiburg, Germany). FOXO1 binding to Erag
was assessed by quantifying ChIP-enriched DNA using CFX384 real-time PCR (Bio-Rad).
Erag primers used: Erag-ChIP-forward (5-TGCTGTGTAGCCTTTTGCAG-3'), Erag-ChlIP-reverse
(5-TGGAAGCATAAAGCTGGTCA-3).

Luciferase assay

Luciferase activity was measured using the Dual-Glo® Luciferase Assay System (Promega)
according to the manufacturer’s protocol. Mouse WT (A70) and Rag2” (R2K3) cells were
transfected (Fugene® 6 transfection reagent, Promega) with the Erag-Ragi-luciferase re-
porter (kindly provided by prof. M. Schlissel, University of Michigan, Ann Arbor, MI) and
TK Renilla luciferase reporter vector (Promega) in the ratio 1:8 using in total 1.25 ug DNA
per 100,000 cells. Following transfection cells were treated either with 5 uM KU55933 or
vehicle (DMSO, Sigma) for 24h. Cells were harvested into 100 ul of passive lysis buffer. Firefly
luciferase and Renilla luciferase activity were measured on a GloMax 96 microplate lumi-
nometer (Promega) according to the manufacturer’s instructions. Renilla activity served as
a control for transfection efficiency. Activity of RAG reporter for each sample was calculated
as firefly/Renilla ratio, expressed as relative light units (RLU).
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Proximity ligation assay

Protein colocalizations/interactions in cells were determined by the Duolink® proximity
ligation assay as per manufacturer’s directions (Sigma-Aldrich). BV173 cells exposed to
different treatments were cytocentrifuged onto glass slides, fixed for 30 minutes in 4%
paraformaldehyde, permeabilized in 0.25% Triton-X, washed and blocked in Duolink®
blocking solution prior to overnight incubation with primary antibody combinations.
The following combinations were applied: mouse-anti-phospho-ATM (Ser'®") (10H11.E12,
EMD MilliPore) + rabbit-anti-FOXO1 (C29H4, Cell Signaling Technology), goat-anti-ATM
(A300-136A, PLA-grade, Bethyl Laboratories Inc. Montgomery, TX) + rabbit-anti-FOXOT1,
goat-anti-ATM + rabbit-anti phospho-p53 (Ser'®) (9284, Cell Signaling Technology). After
washing, the slides were incubated with combinations of plus- and minus-PLA-probes
(anti-mouse + anti-rabbit or anti-goat + anti-rabbit), followed by ligation and rolling circle
amplification using the Duolink’ in situ Red kit (Sigma-Aldrich). Nuclei were counterstained
with 4,6-diamidino-2-phenylindole, dihydrochloride (DAPI) and slides were mounted with
VECTASHIELD antifading mounting medium (Vectorlabs, Burlingame, CA). Protein inter-
actions were quantified by assessing the number of PLA-foci in at least 20 cells for each
experimental condition. Imaging was performed using a Leica DM5000B fluorescence
microscope equipped with a Leica FDC500 camera and a 20x objective (Leica Microsystems
BV, Son, the Netherlands).

Statistics
The GraphPad Prism software package (GraphPad Software, La Jolla, CA) was used for
statistical testing.

Results
DNA breaks regulate RAG1 expression in pre-B cells

To assess the role of DNA damage in the regulation of RAG1 expression, BCR-ABL-posi-
tive human pre-B cells and v-Abl-transformed mouse pre-B cells were treated overnight
with the specific Abl kinase-inhibitor STI571 (imatinib methanesulfonate) to induce RAG
expression and /gl recombination and were subsequently exposed to the radiomimetic
drug neocarzinostatin (NCS) for 2 hours to induce DNA damage. NCS rapidly induces chro-
mosome breaks in quiescent cells, not requiring S-phase for its DNA-damaging effect®.
Such short exposure of pre-B cells to this DNA damaging agent did not result in detectable
cell death at the time of sample collection, judging by the percent of apoptotic (propidi-
um-iodide positive) cells as detected by flow cytometry (SUPPL Figure 1A), but generated
substantial DNA damage as the levels of phospho-p53 (Ser'®) and phospho-ATM (Ser'™®")
were strongly induced (Figure 1A). In addition, p271 mRNA expression was increased by 13.5
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fold in NCS-treated cells compared to DMSO-treated control cells (Figure 1B). Induction of
DNA damage by NCS resulted in the rapid down-regulation of RAG1 protein in BV173 cells
(Figure 1A). Similar results were obtained using a different human pre-B cell line, SUP-B15
(SUPPL Figure 1B-C). To determine the effect of DNA damage on RAGT1 protein stability
and turnover we blocked protein synthesis using cycloheximide (CHX) in STI571-treated
BV173 cells. In accordance with previous reports®3° we demonstrate that the RAG1 protein
has a short half-life of about 30’-60" (Figure 1C, compare DMSO-treated to CHX-treated
samples), which is decreased by NCS treatment (Figure 1C, compare CHX-treated to CHX-
+NCS-treated samples). These results indicate that DNA damage negatively affected RAG1
protein stability.

Interestingly, we found RAGT mRNA transcripts also being significantly down-regulated
following the NCS treatment in BV173 cells: 59% of DMSO-treated controls (p=0.01), and in
A70 (WT mouse v-Abl) pre-B cells: 10% of DMSO-treated controls (p<0.001), (Figures 1D
and 1E). Furthermore, DNA damage induction by NCS treatment caused a comparable
down-regulation (16% of untreated controls, p=0.01 as compared to untreated controls)
of Rag? mRNA in primary mouse WT pre-B cells (Figure 1F), and of Rag2 mRNA in A70
cells (Figure 1G).

ATM kinase is involved in DNA damage-mediated regulation of RAG1/2

Inhibition of ATM kinase activity using the selective inhibitor KU55933 prevented NCS-in-
duced down-regulation of RAG1 protein. It also effectively reduced ATM Ser'?®' autophos-
phorylation in BV173 cells (Figure 1A). Moreover, KU55933 treatment prevented the DNA

» Figure 1. DNA damage down-regulates RAG1 protein and mRNA expression.

(A) Western blotting analysis of RAGT expression in STI571-treated BV173 BCR-ABL-positive B-ALL
cells. DNA damage induction by 2h treatment with 50 ng/mL NCS resulted in a rapid down-
regulation of RAG1 protein expression, which was prevented by 2h pretreatment with 5 uM KU55933.
Phospho-p53 (Ser') and phospho-ATM (Ser'*®!) blots were used to show the induction of the ATM-
dependent DNA damage response. The $-actin blot was used to control for loading. (B) Realtime
quantitative RT-PCR analysis of CDKN1A (p21) mRNA expression in BV173 cells treated as indicated
in (A). Means + SEM are shown (n=4, * p<0.05, one-sample t test). (C) Western blot analysis of RAG1
protein stability after cycloheximide (CHX) treatment in BV173 cells treated overnight with 5 uM
STI571. Cells were treated for the indicated timepoints with DMSO (vehicle control), 50 ng/mL NCS,
20 ug/mL CHX, or the combination of both. The $-actin blot was used to control for loading. (D)
Realtime quantitative RT-PCR analysis of RAGT mRNA expression in BV173 cells treated as indicated
in (A), means £ SEM are shown (n=4, * p=0.01, one-sample t test). (E) Realtime quantitative RT-PCR
analysis of Ragl mRNA expression in A70 WT mouse v-Abl cells treated as indicated in (A), means
+ SEM are shown (n=4, *** p<0.001, one-sample t test). (F) Realtime quantitative RT-PCR analysis
of Rag? mRNA expression in WT mouse IL-7 dependent pre-B cell cultures, cells were treated as
indicated in (B) 48h after IL7 withdrawal. Cultures from 3 mice were analyzed independently, means
+ SEM are shown (n=3, * p=0.01, one-sample t test). (G) Realtime quantitative RT-PCR analysis of
Rag2 mRNA expression in A70 cells
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damage-induced down-regulation of RAG1/2 mRNA transcripts in the BV173 and A70 cell
lines and in primary mouse WT pre-B cells (Figures 1D-1G). In addition, expression of Rag1
MRNA in primary pre-B cells derived from Atm” mouse bone marrow remained unaffected
by DNA damage (data not shown), supporting a central role for ATM kinase in the regula-
tion of RAG1 expression following DNA damage.
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Transcriptional regulation of RAG expression by DNA damage

Exposure of cells to DNA-damaging agents may result in the activation of a caspase cas-
cade and subsequent proteolysis®'. Accordingly, we observed that the 2-hour NCS treat-
ment activated caspase-3 (Figure 2A). To provide evidence that NCS-induced RAG1 protein
down-regulation is not merely a result of proteolysis by activated caspases, BV173 cells
were pre-treated with the pan-caspase inhibitors Q-VD-OPH or Z-VAD (data not shown) one
hour prior to NCS treatment. Subsequent treatment with NCS resulted in RAGT down-mod-
ulation even in the presence of Q-VD-OPH, whereas cleavage of pro-caspase-3 was effi-
ciently inhibited (Figure 2A), showing that caspase-mediated proteolysis did not account
for the loss of RAG1 protein following DNA damage.

DNA damage significantly affected RAGT mRNA and protein expression levels in
pre-B cells, indicating that regulation takes place at the transcriptional level as well as
the post-translational level. To further dissect the relative contribution of these regula-
tory mechanisms, we ectopically expressed RAG1 protein from a heterologous promoter
(i.e., plasmid-driven) in HEK293 cells. Surprisingly, while treatments with increasing doses
of ionizing radiation or increasing concentrations of NCS clearly elicited a DNA damage
response, as shown by increased phospho-p53 (Ser™) levels, DNA damage did not affect
RAGT protein levels under these conditions, suggesting that DNA damage-mediated
regulation of RAG1 protein requires its endogenous transcriptional regulation and that
the post-translational regulation of RAG1 protein expression is not conserved between
different cell-types (Figure 2B).

» Figure 2. RAG1 down-regulation upon DNA damage is caspase-3-independent, requires
its endogenous transcriptional context, and coincides with loss of FOXO1-Erag binding.
(A) Western blotting analysis of RAG1T and cleaved caspase-3 expression in STI571-treated BV173
BCR-ABL-positive B-ALL cells. Cells were pre-treated with 10 uM Q-VD-OPH 1h prior to 2h treatment
with 50 ng/mL NCS treatment. The -actin blot was used to control for loading. (B) Western blotting
analysis of HEK293 cells transfected with pEBB-RAG1 encoding full-length mouse RAG1 (kind gift
from Dr. M. van der Burg). Cells were treated as indicated and harvested 2h after induction of DNA
damage. The phospho-p53 (Ser®) blot was used to show the induction of the DNA damage response.
The B-actin blot was used to control for loading. (C) Schematic depiction of the human RAG1/2
locus, numbers indicate chromosomal coordinates and arrows indicate transcriptional direction.
Erag enhancer and ChIP-PCR target region are shown. (D) Binding of FOXO1 and control rabbit IgG,
and (E) phospho-ATM (Ser'*®') and control mouse IgG to the Erag enhancer in STI571-treated BV173
cells and SUP-B15 BCR-ABL-positive B-ALL cells as determined by ChIP and expressed as percent of
input DNA. Cells were treated as indicated. ChIP experiments were performed in triplicate. Statistical
significances were determined by one-way analysis of variance (ANOVA) using a Bonferroni’s post-
test, means + SEM are shown (** p<0.01; *** p<0.001).
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Chapter 4, page 93, Figure 2 should be displayed as follows:

Figure 2. RAG1 down-regulation upon DNA
damage is caspase-3-independent, requires its
endogenous transcriptional context, and coincides
with loss of FOXO1-Erag binding. (A) Western
blotting analysis of RAG1 and cleaved caspase-3
expression in STI571-treated BV173 BCR-ABL-
positive B-ALL cells. Cells were pre-treated with 10 uM
Q-VD-OPH 1h prior to 2h treatment with 50 ng/mL NCS
treatment. The B-actin blot was used to control for
loading. (B) Western blotting analysis of HEK293 cells
transfected with pEBB-RAG1 encoding full-length
mouse RAG1 (kind gift from Dr. M. van der Burg). Cells
were treated as indicated and harvested 2h after
induction of DNA damage. The phospho-p53 (Ser'®)
blot was used to show the induction of the DNA
damage response. The B-actin blot was used to control
for loading. (C) Schematic depiction of the human
RAG1/2 locus, numbers indicate chromosomal
coordinates and arrows indicate transcriptional
direction. Erag enhancer and ChIP-PCR target region
are shown. (D) Binding of FOXO1 and control rabbit
19G, and (E) phospho-ATM (Ser'®") and control mouse
IgG to the Erag enhancer in STI571-treated BV173
cells and SUP-B15 BCR-ABL-positive B-ALL cells as
determined by ChIP and expressed as percent of input
DNA. Cells were treated as indicated. ChIP
experiments were performed in triplicate. Statistical
significances were determined by one-way analysis of
variance (ANOVA) using a Bonferroni’s post-test,

means + SEM are shown (** p<0.01; *** p<0.001).
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FOXO1 is involved in the DNA damage-induced regulation of RAG1

Based on these results we decided to study the effects of DNA damage on the transcrip-
tional regulation of RAG expression in pre-B cells in further detail. FOXO1 is a crucial
non-redundant transcription factor in developing B cells, and a key regulator of RAG1/2
expression at the pre-B cell stage®>, Transcription of the RAG locus in B cells is controlled
by the evolutionary conserved enhancer element Erag". FOXO1 was shown to bind Erag
in RAG-expressing small pre-B cells and is involved in driving RAG expression from this
cis-acting sequence®*34, To further establish the involvement of FOXO1 in the DNA dam-
age-induced regulation of RAG1 expression we assessed the binding of FOXO1 to the Erag
enhancer following DNA damage, using chromatin immunoprecipitation (ChlP) (Figure
2C). We found that the binding of FOXO1 to the Erag enhancer was abolished by NCS
treatment in BV173 and SUP-B15 cells (Figure 2D). Pre-treatment with the ATM kinase
inhibitor fully prevented the loss of FOXO1-Erag binding upon induction of DNA damage.
In addition, we found that phosphorylated ATM (Ser'?®") was present at the Erag enhancer
region in NCS-treated cells (Figure 2E), indicating that regulation of FOXO1-binding by
ATM possibly could take place in the context of chromatin.
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Figure 3. FOXO1 protein is cleaved/degraded upon DNA damage.

(A) Western blot analysis of FOXO1, AKT and mTOR phosphorylation in BV173 cells treated as
indicated, the f-actin blot was used to control for loading. (B) Realtime quantitative RT-PCR analysis
of FOXOT mRNA expression in BV173 cells treated as indicated, means + SEM are shown (upper
graph, n=4, *** p=0.0003, one-sample t test), and Foxol mRNA in WT mouse IL-7 dependent pre-B
cell cultures, cells were treated as indicated 48h after IL7 withdrawal, cultures from 4 mice were
analyzed independently, means + SEM are shown (lower graph, n=4, * p=0.02, one-sample t test).



DNA damage response regulates RAG1/2 expression through ATM-FOXO1 | 95

We observed FOXO1 phosphorylation on Ser**¢ upon NCS treatment (Figure 3A). Be-
cause FOXO1 Ser®*® phosphorylation has previously been linked to ubiquitin-mediated
FOXO1 degradation by Skp2, a subunit of the Skp1/Cul1/F-box protein complex®%, we
examined the level of FOXO1 protein following DNA damage. In response to NCS treat-
ment, decreased levels of FOXO1 protein were detected in BV173 cells by immunoblot
analysis (Figure 3A), coinciding with the appearance of a faster migrating band, suggestive
of a FOXO1 cleavage product. Of note, this FOXO1 cleavage product was not prevented
by pre-treatment with the pan-caspase inhibitor Z-VAD, or the acidic protease inhibitors
chloroquine and NH,Cl (data not shown). Furthermore, FOXOT mRNA levels were modestly
but significantly reduced in BV173 cells (80% of DMSO-treated controls, p=0.0003) and in
primary mouse WT pre-B cells (61% of DMSO-treated controls, p=0.02) upon induction of
DNA damage (Figure 3B). Interestingly, DNA damage-induced FOXO1 phosphorylation
and cleavage/degradation were prevented pre-treating BV173 cells with the ATM inhibitor
KU55933 (Figure 3A). Similarly, KU55933 prevented the DNA damage-induced decrease
of FOXOT mRNA levels (Figure 3B). DNA damage thus seems to control the availability
and expression of FOXO1 in an ATM-dependent manner. The fact that DNA damage had
a modest effect on FOXO1 protein stability/cleavage, whereas it greatly impacted on the
Erag-binding capacity of FOXO1 suggests that DNA damage regulates RAG1/2 expression
primarily by modulating DNA binding of FOXO1 and that FOXO1 degradation/cleavage
may be a secondary event.

PI3K-AKT signaling is not involved in the regulation of RAG1 expression in response
to DNA damage

Because DNA damage induced FOXO1 phosphorylation on Ser*$, which is an established
AKT phosphorylation site that affects FOXO1 protein stability, we also explored the contri-
bution of PI3K-AKT signaling in the regulation of FOXO1 and RAGT following DNA damage.
We found that induction of DNA damage resulted in the ATM-dependent phosphorylation
of AKT on Ser””? in BV173 cells (Figure 3A), similar to that reported earlier for other cell
types®. Besides FOXO1, mTOR has been suggested to be a direct target of AKT, phosphor-
ylating mTOR on Ser*4® 38, We assessed mTOR phosphorylation as a positive control for
activation of AKT kinase, and consistently, in our experiments DNA damage-dependent
AKT Ser*® phosphorylation coincided with increased mTOR Ser***¢ phosphorylation (Fig-
ures 3A and 4A). Interestingly, inhibition of AKT kinase activity by increasing amounts of
GSK690693 prevented NCS-induced phosphorylation of mTOR, but surprisingly, had no
effect on the loss of RAGT protein (Figure 4A). Pre-treatment with the AKT inhibitor had
no appreciable effect on the DNA damage-induced p53 Ser' phosphorylation. The use of
a different structurally unrelated AKT kinase inhibitor, AKT inhibitor VIII, did not prevent
the DNA damage-induced loss of RAG1 protein either (Figure 4B).
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Figure 4. AKT is not involved in regulating RAG1 expression following DNA damage.

(A) Western blot analysis of STI571-treated BV173 BCR-ABL-positive B-ALL cells treated as indicated.
DNA damage-induced RAG1 down-regulation could not be prevented by pretreatment with the AKT
kinase inhibitor GSK690693. Effective inhibition of AKT kinase was shown by accumulation of AKT
Ser*? phosphorylation and diminished mTOR Ser**¢ phosphorylation. The $-actin blot was used to
control for loading. (B) Western blot analysis of STI571-treated BV173 cells treated as indicated. Pre-
treatment with 10 uM AKT inhibitor VIIl did not prevent DNA damage-induced RAG1 downregulation.
The B-actin blot was used to control for loading. (C) Realtime quantitative RT-PCR analysis of Rag?
mMRNA expression in A70 WT mouse v-Abl pre-cells treated as indicated, means + SEM are shown (n=4,
* p<0.05, one-sample t test). (D) Western blot analysis of STI571-treated BV173 cells transduced with
empty vector (EV), wild type AKT (AKT-WT), or kinase-dead AKT (AKT-KD), and treated as indicated.
The AKT blot was used to show AKT overexpression; mTOR Ser**4¢ phosphorylation was diminished
upon DNA damage in AKT-KD overexpressing cells. The $-actin blot was used to control for loading.

Treatment with GSK690693 resulted in the accumulation of AKT Ser””® phosphoryla-
tion, probably due to disturbed negative feedback regulation impinging on AKT, as was
previously reported for this particular AKT kinase inhibitor**#'. Moreover, treatment with
either AKT inhibitor had no effect on the down-modulation of Rag? mRNA in A70 mouse
v-Abl pre-B cells following DNA damage (Figure 4C). Furthermore, inhibition of the PI3K
p1100 isoform, which is an upstream regulator of AKT, by the specific inhibitor CAL101
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(Idelalisib) did not prevent NCS-induced down-regulation of RAG1 protein either (data not
shown). To firmly establish that AKT is not involved in the regulation of RAG1 expression
following DNA damage we show that RAGT protein is decreased equivalently in BV173
cells overexpressing WT-AKT or a dominant-negative kinase-dead mutant of AKT (K179M/
T308A/S473A) upon NCS treatment (Figure 4D). These combined results clearly indicate
that in pre-B cells the effect of DNA damage on RAG1 expression and FOXO1 stability does
not involve the PI3K-AKT pathway.

ATM interacts with FOXO1 but does not phosphorylate FOXO1 on SQ/TQ residues

To gain more insight into how the stability and DNA binding activity of FOXO1 is regulated
by ATM upon induction of DNA damage, we assessed whether ATM physically interacted
with FOXO1 in RAG1-expressing pre-B cells using the proximity ligation assay (PLA), which
detects two proteins in close spatial proximity (<30 nm distance)*. We observed specific
interactions between activated ATM (phosphorylated on Ser'®') and FOXO1 in NCS-treat-
ed BV173 cells in which RAGT1 expression was induced by STI571 (Figure 5A). Strikingly,
using antibodies that detected both phosphorylated and unphosphorylated (inactive)
ATM we found specific interactions between ATM and FOXO1 regardless of whether DNA
damage was induced (Figure 5B), suggesting that FOXO1 and ATM constitutively inter-
act in RAG1-expressing pre-B cells, and that autophosphorylated ATM is associated with
FOXO1 upon induction of DNA damage. In conjunction with the ChIP results that showed
enrichment of phosphorylated ATM at the Erag enhancer in NCS-treated cells and loss of
FOXO1 binding (Figure 2E), these data suggest that phosphorylated ATM could be in-
volved in the release of FOXO1 from Erag. To confirm the specificity of the PLA experiments
we assessed the interaction between ATM and phosphorylated p53 (Ser'®; an ATM kinase
substrate), and as expected the interaction was induced by DNA damage and inhibited by
KU55933 pre-treatment (Figure 5C). In addition, for each of the antibody combinations,
PLA experiments in which one of the antibodies was omitted were performed as negative
controls, showing no specific PLA signals (SUPPL Figure 2).

A functional consequence of the interaction between ATM and FOXO1 might be the
ATM-dependent phosphorylation of FOXO1, which may regulate its DNA-binding capacity
and stability. Interestingly, a previously performed proteomic screen for ATM and ATR (ATM
and Rad3-related) substrates in HEK293T cells that were exposed to 10 Gy of y-irradiation
suggested that FOXO1 may be phosphorylated on residue Ser*® by ATM and/or ATR®. To
explore whether FOXO1 is phosphorylated by ATM/ATR in RAG1-expressing BV173 cells
following induction of DNA damage we performed immunoprecipitations with the ATM/
ATR substrate-specific antibody (phospho-5Q/TQ). However, using this approach we could
not detect SQ/TQ-phosphorylated FOXO1 upon NCS treatment, whereas ATM-dependent
phosphorylation of an established ATM/ATR target such as Nijmegen Breakage Syndrome
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Figure 5. ATM interacts with FOXO1 but does not phosphorylate FOXO1 on SQ/TQ res-
idues.

(A) Proximity ligation assay (PLA) shows the DNA damage-induced interaction between Ser'?'-
phosphorylated ATM and FOXOT1 in STI571-treated BV173 BCR-ABL-positive B-ALL cells. Cell
were treated as indicated. (B) Constitutive interactions between total ATM (phosphorylated and
unphosphorylated) and FOXO1 in STI571-treated BV173 cells. (C) DNA damage-induced interactions
between total ATM and Ser>-phosphorylated p53. Red fluorescent foci represent in situ protein
proximity (<30 nm). The number of PLA signals per cell in at least 20 cells per condition was
quantified. Horizontal lines represent means; statistical significances were determined by one-
way ANOVA (*** p<0.001). (D) Western blot analysis of anti-phospho SQ/TQ (ATM/ATR substrate)
immunoprecipitated proteins in STI571-treated BV173 cells that were treated as indicated. Input
represents total lysates from treated cells. Immunoprecipitation using polyclonal rabbit IgG
served as a negative control for each condition. FOXO1 was not detected in the immunoprecitates
whereas NBS1 was readily detected in NCS-treated cells. Phosphorylation of SQ/TQ residues on
NBS1 was reduced by pretreatment of the cells with KU55933 prior to induction of DNA damage,
indicating ATM-dependent phosphorylation. A representative example of two independent
immunoprecipitation experiments is shown.
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1 (NBS1)*#> was readily detected (Figure 5D). The fact that we could ChIP phospho-ATM at
the Erag enhancer region in NCS-treated cells whereas FOXO1 DNA-binding was abolished
under these conditions (Figure 2D) suggests that ATM may locally regulate/impair the
DNA occupancy of FOXO1, but most likely this does not involve direct phosphorylation
of FOXO1 by ATM.

Of note, the interaction between phosphorylated ATM and FOXO1 was already observ-
able in STI571-treated cells and was further increased after induction of DNA damage. This
suggests that there is already some degree of DNA damage in cells treated with STI571.
Since RAG expression is induced by STI571 we proposed that RAG-mediated DNA cleavage
could be the source of this DNA damage, thereby activating negative feedback regulation
of RAG expression.

RAG-dependent DNA breaks regulate RAG1 expression through a negative feedback
mechanism

To assess whether the RAG-dependent endogenous DNA breaks are able to regulate
RAG1 expression, WT (A70) and Rag2” (R2K3) mouse v-Abl cells were treated with STI571
for 72 hours and Rag? mRNA expression was quantified. Because both RAG1 and RAG2
are needed to form the RAG1/2 complex that possesses the endonuclease activity, no Ig
rearrangement-related DNA breaks are generated upon STI571-treatment in Rag2” v-Abl
cells?. Interestingly, Rag?l mRNA expression was 2.7-fold higher in STI571-treated Rag2” as
compared to WT v-Abl cells (Figure 6A). Inhibition of ATM kinase activity increased Rag1
mRNA expression in WT v-Abl cells to a similar level as observed in Rag2” v-Abl cells, but
did not alter RagT mRNA expression levels in Rag2” v-Abl cells. In accordance, Rag2” v-Abl
cells showed enhanced Erag-RagT luciferase reporter activity compared to WT v-Abl cells
upon STI571 treatment (Figure 6B). To further substantiate the point that DNA breaks can
regulate the RagT expression levels in Rag2” v-Abl cells, we show that exogenously induced
DNA breaks by NCS also provoked the ATM-dependent inhibition of Ragl transcription
in these cells (Figure 6C). In addition, we show that in the absence of Artemis nuclease,
which is required for the repair of RAG1/2-dependent coding joint hairpins, Rag2-deficient
cells have significantly increased Rag? mRNA expression compared to Rag2-proficient cells
(Figure 6D). Also, the expression level of Rag? mRNA is about twofold lower in STI571-treat-
ed Artemis” versus wildtype v-Abl cells (compare Figures 6A and 6D), which may be
caused by the accumulation of RAG1/2-dependent breaks in Artemis-deficient cells, due
to the lack of repair of coding ends.
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Figure 6. Rag1 mRNA expression is regulated by RAG-dependent DNA breaks.

(A) Realtime quantitative RT-PCR analysis of Ragl mRNA expression in A70 (WT, black bars) and R2K3
(Rag2”, grey bars) mouse v-Abl cells treated for 72h with 5 uM STI571 and 5 uM KU55933 or vehicle
(DMSO0), Rag? mRNA expression relative the housekeeping gene 7185 rRNA is shown. Means + SEM are
shown (n=3, * p<0.05, one-way ANOVA). (B) Erag-Rag1-driven luciferase activity was measured by
transient transfection of the Erag-Rag1 luciferase construct in A70 (WT, black bars) and R2K3 (Rag2”,
grey bars) mouse v-Abl pre-B cells treated for 72h with 5 uM STI571 or vehicle (DMSO). Relative light
units (RLU) normalized to the TK Renilla luciferase reporter vector are shown. Following transfection,
cells were treated for 24h with 5 uM KU55933. Means + SEM are shown (n=3, * p<0.05, two-way
ANOVA). (C) Realtime quantitative RT-PCR analysis Rag? mRNA expression in R2K3 (Rag2”) treated
overnight with 5 uM STI571. DNA damage induction by 2h treatment with 50 ng/mL NCS resulted
in a rapid down-regulation of Rag? mRNA expression in Rag2-deficient cells, which was prevented
by 2h pretreatment with 5 uM KU55933. Means + SEM are shown (n=3, ** p=0.004). (D) Realtime
quantitative RT-PCR analysis of RagT mRNA expression in Artemis” (black bars) and Artemis” Rag2”
(grey bars) mouse v-Abl cells treated for 72h with 5 uM STI571 or vehicle (DMSO). Means + SEM are
shown (n=3, ** p<0.01, two-way ANOVA).
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Figure 7. Inhibition of ATM kinase function augments RAG1/2 recombination activity.
(A) Schematic depiction of the fluorescent RAG1/2 activity reporter construct. White and grey
triangles represent 12-bp spacer RSS and 23-bp spacer RSS, respectively. RAG1/2-mediated
inversional recombination results in the formation of a signal joint and the sense orientation of
the GFP cassette. (B) Representative FACS plots of A70 (WT) and R2K3 (Rag2”) mouse v-Abl cells
treated with vehicle (DMSO; upper panels) or treated with 5 uM STI571 for 96h (lower panels). (C)
Representative FACS histograms showing GFP expression within RFP-gate (indicative of RAG1/2
activity) in A70 pre-B cells treated for 96h with vehicle (DMSO) (upper left panel) 5 uM KU55933
(upper right panel), 5 uM STI571 (lower left panel) or 5 uM KU55933 + 5 uM STI571 (lower right panel).
Percentages of GFP-positive cells are indicated in FACS plots. (D) Bar graph depicting percentages
of GFP-positive cells within RFP-gate in A70 pre-B cells treated for 96h with vehicle (DMSO, white
bar) or 5 uM KU55933 (black bar). Means + SEM are shown (n=4, * p<0.05, Mann-Whitney U test).
(E) Bar graph depicting percentages of GFP-positive cells within RFP-gate in A70 pre-B cells treated
for 96h with 5 uM STI571 (white bar) or 5 uM STI571 + 5 uM KU55933 (black bar). Means + SEM are
shown (n=4, * p<0.05, Mann-Whitney U test).
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Taken together, these results suggest that DNA breaks that originate from RAG1/2
activity and /g gene rearrangements are involved in the down-regulation of Rag? mRNA
expression in ATM-dependent manner. Moreover, it suggests that the kinase function
of ATM restricts the activity of the RAG1/2 endonuclease complex. To directly assess the
impact of ATM kinase on RAG1/2 activity we made use of a novel fluorescent reporter
system that has an antisense green fluorescent protein (GFP) cassette, which is flanked
by a 12-basepair spacer RSS and a 23-basepair spacer RSS%*. Functional expression of the
RAG1/2 complex mediates inversional recombination that results in the sense orientation
of the GFP cassette, which can be monitored in cells that co-express control red fluores-
cent protein (RFP) (Figures 7A, 7B). Treatment of mouse v-Abl cells with KU55933 resulted
in a modest but reproducible increase in spontaneous (Figure 7C upper panels and
Figure 7D) and STI571-induced RAG-dependent reporter activity (Figure7C lower panels
and Figure 7E), consistent with a modest increase in Igh allelic inclusion in ATM-deficient
mouse splenic and bone marrow B cells*s. Collectively, these results show that ATM kinase
activity is involved in limiting the activity of the RAG1/2 complex.

Discussion

The strict and ordered regulation of the RAG1/2 complex in developing B cells ensures the
expression of a functional B-cell receptor required for B-cell maturation, while minimizing
the risk of collateral damage emanating from this endonuclease. As there is ample evidence
for the involvement of illegitimate RAG1/2 activity in genomic alterations found in mouse
and human B-cell malignancies™ ", a thorough understanding of the mechanisms that
control RAG1/2 expression will provide insight into the etiology of these malignancies and
may even yield strategies to curb this potentially hazardous endonuclease.

Previously, it was shown that RAG1/2 activity is restricted in a cell-cycle dependent
manner*, which involves the cyclinA/CDK2-triggered proteasomal destruction of the RAG2
protein®, whereas RAGT protein stability does not appear to be cell-cycle regulated®. At
the transcriptional level, the expression of the RAGT and RAG2 genes, residing in the same
locus, is coordinately regulated by the binding of several transcription factors to cis-acting
sequences'?, of which FOXO1 and FOXP1 binding to the Erag enhancer emerge as major
players in the regulation of RAG expression in B lymphocytes®**. In this study, we inves-
tigated whether additional mechanisms, other than cell cycle-dependent RAG2 protein
degradation, are involved limiting RAG-dependent DNA damage.

In agreement with previous studies, we find that the DNA damage response regulates
RAG in normal and malignant pre-B cells*>°, We show that DNA damage induces a rapid
ATM-dependent down-regulation of RAG1 and RAG2 mRNA and protein expression. Our
finding that recombinant expression of RAG1 in HEK293 cells was not affected by DNA
damage suggests a predominantly transcriptional regulatory mechanism, although in
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pre-B cells the stability/turnover of RAG1 was clearly affected by DNA damage, suggest-
ing that a post-translational regulatory mechanism exists that may be cell-type specific.
However, in further support of a transcriptional regulatory mechanism, we show that DNA
damage abolished FOXO1 binding to the Erag enhancer, which was restored by pre-treat-
ment with the ATM kinase inhibitor. Furthermore, DNA damage resulted in the partial
cleavage/degradation of FOXO1. However, the dramatic reduction of RAG1 transcription
upon DNA damage suggests that the incomplete loss of FOXO1 protein integrity is a sec-
ondary event following the loss of FOXO1 DNA-binding activity. The very short half-life
of RAG1 protein and mRNA of approximately 15 minutes and 30 minutes, respectively*?°,
allows for the dynamic regulation of expression at the transcriptional level, falling well
within the range of 2 hours, after which we analyzed RAG1 protein and mRNA expression
upon induction of DNA damage. Also from our experiments, we conclude that caspase-me-
diated proteolysis is not involved in the regulation of RAG1 expression, as pre-treatment
with the pan-caspase inhibitor Q-VD-OPH did not prevent RAG1 downregulation upon
DNA damage.

In previous studies, it was shown that treatment with PI3K inhibitors or the specific
lack of the p85a subunit of PI3K in immature B cells increased the expression of RAG1*',
whereas the overexpression of myristoylated (constitutively active) AKT suppressed RAG1
expression in developing B cells®2. Since the FOXO transcription factors are bona fide phos-
phorylation targets of the PI3K-AKT kinase pathway, acting downstream from the pre-BCR
and BCR®' and resulting in nuclear exclusion and degradation of FOXO, we assessed the
role of AKT signaling in the downmodulation of RAG1 expression following DNA damage.
We found that both AKT and FOXO1 were phosphorylated in an ATM-dependent manner
upon NCS treatment, but surprisingly, inhibition of AKT kinase activity did not prevent the
downregulation of RAG1. In addition to AKT, several other kinases have been reported to
regulate the subcellular distribution and activity of FOXOT1, such as p38 MAPK, IkB kinase
ERK, and JNK?%2, Pretreatment of RAG-expressing pre-B cells with small molecule inhibitors
for neither of these kinases prior to induction of DNA damage was able to prevent RAG1
down-regulation, suggesting that these kinases are not involved in the regulation of RAG1
expression upon DNA damage (data not shown).

Using PLA, we show that the ATM kinase and FOXO1 can be found in close proximity
(<30 nm). This interaction was found irrespective of the induction of exogenous DNA
damage suggesting a constitutive association. Despite the physical interaction, we found
no evidence for the ATM-dependent phosphorylation of FOXO1 upon induction of DNA
damage. Using ChlIP, we detected phosphorylated ATM at the Erag enhancer region in
NCS-treated cells, suggesting that DNA damage activates ATM to locally release FOXO1
binding to Erag. Previously, a similar local effect on the transactivation of RAG expres-
sion by FOXO1 was described by Chow et al. who showed that MAPK-activated protein
kinase (MAPKAPKS5) phosphorylates FOXO1 on Ser?™, which is required for binding to the



104 | Chapter4

RAG locus and RAG expression, but not for the expression of several other FOXO1 target
genes>. Unfortunately, we could not assess the effects of DNA damage on FOXO1 Ser*®
phosphorylation, as antibodies recognizing this specific FOXO1 phospho-protein are not
available. It was shown that MAPKAPKS5 expression is required for RAG expression in pre-B
cells, leaving open the possibility that MAPKAPKS levels itself could be regulated by DNA
damage. To address this possibility we assessed the levels of MAPKAPKS5 in STI571-treated
BV173 pre-B cells but found no difference in MAPKAPKS5 levels upon DNA damage and/
or ATM kinase inhibition (SUPPL Figure 3). Additionally, it was shown that the BCL11a
transcription factor activates RAG1/2 expression in pre-B cells and is critical component of
the gene regulatory network controlling early B-cell development®*. However, we neither
found evidence for the DNA damage-mediated regulation of BCL11a in STI571-treated
BV173 pre-B cells (SUPPL Figure 3).

Based on the above we hypothesize that the ATM kinase may possibly function by
recruiting or activating additional factors that regulate the DNA-binding capacity and
stability of FOXO1 in RAG-expressing pre-B cells, of which the identity remains to be elu-
cidated. The ATM kinase may be involved in post-translational modifications that affect
the DNA-binding properties of FOXO1, other than phosphorylation. For instance, it was
shown that acetylation of FOXO1 decreased its affinity for the target DNA%. The acetylation
status of FOXOT1 is regulated by the acetyltransferase C-AMP response element-binding
protein (CBP) and the NAD-dependent histone deacetylase sirtuin 1 (SIRT1)*%*”. Of interest,
ATM was shown to activate the deleted in breast cancer 1 (DBC1) protein upon induction
of DNA damage, which is a negative regulator of SIRT1°%%, A possible scenario might be
that ATM inhibits the deacetylation of FOXO1 by activating DBC1, thereby regulating the
DNA-binding capacity of FOXO1. In an earlier study in A549 lung carcinoma cells, the
acetylation of overexpressed FLAG-tagged FOXO1 could be detected upon induction of
DNA damage®®. However, we were unable to convincingly show acetylation of endogenous
FOXO1 in BV173 cells exposed to NCS (data not shown).

Consistent with earlier reports, we show that DNA breaks resulting from RAG1/2 ac-
tivity trigger an ATM-dependent negative feedback loop that limits the expression and
activity of RAG1/2%¢°°. Previously, it was shown that this negative feedback regulation
contributes to Igxk allelic exclusion by suppressing secondary Vk to Jk rearrangements and
therefore is an integral part of B-cell development*®. In agreement with this, we find that
the activity of RAG1/2 is slightly enhanced upon inhibition of the ATM kinase function. It
was suggested that ATM regulates RAG1/2 expression by repressing the growth arrest and
DNA-damage-inducible protein (GADD45a)*, which is important for RAG1/2 transcription
in mouse v-Abl transformed pre-B cells®2. However, we could not detect any alterations in
the mRNA or protein levels of Gadd45a. in mouse v-Abl transformed pre-B cells and BV173
BCR-ABL-positive B-ALL cells 2h after DNA damage induction by NCS, nor after (pre-) treat-
ment of these cells with the ATM kinase inhibitor (SUPPL Figure 4).
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In a recent study, it was shown that RAG2 is also affected by DNA damage, triggering
its nuclear export. However, only a modest fraction of RAG2 was shown to undergo sub-
cellular redistribution, making it unlikely that this mechanism is involved in regulating
V(D)J recombination®®,

Previously, in severe combined immune deficient (SCID) mice it was shown that irra-
diation promotes the aberrant joining of RAG1/2-dependent DNA breaks to random DNA
breaks, leading to chromosomal translocations that promote thymic lymphomagenesis®'.
We speculate that the rapid downregulation of RAGT upon DNA damage may be important
in preventing such aberrant recombinations in pro- and pre-B cells that have initiated V(D)
J recombination, by limiting the co-existence of RAG-dependent and RAG-independent
DNA breaks. Our data suggest that ATM imposes an important barrier for the generation
of RAG-dependent DNA damage not only by regulating DNA repair of these lesions®2¢* but
also by transcriptional regulation of RAG1, thereby preventing excessive and inappropriate
RAG activity.
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Supplemental Figure 1. Short term exposure to neocarzinostatin does not result in ap-
preciable cell death, and DNA damage regulates RAG1 expression in SUP-B15 pre-B cells.
(A) Overnight STI571-treated (STI) BV173, SUPB15 and A70 pre-B cells were treated for 2.5hrs with
200 ng/mL neocarzinostatin (NCS). STI, NCS and KU55933 treatment did not result in increased cell
death as judged by propidium-iodide (PI) staining and flow-cytometry analysis. (n=3, independent
replicate experiments). (B) Western blot analysis of SUP-B15 pre-B cells. DNA damage resulted in
the ATM-kinase dependent down-regulation of RAG1 protein levels. The 3-actin blot was used to
control for loading. (C) Realtime quantitative RT-PCR analysis of RAGT mRNA expression in SUP-B15
pre-B cells treated overnight with 5 uM STI571. DNA damage induction by 2h treatment with 50
ng/mL NCS resulted in the down-regulation of RAGT mRNA expression, which was prevented by
2h pretreatment with 5 uM KU55933. Means +/- SEM are shown (n=3, ** p<0.01, one-sample t test).



DNA damage response regulates RAG1/2 expression through ATM-FOXO1 | 111

BV173 STI571 + NCS BV173 STI571 + NCS
single antibody control single antibody control
FOXO1 PLA (no ATM antibody) p-P53 PLA (no ATM antibody)

20x

p{1)'¢

BV173 STI571 + NCS BV173 STI571 + NCS
single antibody control single antibody control
p-ATM PLA (no FOXO1 or p-P53 antibody)  total ATM PLA (no FOXO1 or p-P53 antibody)

20x

Supplemental Figure 2. Single antibody specificity controls for Proximity Ligation Assay.
BV173 cells treated overnight with 5 uM STI571 and subsequently treated with 50 ng/mL
neocarzinostatin for 2 hrs. Cells were cytocentrifuged and incubated overnight with the indicated
single antibodies and developed as indicated in Figure 5. In none of the single antibody controls >5
specific PLA signals were observed in the DAPI-stained nuclei.
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Supplemental Figure 3. Expression levels of MAPKAPKS5 and BCL11a are not affected by

DNA damage in STI571-treated BV173 pre-B cells.
BV173 cells treated overnight with 5 uM STI571 and subsequently treated with 50 ng/mL
neocarzinostatin for 2 h. Western blot analysis for MAPKAPKS5 and BCL11a protein levels. The -actin

blot was used to control for loading.




112 | Chapter 4

A B
AH2 R2K.ART BV173
STIST1 + + + + + + + + STIST1 + + + +
NCS - - + + - - + + NCS - -+ +
KUS5933 - + - + - + - + KUS5933 - + - +

GADD45a |- B v e ——|—22kDa GADD45a Ezsza
B—actin|— —_——— e — —|—42kDa B-actin El—@ma

(@)
o

GADD45a mRNA (AH2 & R2K.ART, n=3) GADD45a mRNA (BV173, n=4)
c
2 49005 B3 STI571 s 15
@ £ KUS5933 ?
5 3e-005 EXINCS 58
H [ KUS5933+NCS 55 10
2 2e-005 o
[ -
d 53
o o 0.5
2 1e-005 2%
= s
e 0 2 o0
R & & il &
v ¥ N ~ N
S ) N o
& & >
A" &
) N
B
N
&
2

Supplemental Figure 4. GADD450. expression is not affected by DNA damage and inhi-
bition of ATM kinase activity.

(A) Western blot analysis of STI571-treated (72h) AH2 (Artemis”) and R2K.ART (Artemis” / Rag2™)
mouse v-Abl cell lines. DNA damage (2h treatment with 50 ng/mL NCS) did not affect GADD45a
protein levels. Effective induction of DNA damage was shown by phosphorylation of ATM (Ser'*®),
which was inhibited by treatment of cells with the ATM kinase inhibitor KU55933 2h prior to induction
of DNA damage by NCS. The p-actin blot was used to control for loading. (B) Western blot analysis
of STI571-treated (72h) BV173 pre-B cells. DNA damage did not affect GADD45a protein levels. The
[-actin blot was used to control for loading. (C) Realtime quantitative RT-PCR analysis of Gadd45a
MRNA expression in STI571-treated (72h) AH2 and R2K.ART mouse v-Ab/ cell lines. Gadd45a mRNA
expression was not affected by DNA damage and inhibition of ATM kinase activity. (n=3, independent
replicate experiments). (D) Realtime quantitative RT-PCR analysis of GADD45a mRNA expression in
BV173 pre-B cells. DNA damage did not affect GADD45a mRNA expression levels. (n=4, independent
replicate experiments).
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Abstract

In developing lymphocytes, expression and activity of the recombination activation gene
protein 1 (RAG1) and RAG2 endonuclease complex is tightly regulated to ensure ordered
recombination of the immunoglobulin genes and to avoid genomic instability. Aberrant
RAG activity has been implicated in the generation of secondary genetic events in human
B-cell acute lymphoblastic leukemias (B-ALLs), illustrating the oncogenic potential of the
RAG complex. Several layers of regulation prevent collateral genomic DNA damage by
restricting RAG activity to the G, phase of the cell cycle. In this study, we show a novel
pathway that suppresses RAG expression in cycling-transformed mouse pre-B cells and
human pre-B B-ALL cells that involves the negative regulation of FOXO1 by nuclear factor
kappa B (NF-kB). Inhibition of NF-kB in cycling pre-B cells resulted in upregulation of RAG
expression and recombination activity, which provoked RAG-dependent DNA damage. In
agreement, we observe a negative correlation between NF-kB activity and the expression
of RAGT, RAG2, and TdT in B-ALL patients. Our data suggest that targeting NF-«B in B-ALL
increases the risk of RAG-dependent genomic instability.
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Introduction

The adaptive immune system plays a crucial role in the defense against pathogens, func-
tioning by virtue of highly specific antigen receptors expressed on B and T cells. Effective
immunity requires a diverse repertoire of these antigen receptors, which is achieved by
recombination of variable (V), diversity (D), and joining (J) gene segments of the immu-
noglobulin (Ig) and T-cell receptor (Tcr) loci.' VDJ recombination requires the recombi-
nation activation gene proteins 1 and 2 (RAG1 and RAG2) to instigate DNA breaks in re-
combination signal sequences (RSSs) that flank the recombining gene segments.>* At the
pro-B-cell stage, RAG1/2 initiates /g heavy chain (Igh) recombination after which RAG is
downregulated, followed by several rounds of cell division at the large pre-B-cell stage.
Subsequently, pre-B cells exit the cell cycle, and RAG expression is upregulated resulting
in Ig light chain (/gl) recombination. The functional expression of a tolerant (non-self)
B-cell receptor (BCR) switches off RAG, whereas expression of an autoreactive BCR leads
to prolonged RAG expression, thereby allowing secondary /gl recombinations in a process
known as receptor editing.**

Signals emanating from the interleukin-7 receptor (IL7R) and the pre-B-cell receptor
(pre-BCR) regulate the dynamic pattern of RAG expression, which involves phosphoinos-
itide-3 kinase (PI3K) and protein kinase B (PKB, also known as AKT) impinging on forkhead
box O (FOXO) transcription factors that are required for RAG expression.®” The interplay
between these signals ensures a sharp demarcation between proliferation and /g gene
recombinations in order to conserve genomic stability in pre-B cells. Additionally, RAG2
protein is phosphorylated at threonine 490 (T490) by the cyclin A/cyclin-dependent kinase
2 (CDK2) complex, eliciting S phase kinase-associated protein 2 (SKP2) -mediated ubiquiti-
nation and protein degradation in S phase.®® A breach of this regulation results in genomic
instability that activates a p53-dependent checkpoint, as was shown by the increased
lymphomagenesis in p53-deficient RAG2-T490A mice."

There is ample evidence for the involvement of RAG in chromosomal aberrations in
lymphomas and leukemias, which underscores the importance of proper regulation of
this potentially harmful recombination mechanism." Moreover, B-cell acute lymphoblas-
tic leukemias (B-ALLs) show a developmental block at the pro- to pre-B cell stage and
frequently display constitutive RAG, terminal deoxy-transferase (TdT) expression, and
ongoing Ig gene recombinations.'>® Recent genome-wide analyses of BCR-ABL-positive
and ETV6-RUNX1-positive B-ALL have shown that breakpoints of secondary genetic events
frequently map near RSS motifs, suggesting the involvement of RAG."*'* Given its onco-
genic potential, a deeper understanding of the regulation of RAG expression and activity
is warranted. About 25% of adult B-ALL and 5% of childhood B-ALL patients carry the BCR-
ABL1 fusion gene,'®a tyrosine kinase that mimics IL7R and pre-BCR signaling."” Here, we
made use of human BCR-ABL-positive B-ALL cell lines, Abelson-transformed (Abl) mouse
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pre-B cells, and IL7-dependent mouse pre-B cell cultures representing tractable models to
study the regulation of RAG expression in (transformed) pre-B cells because inhibition and/
or abrogation of BCR-ABL, Abl, or IL7 signaling induces differentiation that is accompanied
by RAG expression and /gl recombination.’®” In addition, we studied RAG expression in
BCR-ABL-negative primary human B-ALL samples. We report the unexpected finding that
nuclear factor kappa B (NF-kB) and AKT signaling suppresses RAG expression and activity in
cycling-transformed mouse pre-B cells and in human B-ALL cells and show that inhibition
of NF-kB and AKT signaling results in RAG-dependent DNA damage.

Materials and methods

Cell culture and small molecule inhibitors

Abl-transformed mouse pre-B cell lines generated from wild-type (WT) and RAG2~~ mice
carrying an Eu-Bcl2 transgene were kindly provided by Dr Craig Bassing (University of
Pennsylvania School of Medicine, Philadelphia, PA). The human BCR-ABL-positive B-ALL
cell lines BV173 and SUP-B15 were obtained from Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen (Braunschweig, Germany). Cells were treated with the following
small molecule inhibitors at 10° cells per milliliter as indicated: STI571 (imatinib meth-
anesulfonate, LC Laboratories, Woburn, MA), BMS-345541 (Sigma Aldrich), GSK-690693
(Selleckchem, Houston, TX), MLN120B (MCE MedChem Express, Princeton, NJ), CAL-101
(Idelalisib; Selleckchem), and PD-0332991 (Palbociclib; Selleckchem).

Immunoblotting
Protocols for immunoblotting experiments are available in the supplemental Data avail-
able at the Blood Web site.

Flow cytometry
Intracellular, intranuclear, and 5-bromo-2"-deoxyuridine (BrdU) stainings were done as
previously described.?®?' Detailed protocols are available in the supplemental Data.

PCR analysis and real-time reverse transcription PCR

Vk6-23 to Jx1 coding joins were determined in mouse Abl cells by semiquantitative poly-
merase chain reaction (PCR) by using previously published primers.22PCR was performed
on 100, 25, and 6.25 ng of DNA. For expression analysis by quantitative real-time reverse
transcription PCR, RNA was isolated by using TRI Reagent (Sigma Aldrich), and equal
amounts of RNA (0.5 ug) were first-strand transcribed into complementary DNA by using
random primers (Promega Corp., Fitchburg, WI) and Moloney murine leukemia virus re-
verse transcriptase (Invitrogen, Carlsbad, CA). Gene expression levels were normalized by
using RPLPO (ribosomal protein, large, P0) and 18S ribosomal RNA (rRNA) housekeeping
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genes for human and mouse samples, respectively. Primer sequences are listed in SUPPL
Table 1.

Analysis of Jx2-RSS signal-end DNA breaks in G1 and S phase cell cycle cells
Ligation-mediated PCR (LM-PCR) for Jk2-RSS signal-end DNA breaks in cell cycle phase
sorted WT and RAG2~~ Abl-transformed pre-B cells was performed essentially as described
earlier,2>?* with minor modifications. A detailed protocol is available in the supplemental
Data.

NF-kB transcription factor activity assay

NF-kB transcription factor p65 and p50 DNA-binding activity was measured in 5 ug of nu-
clear extracts from stimulated BV173 and SUP-B15 cells by using a commercially available
enzyme-linked immunosorbent assay kit (p50/p65 Transcription Factor Assay Kit; ab133128,
Abcam, Cambridge, MA) according to the manufacturer’s instructions.

Expression constructs and retroviral transductions

The RAG-reporter construct was used as described previously.?> The retroviral RAG-reporter
and IkBaSR (IkBa. S32A/S36A) constructs were co-transfected with the pCL-ECO plasmid
in Phoenix-A cells. For retroviral transduction, cells and retroviral supernatants were spun
for 90 minutes at 2000g onto retronectin-coated 24-well plates (5 x 10° cells per well)
according to the manufacturer’s instructions (Takara Bio Inc., Otsu, Shiga, Japan).

Primary mouse bone marrow pre-B-cell cultures

C57BI/6 WT mice were housed in the animal research facility of the Academic Medical
Center under specific pathogen-free conditions. Animal experiments were approved by
the Animal Ethics Committee and were performed in agreement with national and in-
stitutional guidelines. Primary mouse pre-B-cell cultures were performed as described
previously®; details are available in the supplemental Data.

Patient samples

Bone marrow aspirates and peripheral blood mononuclear cells from B-ALL patients con-
taining >90% blasts were obtained and prepared according to ethical standards of our
institutional medical ethical committee, as well as in agreement with the Helsinki Declara-
tion of 1975, as revised in 1983. Cells were cultured for 48 hours in supplemented Iscove’s
modified Dulbecco’s medium with 20% fetal calf serum, in the presence of 2.5 uM NF-«B
kinase B (IKKp) inhibitor (IKKBi) and 2.5 uM AKT inhibitor (AKTi), or vehicle (dimethylsulf-
oxide; untreated). Patient cytogenetic characteristics are listed in SUPPL Table 2.
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Gene expression analysis

Data from a previously published study in which the gene expression profiles of 207 un-
treated B-ALL patients were determined? %’ were reanalyzed using the R2 microarray anal-
ysis and visualization platform developed in our institute and publicly available (http://
r2.amc.nl).

Statistics
The GraphPad Prism software package (GraphPad Software, La Jolla, CA) was used for
statistical testing.

Results
AKT and NF-xB suppress RAG activity in Abl mouse pre-B cells

RAG activity in mouse Abl pre-B cells was assessed by using a green fluorescence protein
(GFP)-based RAG activity reporter.?> Abl-transformed pre-B cells can be induced to un-
dergo differentiation toward small pre-B cells with the Abl kinase inhibitor STI571.'®22 As
expected, STI571 induced GFP expression in WT but not in RAG2~ Abl cells (Figure 1A).
The PI3K p1108 inhibitor CAL-101 (PI3Ki) and AKTi GSK-690693 increased RAG-reporter ac-
tivity, showing that RAG activity is suppressed by PI3K and AKT (Figure 1B). Treatment with
IKKBi BMS-345541 resulted in a modest but consistent increase in RAG activity. Strikingly,
combined treatment with IKKBi and PI3Ki or AKTi synergistically increased RAG activity
(Figure 1B-C). A structurally unrelated IKKBi (MLN120B) yielded similar results, demon-
strating the specificity of this effect (SUPPL Figure 1).

» Figure 1. AKT and NF-kB regulate RAG activity in mouse Abl pre-B cells.

(A) Representative fluorescence-activated cell sorter plots of the WT and RAG2”~ mouse Abl
pre-B cells transduced with the retroviral RAG-reporter construct consisting of an antisense GFP
complementary DNA flanked by a 12-bp spacer RSS and a 23-bp spacer RSS, followed by an IRES-RFP
cassette. RAG activity mediates inversional recombination of the antisense GFP gene, which can be
quantified by flow cytometry. WT and RAG2”- mouse Abl pre-B cells were treated for 96 hours with
10 uM STI571. (B) WT mouse Abl pre-B cells transduced with the RAG-reporter construct stimulated
with 5 uM PI3Ki, 2.5 uM AKTi, 2.5 uM IKKBi, or untreated (dimethylsulfoxide [DMSO] vehicle) for 96
hours. GFP histograms (RAG-reporter activity) of transduced cells are shown by gating on RFP* cells.
(C) Titration curve for IKKBi and for IKKi plus 2.5 uM AKTi. RAG-reporter activity (y-axis) of WT mouse
Abl pre-B cells is plotted against the concentration of IKKfi (x-axis). RAG-reporter activity of mouse
Abl pre-B cells treated with 5 uM STI571 is shown. Cells were treated for 72 hours. A representative
example of 3 independent experiments is shown, 4 replicate measurements were performed per
experiment, and error bars show means + standard deviation (SD).
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AKT and NF-xB regulate RAG transcription by inhibiting FOXO1

Combined treatment with IKKBi and AKTi induced RAG1 and RAG2 messenger RNA (mRNA)
expression in Abl mouse pre-B cells and in two human BCR-ABL-positive B-ALL cell lines
(BV173 and SUP-B15) at levels comparable to those observed after STI571 treatment (Figure
2A and SUPPL Figure 2); RAG1 protein expression was correspondingly induced (Figure
2B). We next studied the expression of FOXO1 and FOXO3a, which are known regulators
of RAG transcription.5” Nuclear FOXO1 levels were increased upon AKTi treatment and
upon combined AKTi and IKKBi treatment, whereas FOXO3a levels remained unchanged
(Figure 2C). Concomitantly, phosphorylation of FOXO1 on serine 256 and serine 329, which
negatively regulate its stability, was decreased in cells treated with IKKBi and AKTi (Figure
2B). Recently, it was demonstrated that cyclin-dependent kinase 4 (CDK4) suppresses RAG
expression in Myc-driven lymphomas by phosphorylating FOXO1 at serine 329.% In line
with this, we found that CDK4 protein and mRNA expression was decreased in IKKfi- and
AKTi-treated cells (Figure 2D-E). Moreover, treatment with the CDK4-specific inhibitor
PD-0332991 (CDK4i) increased RAG activity to a degree comparable to that with IKKBi and
AKTi treatment (Figure 2F).

AKT and NF-kB inhibition does not interfere with Abl signaling

In Abl-transformed pre-B cells, the Abl kinase activity results in constitutive STAT5 phos-
phorylation, which is inhibited by STI571 (Figure 2B). However, phospho-STAT5 remained
unchanged in cells treated with IKKBi and AKTi, showing that Abl kinase signaling was not
abrogated. In addition, C-MYC was detectable in IKKBi- and AKTi-treated cells, whereas

» Figure 2. Transcriptional regulation of RAG1 by the AKT and NF-kB pathways.

(A) Real-time reverse transcription PCR (RT-PCR) analysis of RAGT mRNA in the human BCR-ABL-
positive B-ALL cell lines BV173 (left) and SUP-B15 (middle) and Rag? mRNA in the WT mouse Abl
pre-B cell line (right). Cells were treated with 2.5 uM IKKBi, 2.5 uM AKTi, or 10 uM STI571 for 48
hours. (B) Immunoblot analysis of whole-cell extracts from BV173 and SUP-B15 cells treated as in
(A). (€) Immunoblot analysis of nuclear and cytoplasmic extracts from BV173 cells treated as in (A).
(D) Immunoblot analysis of CDK4 cells treated as in (A). f-actin was used as loading control in (B)
and (D). KU70 is expressed in the nucleus and the cytoplasm and was used as loading control in (C).
(E) Cdk4 real-time RT-PCR analysis of the WT mouse Abl pre-B cell line; cells were treated as in (A),
and results were normalized to those in untreated cells (DMSO vehicle). Real-time RT-PCR results
are presented relative to the expression of the housekeeping genes RPLPO (for human cells) and 78S
ribosomal RNA (rRNA) (mouse cells); PCRs were performed at least in duplicate, and error bars show
means + SD of 3 independent experiments. (F) Titration curve of CDK4i. RAG-reporter activity of WT
mouse Abl pre-B cells treated with 5 uM STI571 is plotted against the concentration of CDK4i. Cells
were stimulated for 96 hours. A representative example of 3 independent experiments is shown, 4
replicate measurements were performed per experiment, and error bars represent means + SD. *P
<.05, as determined by the 1-sample Student t test.
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STI571 treatment led to the loss of C-MYC (Figure 2B) and the induction of a G, cell cycle
arrest (data not shown). The DNA binding activities of p65 and p50 NF-kB transcription
factors were modestly but significantly decreased after IKKBi and AKTi treatment (~50%
reduction) (SUPPL Figure 3), consistent with a decreased level of phosphorylated inhib-
itor of kBa (IkBat) and a modest decrease in nuclear p65 (Figure 2C). We also show that
AKT is involved in NF-kB signaling because IkBa was increased whereas phosphorylation
of IKKa on threonine 23 was decreased by AKTi treatment. Treatment with AKTi resulted
in increased phosphorylation of AKT on serine 473 (Figure 2B) as a result of disturbed
negative feedback regulation, which was previously described.?=!

AKT and NF-xB inhibit endogenous Igk recombination

To determine whether endogenous Igk recombination was regulated by NF-kB, we as-
sessed Vi6-23 to Jk1 coding joins by semiquantitative PCR. Coding joins were observed
in Abl cells treated with STI571 and also in cells treated with IKK@i, AKTi, or IKKBi and AKTi
combined (Figure 3A). In addition, cytoplasmic Igk light chain expression was significantly
induced in Abl cells treated with IKKBi and AKTi, exceeding induction by STI571 (Figure
3B). Cytoplasmic k light chain expression upon treatment with STI571 was accompanied
by the transition from large to small pre-B cells, as shown by forward scatter (FSC) analy-
sis. However, a sizeable fraction of IKKBi- and AKTi-treated cells expressing cytoplasmic
light chain remained large, suggesting that these cells did not exit the cell cycle (Figure
3C), which is in agreement with our finding that C-MYC is still detectable under these
conditions (Figure 2B). In addition, a considerable portion of the cells (15%) incorporated
BrdU. Although BrdU incorporation in the IKKBi- and AKTi-treated cultures was dimin-
ished compared with that in untreated cells (15% vs 61%), it was clearly higher than that
in STI571-treated cells (15% vs 5%) (Figure 3D).

» Figure 3. Inhibition of AKT and NF-kB signaling results in recombination of the en-
dogenous Igk locus in mouse Abl pre-B cells.

(A) Semiquantitative PCR analysis of Vk6-23 to Jk1 coding joins in mouse Abl pre-B cells treated with
2.5 uM IKKRi, 2.5 uM AKTi, or 10 uM STI571 for 72 hours. Semiquantitative PCR analysis for Gapdh was
performed as a loading control. (B) Representative fluorescence-activated cell sorter (FACS) plots
showing cytoplasmic Igk expression vs forward scatter (FSC) in mouse Abl pre-B cells stimulated
as in (A). Numbers below outlined gates indicate percentage of cells. Graph depicts percentages of
cytoplasmic Igk-positive cells in mouse Abl pre-B cell cultures stimulated for 72 hours. A representative
example of 2 independent experiments is shown, 4 replicate measurements were performed per
experiment, and error bars represent means + SD. Statistical significances between groups were
determined by 1-way analysis of variance (ANOVA) using a Bonferroni’s posttest. (C) Representative
FACS plot showing overlay FSC histograms of cytoplasmic Igk-positive mouse Abl pre-B cells treated
as indicated. (D) Representative FACS plots showing BrdU incorporation vs DNA content as measured
by propidium iodide (PI) staining in mouse Abl pre-B cells treated for 48 hours as indicated above
FACS plots. Numbers above outlined gates indicate percentage of cells. *P < .05; ***P < .001.
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AKT and NF-xB signaling prevents RAG-dependent DNA damage in cycling-
transformed pre-B cells

Flow cytometric analysis of phosphorylated H2AX (yH2AX) in WT and RAG2~~ Abl cells
revealed that treatment with IKKBi and AKTi resulted in significantly higher levels of intra-
cellular yH2AX in RAG-proficient cells, indicating that these cells experienced RAG-depen-
dent DNA damage. RAG-dependent DNA damage was also increased in cells treated with
IKKBi alone, but not with AKTi (Figure 4A). Strikingly, RAG-dependent yH2AX staining was
exclusively observed in the large cells (FSC high), suggesting that the cycling cells sustained
DNA damage (Figure 4B). In cycling cells, RAG2 protein expression is restricted by cyclin A/
CDK2-mediated phosphorylation, whereas RAGT1 is not regulated in a cell cycle-dependent
manner.323 Interestingly, the levels of cyclin and CDK2 mRNA expression were significantly
decreased in IKKBi- and AKTi-treated Abl cells at a level comparable to that in STI571-treat-
ed cells, whereas the level of cyclin D1 was unaffected in contrast to STI571-treated cells
(Figure 4C). The low levels of cyclin A/CDK2 could provide a window for RAG2 protein
expression and RAG activity in cycling cells. To provide additional evidence that RAG is
active in cycling cells under these conditions, we performed Ji2-RSS signal-end LM-PCR
on IKKBi- and AKTi-treated WT and RAG2™~ mouse Abl pre-B cells sorted according the
G, and S phase of the cell cycle. This approach detects transient RAG-dependent DNA
breaks at the Jk2-RSS upstream of the Jk2 coding region. Upon visual inspection, Jx2-RSS
breaks appeared most prevalent in the G, phase but were also detectable in S phase cells
(Figure 4D). Cloning and sequencing of the PCR products obtained from G1 phase cells
showed that 3 of 7 clones harbored the correct insert, whereas 2 of 7 clones obtained
from S phase cells contained Jk2-RSS linker fragments, indicating RAG activity in S phase.
Negative clones harbored PCR products caused by promiscuity of the Jk2-ko5 LM-PCR
forward primer (data not shown). Jk2-RSS LM-PCR products were not detected in RAG27~
cells, confirming their RAG-dependence. Moreover, Jk2-RSS breaks were not detected
in untreated WT mouse Abl pre-B cells, consistent with the absence of endogenous Igk
recombinations in untreated cells as shown in Figure 3A.

Expression of NF-kB superrepressor stimulates RAG activity

To provide further evidence that NF-kB signaling suppresses RAG activity, we introduced
the NF-kB superrepressor IkBaSR-IRES-YFP cassette together with the RAG-reporter con-
struct into the WT mouse Abl pre-B cell line. NF-kB signaling was effectively repressed as
shown by diminished lipopolysaccharide-induced CD69 expression in lkBaSR-transduced
cells (SUPPL Figure 4). We found that IkBaSR-expressing cells (YFP*RFP*) had ~10-fold
higher RAG activity compared with the control cell population (YFP-RFP*) (mean of 24%
vs 2% GFP* cells) (Figure 5A). In agreement, Rag? mRNA expression was ~10-fold higher in
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Figure 4. Inhibition of AKT and NF-kB signaling induces RAG-dependent DNA damage
in mouse Abl pre-B cells.

(A) Mean fluorescence intensity (MFI) of intracellular yH2AX staining in mouse Abl pre-B cells treated
as indicated on x-axis. Red symbols represent yYH2AX MFI in WT cells, and blue symbols represent
yH2AX MFl in RAG2~~ cells. MFIs of untreated controls were subtracted to correct for background
staining. Three independent experiments were performed, and horizontal lines represent means.
Statistical significances between groups were determined by ANOVA using a Bonferroni’s posttest.
(B) Overlay FACS histograms of intracellular yH2AX staining in IKK@i- and AKTi-treated cells. Small
B cells (FSC low; left gate) vs large B cells (FSC high; right gate) are shown. (C) Real-time RT-PCR of
Cyclin-A, Cdk2, and Cyclin-DT mRNA expression in WT mouse Abl pre-B cells. Cells were treated with
2.5 uM IKKBi, 2.5 uM AKTi, or 10 uM STI571 for 48 hours. Real-time RT-PCR results are presented
relative to the expression of the 785 rRNA housekeeping gene. Three independent experiments
were performed, PCRs were performed at least in duplicate, and error bars represent means + SD
of 3independent experiments. (D) Jk2-RSS DNA breaks are detected by LM-PCR in cell-cycle sorted
(G, and S phase) WT mouse Abl pre-B cells that were treated with 2.5 uM IKKBi and 2.5 uM AKTi.
Threefold dilutions of linker-ligated DNA were amplified with a Jk2-specific forward primer and an
LM-PCR linker-specific reverse primer. PCR products indicated with an asterisk were excised from
the gel, cloned, and sequenced. The middle section of panel D shows the alignments of sequences
obtained from G1 and S phase cells to the germline Jk2 sequence. Jk2-ko5 primer site, Jk2-RSS, and
the Jk2 coding region are indicated by colored boxes. Sequencing results are listed at the bottom
of panel D. *P < .05; **P < .01; ***P < ,001. ns, not significant.

fluorescence-activated cell sorter-purified [kBaSR-YFP* cells compared with lkBa.SR-YFP-
cells (SUPPL Figure 5). Treatment with IKKBi and AKTiincreased RAG activity in the control
cell population (increasing from a mean of 2% to 32% GFP* cells), reaching a level similar
to that in IkBaSR-transduced cells (Figure 5B), showing limited increase of RAG activity
upon treatment (~1.5-fold). We assessed whether NF-kB is also involved in suppressing
RAG expression in untransformed primary mouse pro-B cells. In vitro expanded primary
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mouse pre-B cells were transduced with the IkBa.SR and the RAG-reporter constructs and
analyzed by flow cytometry 7 days after transduction. In the presence of IL7 and FIt3L, RAG
activity was approximately twofold higher in the IkBaSR-transduced cells compared with
the control cell population (15% vs 7% GFP* cells) (Figure 5C). Withdrawal of IL7 increased
RAG activity, upon which inhibition of NF-kB signaling had no substantial effect (60% vs
67% GFP* cells) (Figure 5D).

NF-xB and AKT suppress RAG expression in primary human pre-B ALL cells

To confirm that the NF-kB and AKT pathways regulate RAG in primary human B-ALL cells,
we stimulated B-ALL blasts in vitro from 3 (BCR-ABL") patients with the combination of
IKKBi and AKTi. RAG1 protein expression was increased in all 3 patients (Figure 6A). In
addition, surface IgM expression on B-ALL blasts (CD19*CD10*CD34*~) from these patients
was increased (ranging from 1.8-fold to 13-fold) after treatment (Figure 6B), which may
suggest increased RAG activity resulting in productive IgM expression in these cells. To
further explore whether the activity of the NF-kB pathway is related to RAG expression
in primary B-ALL patients, we reanalyzed the gene expression profiles of a previously
published cohort of BCR-ABL-negative childhood B-ALL patients.?? This heterogeneous
patient group consists of 207 untreated high-risk B-ALL patients. We performed unsuper-
vised clustering based on the expression of 19 NF-kB pathway/target genes by using a
k-means clustering algorithm that identified an NF-kB low signature B-ALL patient group (n
= 106) and an NF-kB high signature patient group (n = 101) (Figure 6C). Although there is
considerable overlap between the patient groups that reflects their heterogeneous nature,
the NF-xB low signature group displayed significantly increased RAG1, RAG2, and TdT mRNA
expression compared with the NF-kB high signature group (Figure 6D), highlighting the

P Figure 5. NF-kB superrepressor augments RAG activity in mouse Abl pre-B cells and
in IL7-dependent untransformed mouse pre-B cell cultures.

(A) FACS plots of WT mouse Abl pre-B cells transduced with IkBaSR-YFP and RAG-reporter (GFP)
IRES-RFP. Scatter plots show YFP (x-axis) vs GFP (y-axis) within RFP-positive gate. Histograms show
RAG-reporter (GFP) in IkBaSR-YFP-negative cells (middle row) and in IkBaSR-YFP-positive cells
(bottom row). Cells were treated for 96 hours as indicated above FACS plots. Numbers above outlined
gates indicate percentage of cells. (B) Graph depicting percentage of RAG-reporter activity (GFP)
in [IkBa.SR-YFP-positive cells and lkBaSR-YFP-negative cells. Horizontal lines represent means, and
4 independent experiments were performed. Statistical significances were determined by two-
way ANOVA. (C) FACS scatter plots of untransformed mouse pre-B cells cultured for 7 days with
IL7. Pre-B cells (B220*, IgM-CD43*) were retrovirally transduced with lkBaSR-YFP and RAG-reporter
(GFP) IRES-RFP constructs. Gating strategy is shown (B220*RFP*). FACS histograms show RAG-
reporter activity (GFP) in IkBaSR-YFP-negative and IkBaSR-YFP-positive cells. A representative
example of 3 independent experiments is shown. (D) RAG-reporter activity (GFP) 2 days after IL7
withdrawal. Numbers above outlined gates indicate percentage of cells. A representative example
of 2 independent experiments is shown. ***P < .001.
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negative correlation between NF-kB activity and RAG expression in primary B-ALL patients.
Of interest, pathway analysis showed that the DNA replication pathway was significantly
associated with the NF-«B signature groups (P < .0001), whereas the NF-kB low signature
group showed higher expression of DNA replication genes and had significantly higher
white blood cell counts (SUPPL Figure 6A-B).
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Discussion

In B-ALL, many secondary genetic events bear the hallmarks of being derived from aber-
rant RAG activity, suggesting that RAG is an important instigator of genomic instability.*'®
Aberrant RAG activity also contributes to subclonal diversification of B-ALL, which results in
the development of therapy-resistant subclones.**Despite these recent insights, the (mis)
regulation of RAG expression in B-ALL remains poorly understood. During B-cell develop-
ment, pre-B cell proliferation and RAG expression and/or activity are strictly separated,
preventing genomic instability. Multiple layers of regulation safeguard this separation,
which may be disrupted in proliferating leukemic cells that constitutively express RAG. In
BCR-ABL-positive B-ALL, large cycling pre-B cells are transformed by the Abl kinase activity,
preventing their differentiation toward the immature B-cell stage. Typically, proliferating
BCR-ABL-positive B-ALL cells do not show RAG activity, indicating that the separation be-
tween proliferation and recombination is (still) enforced.””?* Inhibition of the Abl kinase
with STI571 leads to induction of RAG expression and activity accompanied by cell cycle
exit, similar to that in normal pre-B or immature B cells.'®'® In proliferating pre-B cells, RAG
expression is repressed by AKT signaling that negatively regulates FOXO1. Our results show
that the NF-xB pathway contributes to the repression of RAG activity in cycling-trans-
formed pre-B cells by regulating FOXO1. NF-kB was implicated in regulating Igk locus
accessibility*s; however, it is unlikely that increased RAG activity upon NF-xB inhibition can
be ascribed to effects on locus accessibility because the RAG reporter used in this study
measured RAG activity independently of Igk accessibility.

The role of AKT in the regulation of RAG expression in Abl cells is not entirely clear;
previous results with an Abl cell line generated from a RAG1°" knock-in mouse showed
that AKT inhibition by the AKTVIIl inhibitor did not result in increased RAGI7 expression,*
whereas the expression of constitutively active AKT suppressed RAG1SFP expression in un-

<« Figure 6. Inhibition of AKT and NF-xB signaling induces RAG1 protein expression in
primary human B-ALL cells, and NF-kB gene expression signature negatively correlates
with RAG1, RAG2, and TdT mRNA expression in untreated B-ALL patients.

(A) Immunoblot analysis of whole-cell extracts from primary (BCR-ABL-negative) B-ALL blasts (n =
3) cultured for 48 hours with 2.5 uM IKKBi and 2.5 uM AKTi or vehicle (DMSO; untreated). (B) FACS
plots of primary human B-ALL cells from 3 patients cultured for 48 hours with 2.5 uM IKKBi and 2.5
uM AKTi or vehicle (DMSO; untreated). FACS plots show CD34 vs surface IgM (sigM) expression within
the CD19* gate; gated events were CD10* (data not shown). Numbers above outlined gates indicate
percentage of cells. (C) Heatmap showing NF-kB low (yellow squares) and NF-«xB high (purple
squares) B-ALL patient subgroups based on a 19 NF-xB pathway/target classifier gene expression
profile. Each column represents a B-ALL patient, and each row represents a unique gene classifying
the 2 subgroups. (D) Relative RAGT, RAG2, and TdT mRNA expression in NF-kB low and NF-kB high
signature B-ALL patients. Each circle represents an individual patient, 2log expression is depicted,
and gray bars indicate means. The ANOVA F-statistic and P value are given below each graph.
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transformed B220*IgM- cells.” We show that the specific AKTi GSK-690693% increased RAG
activity in Abl cells. Interestingly, the AKT-mediated RAG repression may operate by direct
inhibition of FOXO1 and by feeding into NF-kB-mediated FOXO1 regulation, because
simultaneous inhibition of the AKT and the NF-kB pathways resulted in increased levels
of nuclear FOXO1, a concomitant decrease in FOXO1 phosphorylation, and a synergistic
effect on RAG activity. In support, we show that AKT is involved in NF-kB activation by
phosphorylating IKKa on serine 23, as was shown previously.*®In addition, we demon-
strate that expression of [kBaSR had a stimulatory effect on RAG activity in Abl cells and
in primary mouse pre-B cells, albeit to a lesser extent.

Several studies addressed the role of NF-«B in early B-cell development with discor-
dant results. NF-kB was shown to be involved in Igk germline transcription but not RAG
activity.**Other studies suggest that NF-kB is dispensable for B-cell development.>*4° More
recently, it was shown that NF-kB is active in pre-B cells and inimmature B cells engaged in
receptor editing during Igh recombination.**? Strikingly, in an earlier study, it was shown
that NF-kB1/p50-deficient B cells had elevated RAG expression and activity.*To add to the
complexity, kinase-dead IKKa knockin mice showed defective B-cell development because
of decreased PAX5 and IRF4 gene expression.** It is likely that different modalities of NF-kB
signaling exist in normal and transformed developing B cells that determine the outcome
of this pleiotropic signaling pathway.

Recently, it was shown that CDK4 suppresses RAG expression in B-cell ymphomas in
Eu-Myc-transgenic mice. In that model, CDK4 deficiency accelerated lymphomagenesis
in a RAG-dependent fashion by regulating FOXO1 levels. The authors showed that CDK4
phosphorylates FOXO1 on residue serine 329, which provokes nuclear exclusion.?® Of in-
terest, CDK4 activity is regulated by NF-kB,* and it was shown that lkBa binds to CDK4
thereby inhibiting its kinase function.* We demonstrated that simultaneous inhibition of
the NF-xB and the AKT pathways resulted in diminished Cdk4 mRNA and CDK4 protein
levels and decreased FOXO1-serine 329 phosphorylation. In addition, specific inhibition
of CDK4 increased RAG activity. On the basis of these observations, we speculate that
IxBa stabilization could promote RAG expression by inhibition of CDK4, which acts as a
negative regulator of FOXO1 (Figure 7). The NF-xB pathway is one of the major regulators
of antiapoptotic gene expression during B-cell development, which makes it intrinsical-
ly difficult to assess other functions of this pathway because perturbation of NF-kB has
detrimental effects on cell survival. It is possible that the antiapoptotic function of NF-kB
is (partly) uncoupled from its other functions in Abl cells because Abl kinase activity can
prevent apoptosis independently of NF-kB.* Moreover, the mouse Abl cells used in this
study harbor the Eu-Bcl2 transgene and express the antiapoptotic BCL2 protein, which
may have helped to uncover the role of NF-kB in the regulation of RAG expression. In
support of this, treatment of the mouse and human BCR-ABL-positive cell lines with the
IKKBi and AKTi resulted in only a minor increase in cell death (<10% specific cell death) over
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the course of the experiments described, whereas the primary human (BCR-ABL-negative)
B-ALL samples displayed a much greater induction of cell death (ranging from 50% to 80%
specific cell death) upon treatment (data not shown).

Our findings indicate that RAG expression induced after AKT and NF-kB inhibition does
not coincide with cell cycle exit in Abl cells, which could have oncogenic potential because
RAG activity during S phase is linked to lymphomagenesis.' Consistent with this, our study
shows that AKT and NF-kB inhibition leads to increased RAG-dependent DNA damage,
most prominently in large cycling cells, which may provoke genomic instability. In agree-
ment, our LM-PCR analysis confirms that RAG is active in S phase under these conditions.

AKTi IKKBi
GSK-690693 BMS-345541

1 1
G )

v
E RAG1 ]—( RAGZS]—(Erag]—

Figure 7. Model indicating the potential mechanism by which IKKBi and AKTi stimulate
RAG expression in pre-B cells.

Arrows represent positive and/or stimulatory effects. Horizontal bars represent inhibitory and/or
repressive effects. Erag, conserved transcriptional enhancer in the RAG locus.

Inhibition of NF-kB and AKT also increased RAG protein expression in prima-
ry BCR-ABL-negative human B-ALL cells, similar to that in mouse Abl cells and human
BCR-ABL-positive B-ALL cell lines, suggesting that these pathways are important for sup-
pressing RAG expression in primary human leukemic cells. Moreover, NF-kB and AKT in-
hibition resulted in increased surface IgM expression on leukemic blasts, which suggests
that these cells may have experienced RAG activity. In support, by reanalysis of gene ex-
pression data, we found that NF-kB negatively correlated with RAG expression in primary
BCR-ABL-negative B-ALL patients, although it must be noted that the differences between
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the NF-«B signature patient groups were small, reflecting the heterogeneity within these
groups. In addition, NF-kB activity negatively correlated with the expression of DNA repli-
cation genes, and patients with an NF-«xB low signature had higher white blood cell counts,
suggesting that these patients may suffer from a more aggressive disease. These results
indicate that NF-xB could have tumor-suppressive qualities in B-ALL, as was suggested
previously for other cell types.*® Importantly, several novel therapies for leukemias and
lymphomas are aimed at the NF-kB and PI3K-AKT pathways and at CDK4.#-2In light of our
data, it is conceivable that such treatments might have adverse effects in leukemia patients
by unleashing the oncogenic potential of RAG, thus driving (sub)clonal diversification and
genomic instability of leukemic pre-B cells.
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Supplement

Supplemental Table 1: Primer sequences

Target gene 5-3' sequence

RAGT (human) Forward GGCAAGGAGAGAGCAGAGAA
Reverse CTCACCCGGAACAGCTTAAA

RAGT1 (human) Forward CTTCCCCAAGTGCTGACAATT
Reverse AGTGAGAAGCCTGGCTGAAAT

RPLPO (human) Forward GCTTCCTGGAGGGTGTCCGC
Reverse TCCGTCTCCACAGACAAGGCCA

Ragl (mouse) Forward AGCTATCACTGGGAGGCAGA
Reverse GAGGAGGCAAGTCCAGACAG

Rag2 (mouse) Forward CTTCCCCAAGTGCTGACAAT
Reverse AGTGAGAAGCCTGGCTGAAT

Cdk4 (mouse) Forward GATCTCATTGGATTGCCTCCAG
Reverse TTAAAGGTCAGCATTTCCAGTAGC

Cdk2 (mouse) Forward CCCTATTCCCTGGAGATTCTG
Reverse CAGCATTTGCGATAACAAGCTC

Cyclin-A (mouse) Forward TGCTAGGGGTGTTGACTGAA
Reverse CCCATGGTCAGAGAGCACTT

Cyclin-D1 (mouse) Forward CGTGGCCTCTAAGATGAAGGA
Reverse AGTTCCATTTGCAGCAGCTC

Vk6-23/Jk1 rearr. (mouse) Forward ACATGTTGCTGTGGTTGTCTGGTG
Reverse GGAGAGTGCCAGAATCTGGTTTCAG

Gapdh (mouse) Forward CAAATTCAACGGCACAGTC
Reverse TCACAAACATGGGGGCATC

18S rRNA (mouse) Forward TGGTGGAGGGATTTGTCTGG
Reverse TCAATCTCGGGTGGCTGAAC

JK2-ko5 (mouse; LM-PCR) Forward CAGAAATGCTCAAAGAAGCAGGGTAGCCTG

BW-H (LM-PCR) Reverse CCGGGAGATCTGAATTCCAC

BW-1 (LM-PCR linker) Sense GCGGTGACCCGGGAGATCTGAATTC

BW-2 (LM-PCR linker) Antisense GAATTCAGATC
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Supplemental Table 2: B-ALL patient cytogenetic characteristics

Patient  Cytogenetic profile Other
1 53,XY,+X,+4,+6,+14,+17,+418,+21[2], add(16)(?q24) BCR-ABL negative
[41/46,XY[14] TEL-AML1 negative
MLL-AF4 negative
E2A-PBX1 negative
AIKZF1 ex4-7
2 52~53,XY,+4,+9,414,4+417,4+418,+21, BCR-ABL negative
+2~4mar,inc[cp8]/46,XY[12] TEL-AML1 negative MLL-AF4
negative
E2A-PBX1 negative AIKZF1
negative
3 Not available BCR-ABL negative

TEL-AML1 negative T(11;v)
MLL partner unknown
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S, 257 -e-MLN120B

s -8 MLN120B + 2.5 uM AKTi

S 20

(8]

©

1

2 15

2

$ 104

]

I 5.

3 5

e Oo———0— —
0 ] ] L) ] ]

0 5 10 15 20
1M MLN120B

Supplemental Figure 1.

Combined treatment with MLN120B and AKTi stimulates RAG activity in mouse Abl pre-B cells.
Titration curve of MLN120B (circles + line) and titration of MLN120B + 2.5 uM AKTi (boxes + line).
RAG-reporter activity (y-axis) of wildtype mouse Abl pre-B cells is plotted against the concentration
of MLN120B (x-axis), cells were treated for 96h (n=4 independent cultures), means + SD are shown.
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Supplemental Figure 2.

RAG2 mRNA expression in BV173 human pre-B ALL cell line and WT mouse Abl pre-B cells. Rag2
real-time RT-PCR analysis of the human BCR-ABL+ B-ALL cell line BV173 and WT mouse Abl pre-B
cells. Cells were treated with 2.5 uM IKKBi, 2.5 uM AKTi or 10 uM STI571 for 48h. Means + SD are
shown (n=4 independent stimulations, PCR reactions were performed in duplicate), *p<0.05, as
determined by the one sample t test.
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Supplemental Figure 3.

Combined treatment with IKKBi and AKTi inhibits NF-kB transcription factor activity in human pre-B
ALL cell lines. BV173 and SUP-B15 cells were treated for 24h with 2.5 uM IKKpi, 2.5 uM AKTi, or with
both. Equal amounts of nuclear lysates (5 ug) were analyzed for specific NF-kB p65 (white bars) and
p50 (grey bars) transcription factor DNA binding activity using an enzyme-linked immunosorbent
assay (ELISA) (Abcam ab133128). Each stimulation was performed in triplicate and each individual
lysate was assayed in duplicate. Means + SD of independent cultures are shown (n=3). *p<0.05, as
determined by the one sample t test.
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Supplemental Figure 4.

Expression of IkBa super-repressor in mouse Abl pre-B cells inhibits LPS-induced upregulation
of CD69 expression. CD69 expression was determined in LPS-treated (25 ug/mL; 24h) mouse Abl
pre-B cells retrovirally transduced with lkBaSR-IRES-YFP. (A) Overlay FACS histograms are shown
of untreated cells and LPS-stimulated cells gated on YFP-positive cells and YFP-negative cells. (B)
Graph depicts CD69 mean fluorescence intensity within IkBaSR negative (YFP-negative) and lkBa.SR-
positive (YFP-positive) gates. Each symbol represents an individual stimulation (n=4)
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Supplemental Figure 5.

RAGT mRNA expression in mouse Abl pre-B cells retrovirally transduced with IkBa super-repressor.
IkBaSR-IRES-YFP positive and IkBaSR-IRES-YFP negative cells were FACS sorted and analyzed by
quantitative real-time PCR. Means + SD are shown (n=4; technical replicates). **p<0.01, as determined
by Mann-Whitney U-test.
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Supplemental Figure 6.

NF-kB gene expression signatures are associated with the expression of DNA replication pathway
genes and white blood cell counts. (A) Heatmap showing expression of DNA replication pathway
genes (Kyoto Encyclopedia of Genes and Genomes, KEGG). Each column represents a B-ALL patient.
Yellow squares indicate NF-kB ‘low’ signature patients, purple squares indicate NF-kB ‘high’ signature
patients. (B) White blood cell counts (x1000/microliter) in NF-«xB ‘low’ and NF-kB ‘high’ signature
B-ALL patients. Each circle represents an individual patient, grey bars indicate means. Below the
graph the ANOVA F-statistic and p-value are given.
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Supplemental materials and methods

Immunoblotting

For whole-cell lysates, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris-HCl at pH 7.0, 150 mM Nacl, 0.1% SDS, 0.5% sodium deoxycholate, and 1% NP-
40), supplemented with EDTA-free complete protease inhibitor cocktail and phosphatase
inhibitor cocktail (PhosSTOP™) (both from Roche, Basel, Switzerland). For cytoplasmic and
nuclear fractionation, the Nuclear/Cytosol Extraction kit was used according to the man-
ufacturer’s instructions (Biovision, Mountain View, CA). Equal amounts of lysates (10 ng)
were separated on 4% to 20% gradient SDS page gels (Bio-Rad, Hercules, CA) and trans-
ferred to PVDF membranes (Fisher Thermo Scientific, Waltham, MA). Antibodies used for
immunoblotting include RAG1 (D36B3), FOXO1 (C29H4), p-FOXO1-ser-256 (9461), FOXO3a
(75D8), p-AKT-ser-473 (D9E) (Cell Signaling Technology, Danvers, MA), p-FOXO1- ser-329
(EP927Y), C-MYC (Y69), KU70 (N3H10) (Abcam, Cambridge, MA), IkBa. (SC-371), p-lkBa-ser-32
(SC-8404), p-IKKa-thr-23 (SC-101706), NF-kB p65 (SC-372), CDK4 (SC-260), p-STAT5-tyr-694/
tyr-699 (SC-11761) (Santa Cruz Biotechnology Inc. Dallas, TX), and $-Actin (AC-15, Sigma
Aldrich).

Flow cytometry

Intracellular, intranuclear and BrdU stainings were done as previously described'?. Anti-
bodies for mouse cells include B220-APC (RA3-6B2), CD43-PE (S7), kappa light chain-PE/
Cy7 and kappa light chain-FITC (187.1) (BD Pharmingen, San Diego, CA), IgM-PE/Cy7 (I1/41),
p-H2AX-ser-139- Alexa-Fluor-647 (2F3) (eBioscience, San Diego, CA). Antibodies for human
cellsinclude CD19-APC/Cy7 (BD, Pharmingen) CD43-FITC (clone 581, Biolegend, San Diego,
CA), CD10-PE/Cy5 (BD Pharmingen) and IgM-APC (BD Pharmingen). Intracellular Ig kappa
light chains stainings and intranuclear yH2AX stainings were performed as described ear-
lier'2, BrdU incorporation was measured by incubating cells for 2 hours with 20 uM BrdU
(Sigma Aldrich), BrdU stainings were done as described previously'2. All populations were
gated on viable cells by 7-aminoactinomycin-D exclusion or based on forward and side
scatter. Doublets were excluded based on forward and side scatter height versus width
profiles. Flow-cytometry was performed on a four-laser, thirteen-detector LSR Fortessa (BD
Biosciences). Flowcytometry data was analyzed using FlowJo (Tree Star Inc., Ashland. OR).

Analysis of Jk2-RSS signal end DNA breaks in G1- and S- cell-cycle phase cells

WT and RAG2” Abl transformed pre-B cells were treated with 2.5 uM IKKBi + AKTi or left
untreated for 48h and subsequently stained with 10 uM Vybrant® Dyecycle™ (Life Technol-
ogies, Carlsbad, CA) for 90 minutes at 37°C. G1- phase and S-phase cells were sorted accord-
ing to their DNA content using a BD Influx™ cell-sorter (Becton & Dickinson. Exactly 1x106
cells were sorted for each fraction, cells were washed and embedded in 0.5% low-melting
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agarose in 20 mM EDTA. Genomic DNA was carefully isolated from agarose-embedded
cells by sequential overnight proteinase K treatments (1 mg/mL proteinase K, 1% SDS, 50
mM Tris pH=8, 20 mM EDTA) to prevent mechanical shearing of the DNA. After proteinase
K inactivation and washing, 1/5th of each sample (200,000 cell equivalents) was used for
DNA doublestranded break linker ligation. Double-stranded linkers were prepared by al-
lowing the oligonucleotides BW-1 and BW-2 to anneal. Linkers were annealed to genomic
DNA by T4 ligase in 1x ligase buffer to which 3.5% polyethyleneglycol-4000 was added.
Ligation-mediated PCR (LM-PCR) was performed using a Jk2-specific forward primer (Jk2-
ko5) and a linker-specific primer (BW-H) in a touchdown-PCR: 95°C, 10’ 11x (94°C, 30" / 70-
60°C, 2.5, with AT = 1°C/cycle); 29x (94°C, 30”; 60°C, 2.5'); 72°C, 10". LM-PCR was performed
on three-fold dilutions of linker-ligated genomic DNA, which was normalized for input
by GAPDH PCR. PCR products were resolved in 3% agarose gels. Bands of the expected
size were excised from the gel and cloned into the pCR2.1-TOPO vector for sequencing.
After cloning, bacterial clones were sequenced using plasmid-specific M13 primers. Primer
sequences are listed in Supplemental Table 1.

Primary mouse bone marrow pre-B cell cultures

Bone marrow (BM) cells were harvested from 8-20 wks old mice by flushing femurs
and tibia. Total BM cells were cultured in 6-wells plates at a density of 2x10° cells/mL in
RPMI1640 with 2 mM L-glutamine, 100 U/mL penicillin, 100 ug/mL streptomycin, 10% fetal
calf serum, 50 uM B-mercaptoethanol, 10 ng/mL recombinant mouse IL7, and 10 ng/mL
FIt3L (both from ProSpec Inc., Ness-Ziona, Israel). Culture medium and cytokines were
replaced every three days. Cells were harvested after 7-10 days and analyzed by flow-cy-
tometry, typically yielding >95% B220*, IgM-, CD43* progenitor B cells (data not shown).
To induce large to small pre-B cell transition, cells were washed 3 times in culture medium
without cytokines and placed back in 6-wells plates at 2x10° cells/mL in medium without
cytokines (IL7 withdrawal).
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Abstract

During the maturation of pre-B cells, the recombination activating gene 1 and 2 (RAG1/2)
endonuclease complex plays a crucial role in coordinating V(D)J recombination by intro-
ducing DNA breaks in immunoglobulin (/g) loci. Dysregulation of RAG1/2 has been linked
to the onset of B-cell malignancies, yet the mechanisms controlling RAG1/2 in pre-B cells
exposed to excessive DNA damage are not fully understood. In this study, we show that
DNA damage-induced activation of p53 initiates a negative-feedback loop which rapidly
downregulates RAG1 levels. This feedback loop involves ataxia telangiectasia mutated
(ATM) activation, subsequent stabilization of p53, and modulation of microRNA-34a (miR-
34a) levels, which is one of the p53 targets. Notably, this loop incorporates transcription
factor forkhead box P1 (FOXP1) as a downstream effector. The absence of p53 resulted in
an increased proportion of IgM* cells prompted to upregulate RAG1/2 and to undergo /g
light chain (/g/) recombination. Similar results were obtained in primary pre-B cells with
depleted levels of miR-34a. We propose that in pre-B cells undergoing /g gene recombina-
tion, the DNA breaks activate a p53/miR-34a/FOXP1-mediated negative-feedback loop that
contributes to the rapid downregulation of RAG. This regulation limits the RAG-dependent
DNA damage, thereby protecting the stability of the genome during V(D)J rearrangement
in developing B cells.
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Results and discussion

In developing pre-B cells, V(D)J rearrangement is orchestrated by the RAG1/2 endonu-
clease complex. Aberrant regulation of this rearrangement process has been implicated
in the development of B-cell malignancies, such as B-cell acute lymphoblastic leukemia
(B-ALL) and follicular lymphoma (FL)'=. Persistent expression of RAG1 was shown to be
an oncogenic driver in B-ALL* and RAG1/2 regulators have been suggested as plausible
therapeutic targets®”. The double-stranded DNA breaks (DSBs) created by RAG activate the
ATM kinase, which then recruits and activates other proteins to the site of the breaks in the
efforts of its repair. Following the Ig kappa light chain (/gk) recombination on one allele,
the RAG-dependent DNA breaks activate ATM, which was shown to limit RAG expression
and accessibility of the Igk locus, thus enforcing allelic exclusion®®. Previously, we have
demonstrated that in response to external DNA damage, RAG protein and mRNA levels are
rapidly downregulated, and that the regulation involves the ATM-FOXO1 pathway, where
pharmacological inhibition of ATM prevented the DNA damage-induced downregulation
of Ragl and Rag2’.

To further validate the involvement of ATM in the DNA damage-dependent regulation
of RAG we expanded progenitor B cells from Atm” mouse bone marrows by IL7 and FIt3L
stimulation in vitro. The large-to-small pre-B cell transition was induced by IL7 and FIt3L
withdrawal. In agreement with our previous findings’, we show that IL7/FIt3L withdrawal
induced RagT and Rag2 expression, which was downregulated upon 5 Grays (Gy) of y-irra-
diation in wildtype (WT) pre-B cells, but not in Atm” pre-B cells (Figure 1A-C).

ATM activation is known to stabilize TP53 via a complex downstream array of events,
including phosphorylation of mouse double minute 2, also known as E3 protein ubiqui-
tin ligase, (MDM2), which in its phosphorylated form cannot poly-ubiquitinate p53, thus
leading to its stabilization'"". Here, we show that the ATM-mediated regulation of Rag also
involves p53. Rag? and Rag2 mRNA was rapidly downregulated in response to external DNA
damage in mouse primary pre-B cells, with on average 89.9% reduction in Rag7 and 90.7%
in Rag2 mRNA levels in 5 Gy-irradiated primary WT pre-B cells, whereas in Tp53”" mouse
primary pre-B cells y-irradiation resulted in an on average 44.3% reduction in Rag! and
25.6% in Rag2 mRNA levels (Figure 1D-E). In addition, in primary bone marrow pre-B-cell
cultures prompted to undergo Igl recombination by IL7 and FIt3L withdrawal from the
culture, the amount of surface IgM-expressing immature B cells (B220*DX6 Ly6CIlgM®)
was higher in Tp537 cultures cells as compared to their WT counterparts (1.32% vs. 0.79%,
respectively), suggesting that p53 activation interferes with the successful production and
expression of surface IgM in developing B cells (Figure 1F).
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<« Figure 1.

(A) Rag? mRNA expression in primary murine WT bone marrow pre-B cells measured by quantitative
RT-PCR; the cells were first cultured 7 days on the OP9 feeder layer cell line with IL7 and FIt3L:
conditions that promote expansion of small pre-B cells that have not yet undergone the Igx
recombination because of the low RAG1/2 expression. To induce the RAG1/2 expression, IL7 and
FIt3L were withdrawn from the media for 24h. After that, the cells were treated either with DMSO,
subjected to 5 Gy y-irradiation with subsequent 2h recovery time, pre-treated with ATM inhibitor
KU55933 for 2h prior to y-irradiation, or treated for 4h with KU55933 with no irradiation (n=2,
meanz=SD, **p<0.05). (B) RagT and (C) Rag2 mRNA expression in primary WT and Atm” bone marrow
pre-B cells first cultured 7 days on OP9 cells with addition of IL7 and FIt3L, 24h after the withdrawal
of FIt3L and IL7 the cells were treated either with either DMSO or subjected to 5 Gy y-irradiation
with subsequent 2h recovery time (n=2, mean£SD, **p<0.05). (D) and (E) Rag? and Rag2 mRNA
expression in primary WT and Tp53” bone marrow pre-B cells treated, 24h after the withdrawal
of FIt3L and IL7, with either DMSO or 5 Gy y-irradiation with subsequent 2h recovery time (n=2,
mean=SD, fold difference as compared to DMSO, *p<0.1). (F) Representative FACS staining of WT
primary bone marrow cells and cells derived from Tp53” mice. The bone marrow cells were first
cultured 7 days on OP9, FIt3L, and IL7, then, the amounts of B220*IgM* pre-B cells were measured 48h
following the withdrawal of FIt3L and IL7 from the medium. (G) Foxp? mRNA expression in primary
WT and Tp537 bone marrow pre-B cells treated, 24h after the withdrawal of FIt3L and IL7, with either
DMSO or 5 Gy y-irradiation with subsequent 2h recovery time (n=2, mean+SD, fold difference as
compared to DMSO, *p<0.1). (H) Western blotting analysis of RAG1, TP53 phosphorylated at Ser'
and FOXP1 protein levels in BV173 cells. The cells were treated with v-Abl kinase inhibitor STI571 for
72h to induce RAG1/2 expression and Igk recombination, after which the cells were exposed to 5Gy
y-irradiation with subsequent 2h recovery time or pre-treated with ATM inhibitor KU55933 for 2hours
prior to the irradiation with subsequent 2h recovery time or treated with p53 stabilizer Nutlin-3 for
4 hours. KU70 was used as a control. (I) Rag2 and (J) FoxpT mRNA expression in primary WT and
Rag1” bone marrow pre-B cells. After 7 days of culture, the FIt3L and IL7 were withdrawn from the
media and the Rag2 and FoxpT mRNA expression were measured on the day of the withdrawal and
1, 3,4, and 5 days following the withdrawal (n=2, mean+SD, **p<0.05).
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The transcription factor FOXP1 was shown to regulate RAG1 and RAG2 expression
by binding to the Erag enhancer. The bone marrow from Foxp1”- mice showed impaired
B-cell development, as the percentages of pro-B cells (IgMB220*CD43*) and pre-B cells
(IgM-B220*CD43") were significantly lower than in FoxpT* bone marrows'. In our study, the
MRNA expression of FoxpT was decreased by 45.5% in y-irradiated WT primary pre-B-cell
cultures undergoing light chain recombination following IL7 withdrawal, while the Foxp1
expression in Tp537 primary pre-B cells remained unaffected by irradiation (Figure 1G).

In the mouse A70 pre-B cell line, v-Abl creates a developmental block, arresting the B
cells in a stage at which the RAG1/2 expression is low and the Igk is not yet recombined.
Treatment with STI571, an Abelson-kinase inhibitor, alleviates this block, induces RAG1/2
expression and Igk recombination™. In agreement, in STI571-treated mouse v-Abl-trans-
formed pre-B cells, 5Gy y-irradiation or treatment with the p53-stabilizing agent Nutlin-3
resulted in the downregulation of RAG1 and FOXP1 protein expression, which was pre-
vented by pretreatment with the ATM kinase inhibitor KU55933 (Figure 1H). The down-
regulation of RAG1 and FOXP1 following y-irradiation was not caused by activation of
caspases, as shown by pretreatment with the pan-caspase inhibitor Z-VAD-FMK, nor by cell
death, as shown by the amount of sub-G1 phase cells analyzed by FACS for DNA-content
(propidium-iodide). (Suppl Figure 2A-B).

» Figure 2.

(A) Western blotting analysis of FOXP1, BCL6, and -actin (loading control) in mouse v-Abl WT (A70)
cells transduced with either empty vector (LZRS), human full-length FOXP1 (FOXP1 FL), the isoform
of human of FOXP1 (FOXP1 iso), or human BCL6. (B) The mouse v-Abl WT cells (A70) were transduced
with either empty vector (LZRS), human full-length FOXP1 (FOXP1 FL), the isoform of human of FOXP1
(FOXP1 iso), or human BCL6. Control, untransduced A70 cells treated with STI571 for 72h to induce
RAG1/2 expression and Igk recombination. The formation of coding joints following the treatment
with STI571 was assessed by qualitative PCR analysis of one particular joint: Vik6-23 to Jk1** (bands
representing coding joints in transduced cells are indicated by arrows). The PCR products were run
in 2% agarose gel containing ethidium bromide. (C) Representative FACS staining of WT primary
bone marrow cells, transduced either with pCL-ECO-miR-34a-sponge or with pCL-ECO-scrambled as a
control. The cells were cultured for 7 days on OP9, Flt3L, and IL7, the amount of B220*IgM* pre-B cells
was measured 48h following the withdrawal of FIt3L and IL7 from the medium. (D) Quantification of
the amount of B220*IgM* pre-B cells by FACS staining as described in 2B (n=2, mean+SD, **p<0.05).
(E) RT-PCR analysis of the relative miR-34a expression in primary WT bone marrow pre-B cells, initially
cultured 7 days on OP9, FIt3L and IL7, then the FIt3L and IL7 were withdrawn from the medium for
72h and the cells were exposed to either 5 Gy or 0.5 Gy of y-irradiation followed by 2h of recovery,
or treated with p53 stabilizer Nutlin-3 (2.5uM) for 4 hours. Control cells were treated with DMSO
(n=2, mean=SD, **p<0.05). (F) Schematic representation of the proposed self-regulating negative
feedback loop. In response to excessive DNA damage ATM is phosphorylated which in turn activates
the p53 pathway. Subsequently, one of the consequences of p53 activation of miR-34a, which is a
negative regulator of FOXP1, the RAG1/2 transcription factor. This might represent a mechanism
by which the B cells protect themselves against excessive DNA damage, and dysregulation of this
pathway might contribute to the genetic instability in developing B cells.
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Previously, we have shown that endogenous DNA damage emanating from RAG1/2
activity could trigger a similar regulatory response as provoked by y-irradiation’. To study
the effect of RAG1/2-dependent DNA damage on Foxp1 expression we made use of pre-B
cell cultures from Rag1” mice, where the developmental block imposed by Rag1 deficiency
is rescued by the transgenic expression of a functionally rearranged VH81x IgH u chain™.
We observed that in in vitro cultured primary bone marrow B-cell progenitor cells prompt-
ed to undergo Igl recombination by IL7 and FIt3L withdrawal, FoxpT mRNA levels were
approximately 2-fold higher in Rag1” VH81x primary bone marrow as compared to their
RAG-proficient counterparts (1.61-fold higher Foxp1 levels, p<0.05, on day 1 following IL7/
FIt3L withdrawal in Rag1” VH81x vs Rag1*+ VH81x; and 1.59-fold higher Foxp1 levels, p<0.05,
on day 3 after IL7/FIt3L withdrawal in Rag1” VH81x versus Ragl** VH81x) (Figure 11-J).
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To further substantiate the role of FOXP1 in driving RAG expression in pre-B cells, we
overexpressed the full-length (FL) FOXP1 and its shorter isoform (iso), which were previ-
ously shown to have similar functions®, in the A70 v-Abl transformed mouse pre-B cell
line (Figure 2A). Interestingly, FOXP1 overexpression was sufficient to induce productive
recombination Igk recombination, and partly overcame the development block imposed
by v-Abl expression, as determined by the detection of productive by Vik6-23-Jk1 coding
joints by PCR (Figure 2B). The FOXP1 isoform, truncated at the N-terminus, is overex-
pressed in subsets of B-cells lymphomas and has been suggested to have an oncogenic
capacity™". Our results imply that the FOXP1 N-terminus is not required to partially over-
ride the v-Abl-induced developmental block in the A70 pre-B cell line. In addition, overex-
pression of BCL6'™ a negative regulator of p53, also resulted in Vk6-23-Jk1 recombination
events without STI571 treatment in A70 cells (Figure 2A-B and Suppl Figure 3A-B).

Previously, the regulation of FOXP1 in developing B cells was linked to the p53 path-
way through miR-34a. The activation of p53 has been shown to drive the expression of
miR-34a in cell lines of various origin?', and constitutive miR-34a expression resulted in
a B-cell development blockade, where FOXP1 was identified as the key mediator of this
effect??. Moreover, in chronic lymphocytic leukemia (CLL) cells, the p53/miR-34a pathway
has been shown to be a negative regulator of FOXP1 expression, responding rapidly to
DNA damage and limiting B-cell receptor (BCR) signaling in mature B cells?. We therefore
investigated the possible ties of ATM/p53 signaling induced by DSBs to the mirR-34a/
FOXP1/RAG axis. Our data show that y-irradiation drives the miR-34a expression in in vitro
expanded progenitor B cells from primary mouse bone marrow in a dose-dependent
manner. In agreement, the level of miR-34a was significantly higher upon treatment with
the MDM2 inhibitor Nutlin-3 (Figure 2E). Furthermore, in in vitro expanded progenitor B
cells from primary bone marrow, depletion of miR-34a using a miR-34a-sponge construct
resulted in an increase in B220*DX6°Ly6CIgM* B cells (2.19% in cells transduced with pCL-
ECO-miR-34a-sponge vs. 0.80% in cells transduced with pCL-ECO-scrambled) following
the IL-7 and FIt3L withdrawal from the cell culture, suggesting that depletion of miR-34a
promotes successful Igk recombination (Figure 2C- D).

In summary, we propose a negative-feedback regulatory mechanism involving p53,
miR-34a, and FOXP1, where DNA breaks limit the expression of RAGT and RAG2 (Figure
2F). In this regulatory mechanism, (RAG-dependent) DNA damage activates ATM, which in
turn stabilizes p53 and activates the p53 effectors, including miR-34a, which affects Foxp1
levels and Igk recombination in pre-B cells. In agreement, the levels of miR-34a as well
as FOXP1 respond to exogenous and RAG-instigated DNA damage and limit the RAG1/2
expression and the V(D)J recombination. This regulatory process in developing B cells may
serve as a self-protective mechanism against excessive RAG-dependent DNA damage and
thus guards the stability of the genome.
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Supplement
Materials and methods

Mouse and human v-Abl cells

The v-Abl transformed mouse pre-B cell lines were generated from wild type (WT) (A70)
and Rag2” (R2K3) mice that harbor the Eu-Bcl2 transgene and were kindly provided by Dr.
Craig Bassing (University of Pennsylvania School of Medicine, Philadelphia, PA). The cells
were cultured in RPMI1640 (Life Technologies, Bleiswijk, The Netherlands) supplemented
with 2 mM of L-glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin, and 10% FCS
(Thermo Scientific, Waltham, MA) and 50 uM 2-mercaptoethanol (2-ME, Sigma Aldrich,
Burlington, MA). The human BCR-ABL+ B-ALL cell line BV173 was obtained from DSMZ
(Braunschweig, Germany) and cultured in RPMI1640 (Life Technologies, Bleiswijk, the Neth-
erlands) supplemented with 2 mM of I-glutamine, 100 U/ml penicillin, 100 ug/ml strep-
tomycin, 20% FCS. The following small-molecule inhibitors/activators were used: STI571
(imatinib methanesulfonate; LC Laboratories, Woburn, MA) to induce RAG1/2 expression
in v-Abl cells and Igl recombination, the cells were treated with 5 uM STI571 as previ-
ously established'?, KU55933 (ATM kinase inhibitor; Selleckchem, Houston, TX), Nutlin-3
(non-genotoxic p53 activator?, Sigma Aldrich), Z-VAD-FMK (carbobenzoxy-valyl-alanyl-as-
partyl-[O-methyl]-fluoromethyl ketone; a pan-caspase inhibitor) (Promega, Madison, WI),
Staurosporine (inductor of apoptosis through caspase-activation®) (Selleckchem).

Mouse primary B cells

ATM-deficient mice® (Jackson Laboratory stock 002753) and TP53-deficient mice® were pro-
vided by Dr. Stephen Jones (University of Massachusetts Medical School, Worcester, MA).
RAG1-deficient VH81x IgH w chain transgenic mice were provided by Prof. Dr. Rudi Hendriks
(Erasmus Medical Center, Rotterdam, the Netherlands), C57BL/6 WT mice were housed in
the animal research facility of the Academic Medical Center under specific pathogen-free
conditions. Animal experiments were approved by the Animal Ethics Committee and per-
formed in agreement with national and institutional guidelines. Bone marrow cells were
harvested from 8- to 20-wk-old mice by flushing femurs and tibia. Total bone marrow cells
were cultured in six-well plates in RPMI1640 with 2 mM of L-glutamine, 100 U/ml penicillin,
100 ug/ml streptomycin, 10% FCS, 50 uM 2-ME, 10 ng/ml recombinant mouse IL-7,and 10
ng/ml FIt3L (both from ProSpec, Ness-Ziona, Israel). The culture medium and cytokines
were replaced every 3 days. Cells were harvested after 7-10 d and analyzed by flow cy-
tometry, typically yielding > 95% B220*IlgM- progenitor cells (Suppl Figure 1A). To induce
large to small pre-B cell transition, RAG1/2 expression, and Igk recombination, the cells
were washed three times in culture medium without cytokines and placed back in six-well
plates at 2 x 10° cells/ml in medium without cytokines (IL-7 withdrawal) (Suppl Figure 1B).
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The formation of coding joints was assessed by qualitative PCR analysis of Vk6-23 to
Jx1 rearrangement using previously published primers’. The PCR products were separated
in 2% agarose gel containing ethidium bromide.

Exogenous DNA damage and p53 induction

DNA damage was induced by irradiating the cells ([*’Cs], 5 Gy, 0.50 Gy/min) at a dose of 5
Gy. In some experiments, dose dependency was studied, in these cases, where indicated
s0, also a 0.5 Gy dose was applied. After y-irradiation, the cells were allowed to recover for
2 hat 37°Cin an atmosphere of 5% CO2 and subsequently harvested. To study the effect
on p53 activation without the genotoxic element, the cells were treated with Nutlin-3 by
adding 2.5uM of the compound into the cell culture and after 2h the cells were thoroughly
washed and collected.

Western Blot

The protein pellets were homogenized passing through a 27G needle, and protein con-
centrations were measured using the bicinchoninic acid assay (Sigma-Aldrich). For each
sample, 15 ug of protein lysate was used for protein separation in Precise 4-20% gradi-
ent Tris-SDS gels (Thermo Fisher Scientific). Subsequently, separated protein lysates were
transferred onto polyvinylidene difluoride membranes (Immobilon-P; EMD Millipore, Bur-
lington, MA); membranes were blocked in 5% BSA (BSA Fraction V, Roche Life Sciences,
Almere, The Netherlands) in TBS-T or 5% milk in TBS-T for 2 h. Primary antibodies (Ab) were
incubated overnight at 4°C. After a series of thorough washes with TBS-T, membranes were
incubated with secondary Abs (goat anti-rabbit HRP or rabbit anti-mouse HRP; DAKO,
Agilent Technologies, Heverlee, Belgium) for 2h at room temperature. Ab binding (protein
expression) was visualized using Amersham ECL Prime Western blotting detection reagent
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The following Abs were used in this
study: rabbit anti-RAG1 (D36B3), rabbit anti-FOXP1, rabbit anti-phospho-p53 (Ser') (9284),
rabbit anti-cleaved caspase-3 (Asp'”®) (9661), rabbit anti-BCL6, rabbit anti- KU70 (D10A7),
all from Cell Signaling Technology, Danvers, MA, rabbit anti-FOXP1 ab16645 (Abcam), and
mouse anti—-f-actin (C4) (EMD Millipore).

Real-Time quantitative PCR

The RNA isolation from the cells was performed using TRIreagent (Sigma-Aldrich) accord-
ing to the manufacturer’s protocol. MicroRNA isolation was performed using mirVana
miRNA isolation kit (ThermoFisher) according to the manufacturer’s protocol.

Levels of mRNA expression were determined using the CFX384 (Bio-Rad, Hercules,
CA) real-time PCR platform. For each sample, cDNA was synthesized from 500 ng of RNA,
using random primers (Promega) and Moloney murine leukemia virus reverse transcriptase
(Invitrogen-Life Technologies, Bleiswijk, the Netherlands). For each sample, cDNA was
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diluted 1:5 with PCR-grade water. The PCR master mix contained 5 ul of Sso Fast EvaGreen
supermix (Bio-Rad, Hercules, CA) and 0.5 ul of 10 uM reverse and forward primers (Biole-
gio, Nijmegen, the Netherlands). The final volume was adjusted to 9 ul using PCR-grade
water, to which 1 ul of diluted cDNA was added. The following PCR conditions were used:
initial denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 15 s,
annealing at 65°C for 5 s, and extension at 72°C for 10 s. The fluorescent product was mea-
sured by a single acquisition mode at 72°C after each cycle. For distinguishing specific from
nonspecific products and primer dimers, a melting curve was obtained after amplification
by holding the temperature at 65°C for 15 s followed by a gradual increase in temperature
to 95°C at a rate of 2.5°C s', with the signal acquisition mode set to continuous. For each
cDNA preparation, PCRs were performed at least in duplicate, and for each condition, at
least three independent experiments were performed. Expression of target gene mRNAs
was normalized to the housekeeping genes large ribosomal protein PO (RPLPO) for human
samples and 185 rRNA (78S rRNA) for mouse samples. Expression of miR-34a was assessed
by Tagman MicroRNA assay and normalized to snoRNA429 (Applied; now ThermoFisher)
as per manufacturer’s protocol.

The following primers were used: mouse Ragl-forward (5-AGCTATCACTGGGAGGCA-
GA-3’), mouse Ragl-reverse (5-GAGGAGGCAAGTCCAGACAG-3'), mouse Rag2-forward
(5-CTTCCCCAAGTGCTGACAAT-3'), mouse Rag2-reverse (5-AGTGAGAAGCCTGGCT-
GAAT-3'), mouse Foxp1-forward (5-AGTCATGATGCAAGAATCTGGGT-3’), mouse Foxp1-re-
verse (5- TCTCCGTTGGACCGAGTGTCACG-3') mouse 18S rRNA-forward (5-TGGTGGAGG-
GATTTGTCTGG-3'), and mouse 18S rRNA-reverse (5-TCAATCTCGGGTGGCTGAAC-3). The
data were analyzed in GraphPad, on figures expressed as meanSD, ANOVA statistical
analysis was used for multiple comparisons with the alpha threshold of 0.05. Where data
are compared as fold induction/reduction against a control group, a non-parametric
Kruskal-Wallis test was used with the alpha threshold set to 0.1 due to a low number of
repeats.

FACS

Flow-cytometry stainings and analyses were performed according to the protocol as de-
scribed earlier®. Briefly, 1x10° cells were washed 2x with 2mL of cold FACS buffer (1x PBS + 0.
2% NaN3 + 1% FCS) and spun at 1100 rpm for 5 minutes. After the addition of the antibod-
ies, the cells were incubated on ice in the dark for 30min and then washed again with the
cold FACS buffer. Next, the cells were resuspended in 1 mL 1x PBS + 1% paraformaldehyde
and incubated for 5 minutes at room temperature. Finally, the cells were spun at 1100rpm
and re-suspended again in 400 uL of FACS buffer. The doublets were excluded based on
forward and side scatter height versus width profiles. Flow cytometry was performed on
a four-laser, thirteen-detector LSR Fortessa (BD Biosciences). Flow cytometry data were
analyzed using FlowJo (Tree Star Inc., Ashland). The following antibodies were used to
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perform the stainings: rat-anti-mouse CD45R/B220 (BD Pharmingen, San Diego, CA, clone
RA3-682) rat-anti-mouse CD43(BD Pharmingen, clone S7), rat-anti-mouse Ig kappa light
chain (BD Pharmingen, clone 187.1), rat-anti-mouse IgM (eBioscience, San Diego, CA, clone
11/41), rat-anti-mouse IgD (Southern Biotech, Birmingham, AL, clone 11-26), rat-anti-mouse
CD49b (BD Pharmingen, clone DX5), rat-anti-mouse Ly-6C (BD Pharmingen, clone AL-21).

Retroviral transductions
LZRS-FOXP1-IRES-YFP (FOXP1 FL) and LZRS-BCL6-IRES-GFP (BCL6) were generated as pre-
viously described®™. A FOXP1-iso construct that starts translation from the second coding
ATG (in exon 6; M101), encoding a 100 AA N-terminally deleted FOXP1, was PCR-cloned and
subcloned into LZRS-IRES-YFP (FOXP1 iso). Cells transduced with an empty LZRS-IRES-YFP
were used as a control.

The pCL-ECO-miR-34a-sponge and pCL-ECO-scrambled were kindly provided by Dr.
J. Kluiver, University Medical Center Groningen, The Netherlands. The viral transductions
were performed as previously described®"". Transduced cells were FACS-sorted based on
GFP expression 5 d after transduction.
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Supplemental Figure 1.

(A) Depiction of the gating strategy used to determine the amount of IgM* cells after they have
undergone successful V(D)J rearrangement. Primary WT bone marrow cells were cultured for 7 days
conditions on day 7, the cells acquire pro-to-pre B-cell
phenotype assessed by FACS staining with B220-APC, CD34-PE, and IgM-PE/Cy7. On average 0.5% of
the pre-B cells at this stage are IgM* (B), 72 hours following the IL7 and FIt3L withdrawal, the portion

on OP9 feeder cells, FIt3L, and IL7. Under these

of IgM* cells increases to an average of 8%.
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Supplemental Figure 2.

(A) Western Blot staining of RAG1, cleaved caspase-3 and KU70, used as a housekeeper, in BV173 cells,
treated first with STI571 for 24 hours to induce RAG1/2 expression and Igk recombination. Then, the
cells split into 4 groups, a control group, a group treated with p53 stabilizer Nutlin-3 (2.5uM) for 4
hours, a group treated simultaneously with Nutlin-3 (2.5uM) and the pan-caspase inhibitor Z-VAD-
FMK (50uM) for 4 hours and a group treated with caspase-activator Staurosporine (200nM) for 4
hours. (B) FACS staining for propidium iodide showing the % of sub-G1 cells, defined as dead cells,
in mouse v-Abl WT cells (A70) treated initially for 72 hours with STI571 to induce RAG1/2 expression
and Igk recombination. After 72 hours, the cells were either subjected to 5Gy y-irradiation and left to
recover for 2 hours or pre-treated with ATM inhibitor KU55933 for 2 hours prior to the y-irradiation or
treated for 4 hours with KU55933 with no irradiation. The DMSO-treated group was taken as a control.
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Supplemental Figure 3.

(A) Rag1 and Rag2 mRNA expression measured by RT-PCR in mouse v-Abl WT cells (A70) transduced
with either empty vector (LZRS), human full-length FOXP1 (FOXP1 FL), the isoform of human of
FOXP1 (FOXP1 iso) or human BCL6. The transduced cells were not treated with STI571, therefore this
expression reflects the Rag! and Rag2 mRNA expression before the alleviation of the developmental
block at the pre-to-pre-B cell stage. (n=2, mean%SD, *p<0.05). (B) Rag2” mouse v-Abl cells were
transduced with either empty vector (LZRS), human full-length FOXP1 (FOXP1 FL), the isoform
of human of FOXP1 (FOXP1 iso) or human BCL6, the formation of coding joints was assessed by
qualitative PCR of Vk6-23 to Jk1 joint, using 100ng and 500ng DNA, showing that the absence of a
PCR product is not a result of too little DNA input in the PCR reaction. Control mouse WT v-Abl cells
(A70) were treated with STI751 to induce RAG1/2 expression and recombination at /gk. The PCR
products were run in 2% agarose gel containing ethidium bromide.
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General discussion

The adaptive immune system is characterized by its ability to mount specific responses
against pathogens, mediated by lymphocytes and antigen-presenting cells. B cells produce
antibodies and use B-cell receptors (BCR, also termed antigen receptor or immunoglob-
ulin) to recognize and eliminate pathogens, damaged or non-self cells; these responses
are called humoral immunity. T cells also use specific receptors— T-cell receptors (TCR) to
eliminate foreign antigens in responses that constitute the cellular adaptive immunity.
To generate a diverse array of antigen receptors, a sophisticated system of somatic gene
recombination called V(D)J recombination is employed, in which the V (variable), D (diver-
sity), and J (joining) segments of the immunoglobulin chains are reorganized to form a
new sequence. The process of gene recombination, specific for Band T cells, is initiated by
the recombination activating gene 1 and 2 (RAG1/2) endonuclease complex, introducing
DNA breaks at recombination signal sequences (RSS), specific sequences that flank the
recombining gene segments within the immunoglobulin (/g) and Tcr loci. During V(D)
J recombination additional variability at junctions of coding segments is introduced by
terminal deoxynucleotidyl transferase (TdT), further increasing receptor diversity'. How-
ever, due to the introduction of DNA breaks during the V(D)J recombination, this intricate
system poses a risk to genome integrity. The stringent and well-orchestrated control of
the RAG1/2 complex during B-cell development ensures minimization of the unintended
damage caused by the RAG1/2 complex while allowing the formation of functional BCR
necessary for B-cell maturation. Acute lymphoblastic leukemia (ALL) is a type of blood
cancer characterized by the rapid expansion of malignant B- or T-cell precursors. Genomic
instability is the hallmark of ALL, including the ETV6-RUNXT1, BCR-ABL1, and E2A-PBX1 trans-
locations?. Footprints of RAG1/2 activity, such as insertion of N-nucleotides, or presence of
sequences resembling RSS, were found in the proximity of genomic lesions in both mouse
and human B-cell malignancies, including ALL. This implicates aberrant RAG1/2 targeting
and/or activity in the development of lymphoid malignancies. A thorough understanding
of the mechanisms governing the (mis)-regulation and the (mis)-targeting of RAG1/2 within
the genome may offer insights into the molecular pathogenesis of pre-B-cell malignancies.
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Key findings of this thesis:

1.

The RAG1/2 endonuclease complex is able to introduce DNA breaks outside of the Ig
loci in mouse developing B cells. Using a genome-wide approach, RAG-dependent
DNA breaks were mapped in the mouse genome. The motif analysis revealed that
simple repeat sequences and GC-rich regions were identified in the proximity of the
RAG1/2-dependent DNA breaks. The simple repeat sequences and GC-rich regions are
known to form alternative DNA structures. We propose that in the genome-wide con-
text, such structures are targeted by the RAG1/2 endonuclease complex. (Chapter 3)

DNA breaks trigger a negative feedback loop that limits RAG1/2 expression in devel-
oping B cells. In response to external and RAG1/2-derived DNA damage in pre-B cells,
the DNA damage sensor ataxia telangiectasia mutated (ATM) negatively regulates the
RAG1/2 transcription factor forkhead box protein O1 (FOXO1), resulting in downreg-
ulation of RAG1/2. This describes how DNA breaks, which result from the activity of
RAG1/2, control the expression of RAG1/2. (Chapter 4).

Several layers of regulation ensure genome stability by restricting RAG1/2 activity to
the G1 cell cycle phase in developing lymphocytes. In proliferating pre-B cells, RAG1/2
expression and activity are suppressed, preventing collateral DNA damage. We iden-
tified a novel regulatory mechanism suppressing RAG1/2 in proliferating pre-B cells.
The nuclear factor kappaB protein (NF-kB) and phosphoinositide-3 kinase (PI3K /AKT)
signaling pathways suppressed RAG expression in cycling mouse and human pre-B
cells. Inhibition of NF-kB resulted in increased RAG expression, and recombination ac-
tivity, and led to RAG-dependent DNA damage in proliferating pre-B cells. (Chapter 5)

DNA breaks trigger the DNA damage response (DDR) with the tumor suppressor p53
being a central downstream molecular mediator. We have identified a novel regulatory
pathway in which activation and stabilization of p53 suppressed RAG expression in
mouse pre-B cells. This regulatory mechanism involved the p53 target miR-34a and the
RAG1/2 transcription factor forkhead box protein P1 (FOXP1). We propose that in this
way the DNA breaks limit RAG1/2 expression, thus protecting the pre-B cell genome
stability. (Chapter 6)

RAG1/2 off-target DNA cleavage in developing B cells

During B-cell development, gene recombination follows a specific order of events to

ensure the creation of a diverse repertoire of immunoglobulins. Initially, the immuno-

globulin heavy chain (Igh) locus undergoes recombination, where V(D)J gene segments
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rearrange to form the hypervariable parts of the BCR/antibody heavy chain. This is followed
by the expression of the pre-B cell receptor complex consisting of the rearranged Igh and
a surrogate light chain. Once the Igh locus has successfully rearranged, it becomes inac-
cessible, thereby preventing multiple productive locus recombinations. Subsequently, the
immunoglobulin light chain (/g/) loci recombine and give rise to the hypervariable parts of
the BCR/antibody light chain. In this process, immunoglobulin kappa light chain (Igx) locus
recombinations precede immunoglobulin lambda light chain (/g\) locus recombinations?.
RAG1/2 complex is targeted to RSS sequences in the genome, consisting of conserved
heptamer and nonamer sequences separated by a less conserved spacer sequence®. The
location of the RSSs is primarily adjacent to the variable (V), diversity (D), and joining (J)
gene segments of (/g) and Tcr loci, restricting RAG1/2 activity to these segments. However,
sequences that resemble RSS, so-called cryptic RSS (cRSS), were identified throughout the
mouse and human genomes. The presence of cRSS has been observed near the recurring
genomic lesions in leukemia patients, thereby implicating the participation of RAG1/2 in
the formation of the genomic lesions>~’.

In Chapter 3 we investigated on a genome-wide scale, whether the RAG1/2 recombi-
nase complex is able to introduce double-stranded DNA breaks (DSBs) in regions outside
of the Ig loci. We used the Nijmegen breakage syndrome 1 (NBS1) protein as a surrogate
marker for DSBs. NBS1 binds to DSBs as a part of the Mre11-Rad50-NBS1 (MRN) complex,
which is integral to the recognition and repair of DSBs. NBS1 recognizes and binds to
the broken DNA ends, acting as a sensor of DNA damage®. In our study, the RAG off-tar-
get activity was assessed by differential binding of NBS1 to DNA in RAG-proficient and
RAG2-deficient v-Abl-transformed cell lines, lacking Artemis which is indispensable for
hairpin opening formed after the DNA is nicked. In the absence of Artemis, the DSBs cannot
be resolved and accumulate. This is an important feature of the experimental cell system,
which we leveraged in our study to increase the resolution of the off-target RAG-induced
DNA breaks that would have otherwise been resolved and repaired. The v-Abl in the used
cell lines introduces a developmental block, arresting the cells in the pro-to-pre-B cell
stage. At this stage, the Ig/is still in the germline configuration. Treatment with Abelson-ki-
nase inhibitors, such as STI571 (imatinib) alleviates this block, whereupon the cells begin
to express RAG1, RAG2 and the gene recombination of the g/ is initiated®. This model
system enables the examination of DSBs in the chromosomal context of living pre-B cells
undergoing Ig recombination. The use of NBS1 chromatin immunoprecipitation (ChIP)
followed by massive parallel sequencing (ChIP-Seq) to detect DSBs has been validated and
employed previously to study activation-induced cytidine deaminase (AID)-dependent
DNA breaks on a genome-wide scale in splenic B cells activated to undergo Ig class switch
recombination'.

In our study, we have identified 1489 putative RAG1/2 DSBs throughout the genome
in mouse v-Abl cells, with a clear accumulation of the RAG1/2-dependent NBS1 signals at
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chromosome 6 at the /g loci, which we used as a positive control. In our study we did not
identify RAG1/2-dependent NBS1 binding sites at the genes or breakpoints frequently
seen translocated or deleted in B-ALL patients, such as ETV6/RUNXT, BCR/ABLT or E2A, early
B-cell factor 1 (EBFT1), lymphoid enhancer-binding factor-1 (LEFT), IKAROS family zinc finger
1 (IKZF1) and IKAROS family zinc finger 3 (IKZF3)"3. We hypothesize that differences be-
tween murine and human chromatin configuration might account for this observation. In
addition, the employed cell lines already harbor a transforming element (i.e. v-Abl), which
could change the accessibility of genes. Though the most “obvious suspects” were not
implicated in our study, we have detected RAG1/2-dependent DNA breaks in the proxim-
ity of several other genes previously associated with B-cell malignancies in mouse and/
or human. For instance, in the proximity of KIf4, previously shown to be a putative tumor
suppressor in pre-B cells and B-cell malignancies™, in the proximity of Abl2 which, next to
the frequently rearranged ABL1, has also been reported to be rearranged in some cases of
high-risk B-ALL'; or in the proximity of MADS box transcription enhancer factor 2 (Mef2c).
The enforced overexpression of MEF2C resulted in lymphoid tumors co-expressing CD3
and CD19, resembling the human phenotype of mixed ALL'™®.

The group of David Schatz (Yale University, New Haven, CT) has previously demonstrat-
ed that RAG1 and RAG2 can bind DNA throughout the genome and suggested that their
DNA cleaving activity may not be restricted to canonical RSS sequences. In one of their
studies, RAG1 was found to bind to approximately 3400 RAG1 binding sites in mouse pre-B
cells, and around 18300 RAG2 binding sites throughout the genome of mouse pre-B cells.
The binding of RAG1 and RAG2 however, did not correlate with the presence of sponta-
neous RAG-dependent translocations, concluding that in vivo such events must be rare".
When we compared our data with the publicly available data from the aforementioned
study, we found only around 3% overlap between the RAG1 binding sites, as identified by
the Schatz lab, and our RAG1/2-dependent NBS1 binding sites. This rather low overlap can
be attributed to the use of different cell systems— primary mouse pre-B cells as compared
to the v-Abl-transformed pre-B cells used in our study. Also, it is important to emphasize
that the study of the Schatz lab mapped RAGT and RAG2 binding to DNA, while our study
mapped the DSBs resulting from RAG1/2 activity on the genome-wide scale. It is unknown
to what extent the binding of RAG1 and RAG2 to chromatin results in the formation of
DSBs. The overlap between the RAG1 or RAG2 binding profile and the RAG-dependent
NBS1 binding profile within one cell system has not been studied yet, opening up possi-
bilities for follow-up investigations of actual the extent, to which the binding of RAG to
DNA effectively results in DSBs.

Next, we examined the NBS1 binding pattern in more detail and aimed to identify
common denominators of the RAG-mediated NBS1 binding sites. What makes these se-
quences RAG (off) targets? In the mouse v-Abl pre-B cell line used in our study, v-Abl
transformation was shown to arrest the developing B cells at the pro-to-pre B-cell stage,
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where the Igh recombination already took place while the /gl are still in their germline
configuration. An accumulation of RAG-specific NBS1 peaks was observed at the Igx
locus, as expected. However, we also observed an accumulation of RAG1/2-dependent
DNA breaks at the /g heavy chain (Igh) locus on chromosome 12. The abundant binding
of RAG1/2-dependent NBS1 to Igh suggests concomitant induction of RAG1/2-mediated
DNA breaks at Igh and Igl, potentially breaching the concept of strictly serial fashion of
gene recombination’. Some earlier studies propose that while v-Abl transformed cells are
able to initiate gene recombination, they fail to terminate the process. Perhaps due to the
v-Abl presence, which antagonizes the pre-B cell receptor (pre-BCR) signaling and causes
the pre-B cells with one functional /gh allele to persistently transcribe and rearrange the
non-recombined allele™?°. Another explanation for the continuous presence of RAG-de-
pendent NBS1 binding to /gh could come from the previous work on “receptor editing”
showing that functional B-cell receptors can re-engage in further recombination. This
may result in the editing of the receptor’s specificity, allowing the cells with auto-reactive
B-cell receptors to escape elimination?.

The discovery that human and mouse genomes are densely populated with sequences
that resemble RSS, so-called cryptic RSS**%, begs the question of whether the RAG1/2
recombinase complex is able to target and cleave such sequences in regions outside of
the Ig loci. Several studies have demonstrated that in extrachromosomal assays RAG1/2
was able to cleave cRSS, and similar observations were made in a v-Abl pre-B cell lines
transformed with constructs containing cRSS-substrates?*?>. However, the evidence for
RAG1/2 off-target activity on the chromatin in living cells is challenging to capture. We
investigated the presence of RSS motifs in the proximity of the RAG-dependent NBS1
binding sites and found enrichment for canonical RSS around the NBS1 peaks at the Igk
locus, which served as a positive control. Outside of the /g loci, in the 500-1000bp prox-
imity to RAG-dependent NBS1 binding sites, we observed an enrichment for nonamers,
but not for heptamers. Similar observations were made in another study that showed an
enrichment for nonamers, but not heptamers in the proximity of RAG1 binding sites in
mouse v-Abl cell lines and in mouse thymocytes"”. We have also examined the presence
of several selected cRSS?*? in the proximity of RAG-dependent NBS1 binding sites but
found no enrichment (unpublished data, data not shown). However, there are hundreds
of possible cRSS sequences, therefore a more systematic approach to investigating the
cRSS enrichment around RAG-dependent DNA breaks would be more appropriate in a
follow-up study.

In addition to the RSS motif analysis, we performed an unsupervised motif analysis
to determine if there are any other motifs enriched in the vicinity of the RAG-dependent
NBS1 binding sites. The motifs we have identified were predominantly zinc-finger-binding
sequences, abundant in eukaryotic cells. Intriguingly, several of these motifs corresponded
to known binding sites of proteins such as PR domain zinc finger protein 9 (PRDM9), early
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growth response 1 (EGR1), or Ras responsive element binding protein 1 (RREB1)2-%, as well
as modulators of p53 signaling and apoptosis, such as POZ/BTB And AT Hook Containing
Zinc Finger 1 (PATZ1) or specificity protein 1 (SP1)*"32, PRDM9 is a zinc finger protein with
histone methyltransferase activity, catalyzing the methylation of lysine (K) 4 of the H3
histone (H3K4me3), primarily during meiosis®. Interestingly, the H3K4me3 histone epigen-
etic mark was associated with open chromatin configuration and with transcriptionally
active promoters of genes regulating cell growth, cell migration, or angiogenesis, all of
which makes H3K4me3 an important regulator in cancer immunity***. EGR1 is a zinc-finger
transcription factor regulating cell growth, differentiation and participating in the regu-
lation of B-cell development®¢. Another identified motif was linked to the MYC-associated
zinc-finger protein (MAZ), a transcription factor known to regulate the expression of MYC
oncogene and affect the large-scale genome organization through its interaction with
cohesins®”38, The off-target RAG activity in the aforementioned regions poses a potential
threat of introducing a genomic lesion in these genes, making pre-B cells susceptible to
malignant transformation.

Another recurrent motif type observed in our study was simple dinucleotide sequence
repeats, such as CA and GA or TA repeats. Our supervised motif analysis of the CA and GA
repeats revealed strong enrichment in the regions 500-1000bp around (5" and 3') RAG-de-
pendent NBS1 peaks. Naturally occurring repetitive sequences have been demonstrated
to assume non-canonical DNA structures, so-called non-B DNA. These structures include
G-quadruplexes, which are guanine-rich sequences, H-DNA which are mirrored repeats
of oligopurine sequences forming triplex DNA, Z-DNA which are AT/GC-rich sequences,
or cruciform and other hairpin-forming DNA structures. Such structures are known for
adopting an open chromatin configuration and for affecting DNA replication and tran-
scription, which makes them more susceptible to genomic instability**°. In the context of
hematological malignancies, non-B DNA structures were observed in the proximity of the
breakpoints of the hallmark genomic lesions. For instance, in Burkitt's lymphoma and in
mouse t(12;15) BALB/c plasmacytomas, H-DNA forming regions have been identified near
the breakpoints of the translocated c-myc locus. The presence of non-B DNA structures
has also been demonstrated in the proximity of the major breakpoint region (Mbr) of Bcl-2
in follicular lymphoma*'. Notably, RAG1/2 has exhibited the ability to cleave non-B DNA
structures in the absence of RSS, acting as a structure-specific endonuclease. In fact, CA
repeats were shown to mimic cRSS with their nonamer and heptamer elements, and have
been identified as specific targets of RAG1/2 activity. Consequently, RAG1/2 inadvertently
introduced DNA breaks at CA-rich sites***3. In addition, a more recent study highlighted
the essential role of the zinc-binding domain (ZnC2) of RAG1 in its binding to non-B DNA
structures. Mutations in the ZnC2 domain have been found to impede the RAG’s nicking
capacity on DNA G-quadruplexes and on the single-stranded DNA regions**.
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In summary, we demonstrated that RAG1/2 can introduce DNA breaks in non-Ig re-
gions. While the previous studies implicated RAG1/2 activity in the formation of genomic
lesions based on the composition of the breakpoint sequences and in-vitro cleavage assays,
our study provides more specific evidence for RAG1/2 activity outside of the /g loci and
maps the genome-wide location of RAG-dependent DNA breaks in mouse v-Abl pre-B cell
line. The presence of simple sequence repeat motifs, especially CA and GA repeats, and
GC-rich regions around RAG-dependent NBS1 peaks may reflect the affinity of the RAG’s
off-target activity to non-B DNA structures.

DNA breaks are important regulators of RAG1/2 expression and activity

In B-ALL, numerous secondary genetic events bear characteristics arising from aberrant
RAG activity, implicating RAG as a key contributor to genomic instability. Aberrant RAG
activity also plays a role in the sub-clonal diversification of B-ALL, leading to the emergence
of therapy-resistant subclones*#¢, Despite available insights into the regulation of Ig gene
recombination, regulation of RAG1/2 in pre-B cells exposed to excessive DNA damage re-
mains poorly understood. In normal B-cell development, pre-B cell proliferation and RAG
expression/activity are strictly separated, maintaining genomic stability. This separation is
upheld by multiple layers of regulation, which may be disrupted in proliferating leukemic
cells expressing RAG continuously.

In Chapter 4 we showed that in pre-B cells undergoing V(D)J recombination, Rag1 and
Rag2 mRNA and protein expression rapidly respond to genotoxic stress induced by DSBs.
DNA breaks activate ATM, a protein kinase that plays a crucial role in cellular responses
to DNA damage®. ATM acts as a sensor of DSBs and orchestrates activation of signaling
pathways, such as checkpoint kinase 2 (CHK2), p53, and breast cancer 1 (BRCAT1), which in
turn regulate processes like DNA repair, cell cycle checkpoint activation, and apoptosis.
In the context of pre-B cells, ATM ensures the fidelity of this process by coordinating the
repair of DSBs introduced during V(D)J recombination, thereby preventing genomic insta-
bility and the potential development of leukemia or lymphoma. In our study, treatment of
mouse pre-B cells, undergoing light chain recombination, with ionizing radiation mimetic
neocarzinostatin (NCS), resulted in ATM autophosphorylation at Ser'®' and RAG downreg-
ulation. The ATM autophosphorylation at Ser'®®' has previously been shown to stabilize
ATM at the site of the DSBs and it is required for proper DNA damage response (DDR)*.
In our study, we demonstrated an efficient activation of ATM/ DDR following the NCS
treatment. The pre-treatment with an ATM kinase inhibitor prevented the NCS-induced
RAG downregulation. In addition, RAG levels in pre-B cells derived from Atm” mouse bone
marrow did not respond to NCS treatment.

RAG2 was shown to accumulate in the G1 phase of the cell cycle, but it degraded
quickly when the cell entered the G1-S transition and the levels remained low until the
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next G1 phase. RAG2 regulation at the G1-S transition has been attributed to cyclin-A/
cyclin-dependent kinase 2 (CDK2) which phosphorylates RAG2 at Thr490. This facilitates
the formation of an S-phase kinase-associated protein 2 (SKP2) binding site, which ulti-
mately results in ubiquitylation and degradation of RAG2*°. While CDK2 was shown to
trigger proteasomal degradation of RAG2, RAG1 stability appears independent of the cell
cycle®3, Interestingly, we observed that DNA damage negatively affects the protein sta-
bility of RAG1, as in human v-Abl transformed pre-B cells co-treatment with NCS and the
protein synthesis inhibitor cycloheximide (CHX) shortened the RAG1 half-life as compared
to CHX-only treatment. The N-terminus of RAG1 contains a functional E3 ubiquitin ligase
domain called Really Interesting New Gene (RING)*, which is known to catalyze the ubiqg-
uitination of H3, but also of RAGT itself*>*¢. Recently, it was discovered that mouse mutants
carrying P326G mutation in the RAG1 RING domain accumulate RAG1 protein, probably
due to the inability to degrade RAG by autoubiquitylation®’. We further demonstrated
that the DNA damage-induced RAG1 protein downregulation cannot be attributed to
damage-induced caspase cleavage, leaving the mechanism of the DNA damage-induced
shortened RAG1 protein half-life incompletely understood with an open possibility for
ubiquitin-mediated regulation. Recently, the Swanson group reported that VprBP/DCAF1,
functioning as a substrate adaptor within the cullin-RING E3 ubiquitin ligase 4 (CRL4) ubig-
uitin ligase complex, plays a crucial role in regulating the levels of RAG1 protein in murine B
cells, facilitating the turnover of RAG1. In vivo depletion of VprBP/DCAF1 leads to increased
expression of RAGI, resulting in excessive V(D)J recombination and a skewed repertoire
of Ig light chains®®*°. It is therefore conceivable that a part of the DNA damage-induced
rapid loss of RAG1 protein is conveyed by a reduction of RAG1 protein stability. However,
whether VprBP/DCAF1 responds to DNA damage and whether it could be the missing link
for a mechanistic explanation of DNA damage-induced reduction in RAG1 protein stability
is yet to be investigated.

The regulation of RagT and Rag2 gene transcription involves various transcription fac-
tors binding to cis-acting sequences, mainly FOXO1 and FOXP1 binding the Erag enhancer,
inducing RAG1 and RAG2 expression during B-cell development®®®', We therefore investi-
gated whether the DNA damage-induced RAG1/2 downregulation is linked to transcrip-
tional regulation by FOXO1. Our study shows that DNA damage abolished FOXO1 binding
to Erag enhancer, and that the ATM kinase inhibition is able to restore the FOXO1 binding
to Erag, linking both ATM and FOXO1 to the DNA damage-induced downregulation of
RAG1. Moreover, we found that DNA damage-activated ATM phosphorylated at Ser'®!
was bound to Erag, possibly locally releasing FOXO1 from binding to Erag. Specifically, the
phosphorylation of FOXO1 on Ser?™ has previously been shown to be required for FOXO1
binding to Erag, and the FOXO1 Ser?”® phosphorylation was demonstrated to be dependent
on MAPK-activated protein kinase (MAPKAPK5)%%. We could not investigate the effect of
DNA damage on FOXOT1 Ser?®, nor its binding to Erag, due to the unavailability of reagents
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specifically recognizing the phosphorylation of the Ser?™ residue of FOXO1. However, in our
study, we found that DNA damage did not have any effect on MAPKAPKS5 protein levels.
We further hypothesized that the activated ATM may possibly recruit other proteins that
are able to modulate the stability of FOXO1. For instance, it has been demonstrated that
silent information regulator 2 (Sir2) binds and deacetylates FOXO1 at Lys*?, Lys®*, and Lys?®*
residues acetylated by cAMP-response element-binding protein (CREB)-binding protein
(CBP)%. The acetylation of FOXOT1 results in decreased DNA binding and expression of
FOXO1 target genes®. In addition, in response to DNA damage, ATM was shown to inhibit
SIRT1, the mammalian Sir2 orthologue®. We therefore speculate that upon induction of
DNA damage, ATM might inhibit SIRT1, leading to increased FOXO1 acetylation, and conse-
quently decreased FOXO1 DNA-binding capacity, thereby reducing the expression of Rag1
and Rag2 mRNA. However, our data did not convincingly show that DNA damage affected
FOXOT1 acetylation in a human BCR-ABL1* pre-B-cell line after NCS exposure.

To further provide a mechanistic explanation of how FOXO1 regulates RAG1/2 expres-
sion in pre-B cells, we investigated signaling pathways involved in the regulation of FOXO1.
The PI3K/AKT pathway plays a pivotal role in regulating the activity of the transcription
factor FOXOT1. In response to pre-B cell receptor (pre-BCR) signals, AKT phosphorylates
FOXO1 at Ser**S. Phosphorylation at this residue by AKT leads to the nuclear exclusion and
subsequent degradation of FOXO1, inhibiting its transcriptional activity and preventing
the expression of its target genes. Additionally, AKT can phosphorylate other serine and
threonine residues on FOXO1, contributing to the regulation of FOXO1 activity in response
to signaling through the PI3K/AKT pathway®. In our study, we observed that DNA damage
resulted in ATM-dependent phosphorylation of AKT at Ser*. In response to DSBs, ATM-de-
pendent AKT activation was shown to be critical for downstream transmission of signals
to extracellular signal-regulated kinase (ERK), thereby triggering either cell proliferation
and survival, or apoptosis, depending on the extent of the DNA damage®. Moreover, we
found other downstream AKT targets® to be phosphorylated in response to NCS-induced
DNA damage, such as mTOR on Ser®4¢. We therefore hypothesized that PI3K/AKT might
play a role in DNA damage-induced downregulation of RAG. However, contrary to our
hypothesis, AKT inhibition failed to prevent the DNA damage-induced downregulation
of RAG. We used 2 different small-molecule AKT inhibitors (GSK690693 and AKT inhibitor
VIII), none of which was able to prevent the damage-induced RAG downregulation. In
addition, overexpression of the dominant-negative kinase-dead mutant of AKT did not
prevent the NCS-induced RAG downregulation either. Though under circumstances that
do not involve exposure to DNA damage, the PI3K/AKT pathway has been shown to mod-
ulate RAG expression in developing B cells®®, we conclude that the DNA damage-induced
downregulation of RAG in pre-B cells is not mediated through AKT signaling. In addition
to AKT, we investigated the effect of pharmacological inhibition of other kinases that have
been reported to regulate FOXO1 activity and subcellular localization, such as p38 mito-
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gen-activated protein kinase (MAPK), ERK or c-Jun N-terminal kinase (JNK)’°”'. However,
the inhibition of these kinases by small molecule inhibitors did not prevent the rapid DNA
damage-induced downregulation of RAG.

Allelic exclusion refers to a phenomenon in the immune system in which each lympho-
cyte expresses only one functional allele of its antigen receptor gene, ensuring specificity
in immune responses. This process is crucial for generating a diverse repertoire of antigen
receptors while preventing self-reactivity and autoimmune reactions. There are several
proposed models explaining the mechanisms of allelic exclusion. The asynchronous re-
combination model, for instance, assumes that the probability of simultaneous bi-allelic
recombinations is limited by the chromatin configurations, allowing recombination on
one allele, while preventing recombination on the other allele. The feedback inhibition
models suggest that the products or intermediates of /g gene rearrangements act to in-
hibit the recombination process. According to the classical feedback inhibition model,
successful Ig gene rearrangements induce signals via pre-BCRs or B-cell receptors (BCRs)
to suppress additional allelic recombination’?7, In line with the current models, DSBs are
thought to help enforce the allelic exclusion; the DNA breaks activate ATM, which in turn
phosphorylates a plethora of downstream targets, including histone H2AX, modulating
the accessibility of /g loci for the RAG recombination machinery. Phosphorylated histone
H2AX leads to the recruitment of chromatin remodeling complexes, such as the switch/
Sucrose non-fermenting (SWI/SNF) complex”™. Based on the results of our study, we hy-
pothesize that activation of ATM induces multiple negative feedback loops leading to
transcriptional downregulation of RAG1/2 protein and mRNA, and thus enforcing allelic
exclusion by limiting RAG's availability for further recombinations. Previous studies have
also demonstrated that ATM prevents secondary Igk recombinations by triggering a neg-
ative feedback loop, where the DSBs, generated during V to J recombination, eventually
lead to inhibition of RAG1/2 recombinase’®. Mechanistically, ATM-mediated repression
of growth arrest and DNA-damage-inducible protein alpha (GADD45a) was suggested
to contribute to this negative feedback loop®7¢. However, in contrast to these previous
studies, we did not detect any changes in protein or mRNA expression of GADD45a. fol-
lowing NCS-induced DNA damage neither in human BCR-ABL1* cell line nor in mouse
v-Abl transformed cells. Consistent with our findings, the Bassing lab also demonstrated
that in mouse pre-B cells the changes in GADD45a did not modulate the transcriptional
expression of Rag1/2 in response to DNA damage’”’. Moreover, the Bassing lab also showed
that in mouse pre-B cells, the inactivation of NF-kB essential modulator (Nemo), a known
ATM signaling effector, resulted in increased Rag? and Rag2 transcription, increased Igx
accessibility, and triggered RAG-dependent DSBs. The inactivation of Nemo disrupted the
repression of Ragl/2 mRNA and increased the simultaneous bi-allelic cleavage. Moreover,
the induction of Spi-C transcription factor (SpiC) by RAG-mediated DSBs, led to a decrease
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in Jk accessibility. However, inactivation of SpiC, alone was not sufficient to provoke a
breach of allelic exclusion””.

Next, we explored the possible involvement of other transcription factors in the DNA
damage-driven regulation of RAG1/2. The transcription factor B-cell leukemia 11a (BCL11a)
is known to be a component of the transcriptional network regulating RAG expression. The
major isoform of BCL11a, the BCL11a-XL, was shown to bind directly to the RAGT promoter
as well as to regulatory regions of other transcription factors involved in regulating RAG1
and RAG2, such as IKZF1, FOXO1, PAX5, Transcription Factor 3 (TCF3), SPIB, and interferon
regulatory factor 4 (IRF4). Moreover, BCL11A was found to bind directly to the surrogate
light chain VPREB1 promoter region.”® In our study, the NCS-induced DNA damage in
human BCR-ABLT* pre-B cells did not have any effect on the protein levels of BCL11a. How-
ever, whether the DNA breaks modulate the ability of BCL11a to bind to RAGT promoter,
has not been investigated.

Recently, growth factor-independent 1b (Gfilb) has been demonstrated to be a tran-
scriptional repressor of RAG. Using mouse v-Abl cell lines, the repression of RAG tran-
scription was achieved by direct binding of Gfilb to the 5’ of the Erag, causing epigenetic
changes in the Rag locus, as well as through repression of FOXO1 by Gfi1b”®. Whether DNA
damage triggers the binding of Gfilb to the Erag enhancer has not been investigated,
leaving a possibility of Gfilb’s contribution to the RAG downregulation in response to
genotoxic stress.

Chapter 5 reveals that the NF-kB pathway plays an important role in the repression
of RAG activity in pre-B cells. Several layers of regulations limit the expression of RAG1/2
in pre-B cells to the G1 phase of the cell cycle. The inappropriate activity of RAG1/2 during
the S phase can contribute to chromosomal translocations, deletions, and other genomic
alterations, ultimately leading to cellular dysfunction and disease development. Also, the
RAG1/2 expression and activity in the S phase have previously been linked to an increase
in genomic instability and lymphomagenesis®.

In the course of B-cell development, there is a strict separation between pre-B cell pro-
liferation and RAG expression/activity, serving as a safeguard against genomic instability®'.
Following the successful igh recombination, the developing B cells at this stage are rather
large, they divide fast and are in cycle. Before moving on to the next developmental stage,
the cells go out of cycle, become smaller, re-activate expression of RAG1/2, and initiate
recombination on the /gl In our study®, we used a mouse v-Abl-transformed pre-B cell
line, where the Abelson virus introduces a developmental block and keeps the cells at large
cycling pre-B cells stage. Notably, in the large cycling v-Abl transformed pre-B cells do
not express RAG and their Igk or Igh is still in the germline configuration. Treatment with
Abelson kinase inhibitor STI571 alleviates the differentiation block and induces a G1 arrest,
at which the cells upregulate RAG1/2 and initiate /gl gene recombination®®'. In the cycling
pre-B cells, AKT has been shown to repress the FOXO1 expression®. Our study showed
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that in cycling v-Abl transformed pre-B cells, inhibition of AKT kinase activity led to an
increase in RAG-reporter activity and similar results were obtained when inhibiting PI3K
with small molecule inhibitors in these cells, suggesting that in proliferating pre-B cells,
RAG expression is actively suppressed by the PI3K/AKT pathway. The PI3K/AKT-mediated
suppression of RAG was mediated by the RAG1/2 transcription factor FOXO1. Our data
showed that AKT inhibition resulted in upregulation of nuclear FOXO1 and concomitant
decrease of the phosphorylated forms of FOXO1 on Ser?*® and Ser®?%, which are associated
with FOXO1 destabilization>®%.

The NF-kB signaling pathway has been demonstrated to play a role in B-cell devel-
opment. It is intricately regulated by various upstream signaling pathways, including the
B-cell receptor (BCR), toll-like receptors (TLRs), cytokine receptors, and co-stimulatory
molecules®®. The NF-«B family of transcription factors consists of 5 members, NF-kB1 (p50
and its precursor p105), NF-xkB2 (p52 and its precursor p100), which are synthesized as
precursor molecules and catalytically processed into the active form, and RelA (p65), RelB,
and c-Rel which are synthesized in their mature form and interact in the cytoplasm with
inhibitors until they receive activating signals®. Generally, there are 2 ways of NF-kB path-
way activation: the classical and alternative. In the classical pathway, IKK-f3 phosphorylates
the inhibitory subunits of IkB-a, IkB-, or IkB-¢, leading to their degradation and causing
the accumulation of RelA, c-Rel, and p50 in the nucleus where it delivers mainly survival
and proliferation signals. In the alternative pathway, NF-kB-inducing kinase (NIK) activates
IKK-a, which phosphorylates NF-kB2. This results accumulation of p52/RelB heterodimers
in the nucleus. The alternative NF-kB pathway is regulated mainly through the control
of NIK turnover, with TNF receptor-associated factor 3 (TRAF3), TNF receptor-associated
factor 2 (TRAF2), and Baculoviral IAP repeat-containing protein 1 and 2 (clAP1/2) critically
involved in this process®8%. Numerous mouse and cell line knock-in and knock-out studies
have highlighted the complexity of the role of NF-«kB in B-cell development, and the results
provided sometimes contradicting conclusions, probably due to the many redundancies in
NF-kB subunits. For instance, mice expressing a dominant negative form of IkappaB alpha
(IkBa) exhibited reduced pre-B cell numbers, potentially as a result of altered PAX5 and
IRF4 expression®. Additionally, constitutive NF-kB activation via p100 deletion resulted in
arrested B-cell development at the pro-B cell stage®'. However, the constitutive activation
of alternative NF-kB pathway, achieved by B-cell specific knock out of Traf3 (CD19™3~~
mice), or constitutive activation of the classical pathway in mice expressing IKK2ca in B
cells, did not affect B-cell development?®2%3, Also, a study of mice simultaneously carrying
inactivating mutations in RelA and c-Rel showed inhibition in germline Igk transcription
but not RAG*, whereas another study demonstrated that NF-kB1/p50-deficient B cells do
show an increase in RAG1/2 expression and activity®.

In our study, using an inducible RAG recombination-reporter cell line, we show that
two structurally different Ikkp small molecule inhibitors (BMS-345541 and MLN120B, to-
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gether referred to as Ikkpi) resulted in an increase in RAG-reporter activity, and strikingly,
we observed a clear synergistic effect of concomitant Ikkp and PI3K/AKT inhibition on
the increase in RAG activity and expression, and on the upregulation of RAG transcription
factor FOXO1. Importantly, unlike upon the treatment of the v-Abl transformed pre-B cells
with Abelson kinase inhibitor STI571, the cells treated with AKT and NF-kB inhibitor did
not exit the cell cycle and showed RAG activity in the S-phase, which has previously been
linked to increase in genomic instability and lymphomagenesis®. This can be partially
attributed to the fact that during S phase of the cell cycle, when DNA replication takes
place, the chromatin structure becomes more accessible, potentially allowing RAG1/2 to
access DNA sequences they wouldn’t normally have access to. Also, RAG-induced DSBs
occurring during this phase can coincide with DNA replication forks, leading to the for-
mation of complex DNA structures that are prone to errors in repair. Also, the non-ho-
mologous end-joining (NHEJ) pathway, used to resolve RAG-induced DSBs is known to
be error-prone, which in the G1 phase is beneficial as it further increases the diversity of
the recombined V(D)J regions, however in the S phase, the use of the error-prone DNA
repair pathway might result in translocations, deletions and an overall increase in genomic
instability?s-%8. In line with this observation, our data show that Ikkf} inhibition resulted in
a RAG-dependent increase in genomic instability, measured by the levels of intranuclear
yH2AX in cycling v-Abl wildtype as compared to Rag2” pre-B cells. AKT inhibition alone
did not increase the intranuclear yH2AX. Notably, the yH2AX staining was only observed in
large cells, in further support of the notion that induction of RAG expression and activity
was provoked in cycling cells.

Previously, the cell cycle was shown to be an important regulator of RAG expression:
in the Eu-Myc transgenic mouse model of B-cell ymphoma, the cyclin-dependent kinase
4 (CDK4) phosphorylated FOXO1, which resulted in FOXO1 degradation and abolished the
FOXO-dependent induction of Rag? and Rag2 expression®. In our study we observed that
the levels of cyclin-A and CDK2 were significantly decreased following the IKKBi and AKTi
treatment of v-Abl transformed cells; in fact, the degree of cyclin-A and CDK2 downregula-
tion was similar to the one observed following the treatment with Abelson kinase inhibitor.
Also, CDK4 protein and mRNA expression were decreased following the treatment with
IKKBi and AKTi. Inversely, treatment with the small molecule inhibitor of CDK4/6 kinase
activity PD-0332991 resulted in increased RAG activity. Previous studies have shown that
CDK4 is regulated by NF-kB and also, IkBa. binding to CDK4 was demonstrated to inhibit
its kinase function®'%, We therefore hypothesize that IkBa might be involved in RAG
regulation through CDK4 inhibition, which in turn acts as a negative regulator of FOXO1.
We further hypothesize that the synergistic effect of combined inhibition of AKT and IKKf
might be explained by the fact that both pathways impinge on the expression of RAG
transcription factor FOXO1.
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Also, following the NF-kB and AKT inhibition in in vitro cultures of BCR-ABL negative
primary human B-ALL cells, we observed an increase in RAG protein levels, and an increase
in surface IgM expression as assessed by FACS, suggesting that in addition to murine
cells, this regulatory pathway is also active in human cells. Our re-analysis of the publicly
available mRNA expression profiles from previously published childhood B-ALL cohort
showed that NF-kB was negatively correlated with Rag1, Rag2, and TdT expression. These
findings suggest that NF-kB may possess tumor-suppressive properties in B-ALL, aligning
with previous observations in different cell types. It is noteworthy that several emerging
therapies targeting NF-kB, PI3K-AKT, and CDK4 are being tested in leukemias and lym-
phomas'®'-'%, Given our results, it is conceivable that such treatments could inadvertently
stimulate the oncogenic activity of RAG in leukemia patients, potentially exacerbating
clonal diversification and genomic instability in pre-B cells.

In Chapter 6 we uncovered an additional novel mechanism that regulates RAG1/2
expression upon induction of DNA damage. We found that the RAG protein and mRNA
downregulation in response to DNA damage is also dependent on p53. This regulatory
mechanism acts as a negative feedback loop, likely involving microRNA-34a (miR-34a),
which is a p53 downstream target, and the RAG transcription factor FOXP1, which is one
of the established targets of miR-34a'41%,

TP53, a well-known tumor suppressor gene, plays a pivotal role in preventing cancer
development by regulating cell growth and apoptosis. Alterations in p53, such as muta-
tions, deletion, or dysregulation in signaling upstream from p53 have been associated
with tumorigenesis, which underscores the tumor-suppressor role of p53'°. In the context
of lymphoid malignancies, aberrant functioning of p53 was clearly shown to contribute
to tumor formation, as previously extensively reviewed'””. Because p53 is a very well-es-
tablished substrate of activated ATM'%, we explored the role of p53 in the regulation of
RAG1/2 expression upon induction of DNA damage. Downregulation of Ragl and Rag2
MRNA expression was partially prevented in p53” primary pre-B cells exposed to y-irradi-
ation in contrast to their wild-type counterparts.. Moreover, in the absence of p53, primary
mouse pre-B cells undergoing light chain rearrangement, showed increased surface IgM
expression, emphasizing the functional consequences of p53 modulation. In the severe
combined immunodeficiency (scid) mouse model, the mutation in the catalytic subunit
of DNA-dependent protein kinase (DNA-Pkcs) results in a developmental block of Band T
cells at a very early stage'. Notably, p53 deficiency in the scid model, achieved by crossing
the scid mice with Tp53” mice, was able to partially overcome the scid-conferred develop-
mental block and allowed TCRp protein production'®. In germinal center B cells and pre-B
cells', the proto-oncogene BCL6 was shown to repress p53 expression by binding to two
specific sites within p53 promoter'2 In our study, the overexpression of BCL6 in mouse
v-Abl pre-B cells was sufficient to produce productive Igk recombination and partially
overcome the developmental block imposed by v-Abl, similar to the results observed
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when overexpressing FOXP1 in mouse v-Abl pre-B cells. We speculate that the BCL6-driven
inhibition of p53 might have consequently limited the expression of miR-34a and alleviated
the miR-34a-driven repression of the RAG1/2 transcription factor FOXP1. Collectively, our
data, and the data of others, suggest that activation or stabilization of p53 suppresses gene
recombination in developing B cells, thereby maintaining genomic stability.

FOXP1 is known RAG1/2 transcription factor and has been shown to bind to Erag en-
hancer to regulate the expression of Ragl and Rag2". In our study, expression of Foxp1
MRNA and protein was rapidly downregulated after induction of the DNA damage in the
form of y-irradiation, in v-Abl mouse pre-B cells treated with STI571; the absence of p53
partially prevented the downregulation of Foxp1 following the induction of DNA damage.
Interestingly, a recent study by Cerna et al showed that also in chronic lymphocytic leu-
kemia (CLL) cells, activation of the DDR resulted in rapid downmodulation of FOXP1. Fur-
thermore, the study of Cerna et al provided compelling evidence that the p53/miR-34a
pathway is involved in the regulation of FOXP1 levels in response to DNA damage. Silencing
FOXP1, or overexpressing miR-34a mimics was shown to result in lower protein levels
of phospho-AKT and phospho-ERK after BCR-crosslinking, thereby contributing to BCR
signaling modulation in CLL cells'. Downregulation of miR-34a has been observed in
various types of cancers and its expression level profiling holds promise as a prognostic
indicator, as low miR-34a levels were associated with poor patiets'outcome'*. Though
some studies showed a clear decrease in miR-34a transcripts in cell lines lacking p53 or
containing a mutant p53">"%, in other studies the correlation between p53 status and
miR-34a expression was not established”. In the HCT116 colon cancer cell line miR-34a
has been identified as a direct transcriptional target of p53 in response to genotoxic stress.
Expression profiling further revealed that transcripts of genes involved in cell proliferation
were significantly downregulated, whereas transcripts of genes involved in DNA repair and
DNA checkpoints were significantly upregulated following the retroviral overexpression
of miR-34a'". In the context of B cells, in human (NALM-6) and murine (70Z/3) pre-B cells
lines and mouse bone marrow cells, the viral overexpression of miR-34a resulted in re-
pression of FoxpT and displayed an increase in CD19*c-kit'IgM- pre-B cells, while the levels
of B220*CD43'IgM" pre-B cells were significantly reduced, suggesting that the miR-34a
overexpression caused a partial block of B-cell development at the pre-to-pre-B cell stage.
In fact, this study identified FOXP1 to be a bona fide target of miR-34a, and overexpression
of the Foxp1 gene lacking the 3'-UTR rescued the miR-34a-induced B-cell developmental
block™®. This conflicting evidence might be related to the intrinsic variability between the
used cell line models and cell types.

Our data suggest that a regulatory circuit, involving p53/miR-34a/FOXP1 might exist
in pre-B cells, where the DNA breaks drive expression levels of miR-34a in mouse primary
pre-B cells that are undergoing light-chain recombination. Moreover, a decrease of miR-34a
levels using the miR-34a sponge resulted in an increase of surface IgM*in B-cells after the
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light chain recombination, similar to the increase observed in Tp53” primary pre-B cells,
suggesting that more pre-B cells have undergone Igk recombination. In addition, the
absence of RAGT, and thus absence of RAG-dependent DSBs in primary pre-B cells coin-
cided with higher FoxpT mRNA levels. We propose that the increase in Foxp1 levels might
be related to the lack of gene recombination-mediated activation of p53 DNA damage
responses, including the miR-34a.

In search of a more detailed mechanistic explanation of the DNA damage-driven
RAG1/2 regulation, we speculate about several possible scenarios: The pro-survival factor
B-cell leukemia/lymphoma 2 (BCL2) has also been identified as one of the transcripts
downregulated upon overexpression of miR-34a. Interestingly, BCL2 has been shown to
partially compensate for the loss of Vpr-binding protein (VprBP, also known as DCAF1),
which is a substrate adaptor protein, associating with the N-terminus of RAG1 and is re-
quired for B-cell development and V(D)J recombination''®, Whether in our model the
effect of the loss of p53 or miR-34a on the amount of B220*DX6Ly6CIgM* B cells follow-
ing the IL7 withdrawal could be (partially) attributed to BCL2 remains an open question.
Another possible mechanistic explanation could be provided by the study showing that
in the induction of miR-34a expression by cisplatin treatment downregulates Sirtuin 1
(SirtT), which in turn increased the NF-kB activity'®. Previously, we have established that in
cycling pre-B cells, the NF-kB pathway inhibits RAG1/2 expression through AKT and CDK4%.
Whether the DNA damage-driven expression of miR-34a in pre-B cells could contribute to
RAG1/2 downregulation through NF-kB activation is yet to be established.

In summary, we propose a negative feedback regulatory mechanism involving p53,
miR-34a, and FOXP1, whereby DNA damage limits the expression of RAG1 and RAG2. In
this regulatory pathway, DNA damage (exogenous as well as RAG-induced) triggers the
activation of ATM, which subsequently stabilizes p53 and initiates the downstream effects
of p53, including the upregulation of miR-34a. MiR-34a then modulates the levels of FOXP1
and the recombination of Igk in pre-B cells. Consistent with this model, both miR-34a and
FOXP1 levels respond to both exogenous and RAG-induced DNA damage, thereby con-
straining the expression of RAG1/2 and V(D)J recombination. This regulatory mechanism
in developing B cells likely functions as a self-protective mechanism against excessive
RAG-induced DNA damage, thereby safeguarding genome stability.

Final thoughts

The RAG-mediated DSBs are vital for the assembly of BCR (and TCR), without which our
immune system would not be able to adapt and to protect us from the armada of different
pathogens, they are also seen as a potentially hazardous product of RAG1/2 activity. Re-
search data in this thesis indicate that the RAG-induced DSBs also display regulatory capac-
ities and are capable of triggering a self-regulatory mechanism, where the RAG-produced
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DNA breaks signal to shut down RAG expression to prevent unnecessary DNA damage.
That RAG-derived DSBs have an important regulatory function is also illustrated in the
recent study of Johnston et al, demonstrating that non-RAG induced DSBs at /g loci of
pre-B cells result in different gene expression profiles than the DSBs instigated by RAG:
while other endonucleases, such as Cas9 endonuclease, was also capable of introducing
DNA breaks at /g loci, and triggering the “canonical DDR”, leading to the DNA break repair,
measured by the degree of tumor protein p53-binding protein 1(TP53BP1) foci generation,
only RAG1/2-mediated DSBs triggered the “non-canonical DDR”, such as processes regu-
lating B-cell development, as measured by the degree of NF-kB2 activation and the CD40
and proviral integration site for Moloney murine leukemia virus 2 (Pim2) expression''.
The studies of the RAG regulatory pathways in this thesis underscore how temporal
and qualitative circumstances determine the outcome of a signaling pathway modulation:
Chapter 5 shows that in cycling pre-B cells AKT signaling regulates RAG expression, while
Chapter 4 demonstrates that once the pre-B cells exit the cell cycle, AKT signaling is not
involved in the regulation of RAG expression under the DNA damage conditions.
Moreover, the mechanisms uncovered in Chapters 5 and 6, where we demonstrated
that the regulation of RAG expression involves a negative feedback loop that hinges on
the kinase activity of the DNA damage sensor ATM. The degree of crosstalk between these
are 2 pathways, (ATM/FOXO1 and ATM/p53/miR-34a/FOXP1), if any, is yet to be determined.
We hypothesize that on the one hand, ATM is able to regulate the RAG transcription di-
rectly, by binding to Erag and thereby evicting the RAG transcription factor FOXO1 from
its binding to Erag, and on the other hand, that ATM activation triggers several regulatory
pathways (ATM/FOXO1 or ATM/p53/miR-34a/FOXP1) affecting the availability of the RAG
transcription factors. These two effects of ATM activation may co-exist, potentiate each
other or fine-tune the expression and activity of RAG1/2 in response to DNA damage.
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English summary

The adaptive immune system is renowned for its ability to elicit specific responses against
pathogens, mediated by lymphocytes and antigen-presenting cells. B cells produce anti-
bodies and utilize B cell receptors (BCR), also known as antigen receptors orimmunoglob-
ulins, to detect and eliminate pathogens, damaged, or non-self cells, leading to humoral
immunity. T cells, on the other hand, employ T cell receptors (TCR) to eliminate foreign
antigens, resulting in cellular immunity. The generation of a wide array of antigen receptors
occurs through a sophisticated system called V(D)J recombination. Specifically found in
precursor B and T cells, this process is initiated by the recombination activating gene 1
and 2 (RAG1/2) complex, which induces DNA breaks at recombination signal sequences
(RSS), specific sequences abundant in immunoglobulin (/g) and Tcr gene segments. These
gene segments are brought together through a DNA recombination process in various
combinations. RAG1/2 recognizes specific recombination signal sequences (RSS), flank-
ing the coding V(D)J segments, and introduces a break in one of the DNA strands, called
a single-stranded break. Subsequently, the 3" hydroxyl end of the broken DNA strand
induces a break in the opposite DNA strand, ultimately forming the double-strand DNA
break (DSB). These types of DNA breaks are recognized by the MRE11/RAD50/NBS1 (MRN)
protein complex, which binds near DNA breaks and recruits other DNA repair-associat-
ed proteins such as DNA-dependent protein kinase, catalytic subunit (DNA-PKcs), ataxia
telangiectasia mutated (ATM), and Artemis. Cells use a process called non-homologous
end joining (NHEJ) to repair double-strand DNA breaks. This means that no homology is
required (no sister chromatid or homologous chromosome) to repair the break. Compared
to other DNA repair processes, such as homologous recombination (HR), NHEJ is a much
less accurate process: nucleotides, that were not originally in the germ line configuration,
are incorporated into the junction, resulting in a shift in the genetic reading frame. This
form of genetic “sloppiness” is advantageous for precursor B cells. On one hand, by in-
troducing new nucleotides/mutations into the recombinant V(D)J gene segments, new,
unique Ig receptors with unique specificities are constantly generated. However, on the
other hand, this process can also introduce genetic errors elsewhere in the genome that
may contribute to the malignant transformation of precursor B cells.

Considering that DNA breaks are introduced during V(D)J gene recombination, this
process must be tightly regulated to prevent DNA breaks from being introduced into
non-I/g gene segments in the genome. How is RAG1/2-mediated DNA cutting kept within
the boundaries of Ig genes? Is the regulation indeed so strict, or can RAG1/2 occasionally
introduce DNA breaks in genes unrelated to /g rearrangement, so-called “off-targets”? If
this is the case, what if these breaks are also repaired with errors? Is there a link between
the off-target RAG1/2 activity and the occurrence of genetic lesions that underlie the for-
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mation of cancer? For example, an oncogene that cannot be “turned off” due to incorrectly
repaired DNA breaks, causing the cells to continuously divide.

Acute lymphoblastic leukemia (ALL) is a type of blood cancer characterized by rapid
expansion of malignant B and T cell precursors. Genomic instability, including transloca-
tions such as ETV6-RUNX1, BCR-ABL1, and E2A-PBX1, is a feature of ALL. Traces of RAG1/2
activity, or the presence of sequences resembling RSS, have been found in the vicinity of
genomic lesions in both mouse and human B-cell malignancies, including ALL. This sug-
gests that aberrant targeting and/or activity of RAG1/2 may play a role in the development
of lymphoid malignancies. However, the precise mechanism of the malignant derailment
of precursor B cells in the onset of ALL, and the exact role of the RAG1/2 complex in this
process, are currently unknown. The research in this thesis focuses on detecting and char-
acterizing the “off-target” activity of RAG1/2 and the potential consequences thereof on
the genomic integrity of precursor B cells. We also meticulously studied the regulation
of the RAG1/2 complex in the context of DNA damage and discovered several novel reg-
ulatory mechanisms.

In Chapter 2, we extensively described the process of B-cell development and V(D)J
gene rearrangement. Here, we paid particular attention to the role of DNA damage and
DNA damage signaling. We discuss the molecular mechanisms involved and how the bal-
ance between DNA damage and DNA repair is maintained, as well as the possible conse-
quences of disrupting this balance. We summarized evidence from other studies showing
that a significant portion of the genetic errors in patients with B-cell acute lymphoblastic
leukemia (B-ALL) exhibit characteristics of dysregulated RAG1/2 activity, which may arise
due to failed RAG1/2 regulation.

First, we investigated whether the activity of the RAG1/2 complex in precursor B cells
is limited to Ig genes, or if it can also introduce DNA breaks elsewhere in the genome.
Previous studies conducted by other research groups demonstrated that the RAG1/2
complex can bind to DNA at locations other than /g genes. However, those studies could
not conclude whether the RAG1/2 binding to the DNA also results in the formation of
RAG1/2-dependent DNA breaks. In Chapter 3, we demonstrated that RAG1/2 does not
only introduce DSBs at /g genes but also at thousands of other locations in the genome.
In a mouse precursor B-cell line, we identified approximately 1500 sites where RAG1/2
introduces a DNA break. In addition to the known “hot spots” on the Ig gene segments
on chromosome 6 (immunoglobulin light chain genes in mice) and chromosome 12 (im-
munoglobulin heavy chain genes in mice), RAG1/2-dependent DNA breaks were found
throughout the entire genome. RAG1/2-dependent DNA breaks were identified near genes
previously associated with the development of B-cell malignancies such as lkzf4, Abl2, KIf4,
Tcf4, Tcf7, Rassf8, Mef2c, or near genes involved in DNA break repair such as Rad51ap1. We
further investigated the DNA sequences in the vicinity of RAG1/2-dependent DNA breaks,
showing that these breaks are predominantly found near simple repetitive sequences such
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as CA or GA dinucleotide combinations. It is known that such sequences can adopt an
alternative DNA structure, also called non-B DNA structure. These non-B DNA structures
can form a triple helix or so-called G-quadruplexes, or DNA hairpin structures. Several
biochemical studies have shown that the RAG1/2 complex is indeed capable of recogniz-
ing and cleaving these structures, with non-B structures identified around some genetic
abnormalities commonly found in malignant B cells.

In Chapters 4, 5, and 6, we describe new mechanisms of deregulation of the RAG1/2
complex. In Chapter 4, we describe a novel mechanism that causes B cells to shut down
the RAG1/2 complex in response to DNA damage. This mechanism can be activated by
DNA damage caused by external factors (y-radiation, or chemical substances that introduce
DNA breaks), as well as when the RAG1/2 complex itself is the source of the DNA damage.
We have demonstrated that the activation of the ATM protein by DNA damage is crucial
for this regulation. Pharmacological inhibition of ATM activation prevents the deactivation
of the RAG1/2 complex following DNA damage induction. The DNA damage-dependent
activation of ATM reduces the binding of the transcription factor FOXOT1 to the RAGT and
RAG2 genes, thereby silencing the expression of these genes. We propose that this mech-
anism may play a significant role in protecting cells against multiple DNA damages during
the gene rearrangement process.

In Chapter 5, we have discovered another novel regulatory mechanism that controls
the activity and availability of RAG. We show that the nuclear factor kappa-B (NF-xB) and
the phosphoinositide 3-kinase (PI3K)/AKT signaling pathways are significant suppressors
of RAG1/2 activity, ensuring that the RAG1/2 complex is expressed and active at the ap-
propriate time during cell division. We demonstrate that inhibition of NF-kB results in
an increase in RAG1/2 activity and RAG-mediated DNA breaks. The use of potential new
therapeutic agents that inhibit NF-kB components may therefore have implications for
the genomic stability of precursor B cells developing in the bone marrow.

Finally, in Chapter 6, we showed that the tumor suppressor p53 also plays a crucial
role in the regulation of the RAG1/2 complex in response to DNA damage. In precursor
B cells lacking the p53 gene (p53 knockouts), the expression of RAG1/2 following DNA
damage is not deactivated as in normal precursor B cells. Additionally, we have shown
that the absence of p53 resulted in an increase in precursor B cells that have successfully
undergone Ig gene rearrangement. We have demonstrated that the activation of p53 by
DNA damage leads to an increase in the expression of microRNA-34a (miR-34a). miR-34a
subsequently partially deactivates the transcription factor forkhead box P1 (FOXP1) protein,
which plays a crucial role in the expression of the RAG1/2 complex. We have shown that
DNA damage results in a reduction in FOXP1 expression, and that increased expression
of FOXP1 in precursor B cells accelerates gene rearrangement.
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Het adaptieve immuunsysteem staat bekend om zijn vermogen om specifieke reac-
ties tegen pathogenen te veroorzaken, dankzij lymfocyten en antigeen-presenterende
cellen. B-cellen maken antilichamen aan en maken gebruik van B-celreceptoren (BCR),
ook bekend als antigeenreceptoren of immunoglobulinen, om pathogenen, beschadig-
de of niet-zelfcellen te detecteren en te verwijderen, wat leidt tot humorale immuniteit.
T-cellen, aan de andere kant, gebruiken T-celreceptoren (TCR) om vreemde antigenen
te elimineren, wat leidt tot cellulaire immuniteit. Het genereren van een breed scala aan
antigeenreceptoren gebeurt door middel van een geavanceerd systeem genaamd V(D)
J-genherschikking. Dit proces, specifiek voor voorloper B- en T-cellen, wordt gestart door
het recombinerende activerende gen 1 en 2 (RAG1/2) complex, dat DNA-breuken induceert
op recombinatiesignaalsequenties (RSS), specifieke sequenties die overvloedig aanwezig
zijn op immunoglobuline (Ig) en Tcr gensegmenten. Deze gensegmenten worden door een
DNA-herschikkingsproces in verschillende combinaties samengebracht. Hierbij introdu-
ceert RAG1/2 allereerst een onderbreking van een van de DNA strengen, een zogenaamde
enkelstrengsbreuk. RAG1/2 herkent specifieke recombinatie signaal sequenties (RSS) die de
coderende V(D)J segmenten flankeren. Het 3" hydroxyl-einde van de gebroken DNA-streng
veroorzaakt vervolgens een onderbreking van de tegenoverliggende DNA-streng, wat
uiteindelijk tot de vorming van een dubbelstrengs DNA-breuk leidt. Dit type DNA-breuken
worden herkend door het MRE11/RAD50/NBS1 (MRN) eiwitcomplex dat in de buurt van
DNA-breuken bindt en andere DNA reparatie-geassocieerde eiwitten rekruteert, zoals het
DNA-dependent protein kinase, catalytic subunit (DNA-PKcs), ataxia telangiectasia muta-
ted (ATM) en Artemis. Voor het repareren van de dubbelstrengs DNA-breuken gebruiken
de cellen het zogenaamde niet-homologe eindverbindingsproces (NHEJ). Dit betekent
dat er geen gebruik wordt gemaakt van de informatie van dezelfde regio aanwezig op
de tweede DNA streng om de breuk te herstellen. In vergelijking met andere DNA-herstel
processen, zoals homologe recombinatie (HR), is NHEJ een veel minder accuraat proces: er
worden bijvoorbeeld nucleotiden in de breuk geincorporeerd die er oorspronkelijk (in de
kiembaanconfiguratie) niet waren, wat kan resulteren in de verschuiving van het geneti-
sche leeskader. Deze vorm van genetische “slordigheid” is aan de ene kant heel voordelig
voor de voorloper B-cellen: door het introduceren van nieuwe nucleotiden/mutaties in
de recombinerende V(D)J gensegmenten ontstaan telkens nieuwe, unieke, Ig receptoren
met ieder een unieke specificiteit. Maar tegelijkertijd heeft dit het risico dat er genetische
fouten die mogelijk bijdragen aan de kwaadaardige ontsporing van de voorloper B-cellen.

Omdat het RAG1/2 complex tijdens de genherschikking in staat is het DNA te knippen,
moet dit proces bijzonder strikt gereguleerd worden om te voorkomen dat er DNA-breu-
ken op andere plekken dan het Ig locus in het genoom geintroduceerd worden. Hoe
wordt het knippen van het DNA binnen de kaders van Ig genen gehouden? Is de regulatie



198 | Appendix

inderdaad zo strikt, of kan het incidenteel voorkomen dat RAG1/2 DNA-breuken in genen
introduceert die met Ig herschikking niets te maken hebben, zogeheten “off-targets”?
Indien dit het geval is, wat als deze breuken ook nog met fouten hersteld worden? Wat
zijn de consequenties van deze gebeurtenissen voor het ontstaan van genetische fouten
die ten grondslag kunnen liggen aan de vorming van kanker? Bijvoorbeeld een oncogen
dat door incorrect herstelde DNA-breuk niet meer “uitgezet” kan worden en de cellen
aanzet om voortdurend te delen.

Acute lymfoblastische leukemie (ALL) is een type bloedkanker dat gekenmerkt wordt
door een snelle uitbreiding van kwaadaardige B-cel en T-celvoorlopers. Genomische in-
stabiliteit, inclusief chromosomale translocaties zoals ETV6-RUNX1, BCR-ABL1 en E2A-PBX1,
is een kenmerk van ALL. Sporen van RAG1/2-activiteit, of aanwezigheid van sequenties
die lijken op RSS en dus herkent en gekliefd zouden kunnen worden door RAG1/2, zijn
gevonden in de nabijheid van genomische laesies in B-cel tumoren in patiénten (zoals ALL)
en in muismodellen voor deze ziekten. Dit suggereert een afwijkende doelgerichtheid
en/of activiteit van RAG1/2 tijdens de ontwikkeling van lymfoide maligniteiten. Echter,
het precieze mechanisme van de kwaadaardige ontsporing van voorloper B-cellen in het
ontstaan van ALL, en de rol van het RAG1/2 complex hierbij zijn vooralsnog niet bekend.
Het onderzoek in dit proefschrift richt zich op het detecteren en karakteriseren van de
“off-target” activiteit van RAG1/2 en de potentiéle consequenties hiervan op de geno-
mische integriteit van voorloper B-cellen. Ook hebben we de regulatie van het RAG1/2
complex nauwkeurig bestudeert en meerdere nieuwe regulatiemechanismen ontdekt.

In Hoofdstuk 2 hebben we het proces van B-cel ontwikkeling en V(D)J genherschik-
king, uitgebreid beschreven. Hierbij hebben we vooral veel aandacht besteedt aan de rol
van DNA-schade en DNA-schade signalering. We bespreken de moleculaire mechanismen
die hierbij een rol spelen, en hoe de balans tussen DNA-schade en DNA-reparatie in even-
wicht worden gehouden, en wat de mogelijke gevolgen zijn van het verstoren van deze
balans. We hebben aanwijzingen uit andere studies samengevat die laten zien dat een
belangrijk deel van de genetische fouten in patiénten met B-cel acute lymfoblastische
leukemie (B-ALL) kenmerken dragen van een ontregelde RAG1/2 activiteit, en dat deze
mogelijk ontstaan zijn als gevolg van verstoorde RAG1/2 regulatie.

Als eerste hebben we onderzocht of de activiteit van het RAG1/2 complex in voor-
loper B-cellen zich beperkt tot de Ig genen, of dat het daarnaast ook DNA-breuken kan
veroorzaken in de rest van het genoom. Eerdere studies die uitgevoerd zijn door andere
onderzoekers lieten zien dat het RAG1/2 complex zich aan het DNA kan binden op andere
plekken dan de Ig genen. Echter, uit die studies kon niet worden geconcludeerd of deze
binding ook resulteert in de vorming van RAG1/2-afhankelijke DNA-breuken. In Hoofdstuk
3 laten we zien dat RAG1/2 niet alleen dubbelstrengs DNA-breuken kan veroorzaken op
de Ig genen, maar ook op duizenden andere plekken in het genoom. In een voorloper
B-cellijn uit de muis hebben we ongeveer 1500 plekken geidentificeerd waar RAG1/2 een
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DNA-breuk heeft veroorzaakt. Naast de bekende “hot-spots” op de /g gensegmenten op
chromosoom 6 (immunoglobuline lichte keten genen in de muis) en chromosoom 12 (im-
munoglobuline zware keten genen in de muis), waren er RAG1/2-specifieke DNA-breuken
gevonden door het hele genoom heen. Er zijn RAG1/2-specifieke DNA-breuken geidentifi-
ceerd in de buurt van de genen die eerder geassociéerd zijn met de ontwikkeling van B-cel
maligniteiten zoals lkzf4, Abl2, Kif4, Tcf4, Tcf7, Rassf8, Mef2¢, of in de buurt van de genen die
rol spelen het herstel van DNA-breuken zoals Rad57ap1. We hebben verder onderzocht wat
de DNA-volgordes (sequenties) in de buurt van RAG1/2-specifieke DNA-breuken gemeen
hebben, waarbij we hebben laten zien dat deze breuken met name gevonden worden
in de buurt van simpele herhaalsequenties zoals van CA of GA dinucleotide combinaties.
Het is bekend dat zulke sequenties een alternatieve DNA-structuur kunnen aannemen,
ook wel non-B DNA-structuur genoemd. Deze non-B DNA-structuren kunnen een drie-
dubbele helix zijn, of zogenaamde G-kwartetten, en DNA-haarspeld structuren. Verschil-
lende biochemische studies hebben aangetoond dat RAG1/2 complex inderdaad in staat
is om deze structuren te herkennen en te knippen, waarbij bijvoorbeeld non-B-structu-
ren geidentificeerd zijn rondom sommige genetische afwijkingen die veel voorkomen in
kwaadaardige B-cellen.

In de hoofdstukken 4, 5 en 6 beschrijven we nieuwe mechanismen van deregulatie van
het RAG1/2 complex. In Hoofdstuk 4 beschrijven we een nieuw mechanisme dat ervoor
zorgt de B-cellen het RAG1/2 complex afschakelen na het ontstaan van DNA-schade. Dit
mechanisme treedt in werking bij zowel DNA-schade veroorzaakt door externe factoren
(y-straling, of chemische stoffen die DNA-breuken introduceren) maar ook door het RAG1/2
complex zelf. We hebben laten zien dat de activatie van het ATM-eiwit door DNA-schade
cruciaal is voor deze regulatie. Bij farmacologische remming van de activatie van het ATM
vindt afschakeling van het RAG1/2 complex niet plaats na inductie van DNA-schade. De
DNA-schade-afhankelijke activatie van ATM vermindert de binding van de transcriptie
factor forkhead box O1 (FOXO1) aan de RAG1 en RAG2 genen waardoor de expressie van
deze genen wordt uitgeschakeld. We stellen voor dat dit een mechanisme is dat een be-
langrijke rol kan spelen in het beschermen van cellen tegen veelvoudige DNA-schade
tijdens het genherschikkingproces.

In Hoofdstuk 5 beschrijven we een ander nieuw regulatiemechanisme ontdekt dat
de activiteit en beschikbaarheid van RAG controleert. We laten zien dat het nucleaire
factor kappa-B (NF-kB) en de fosfoinositol-3-kinase (PI3K)/AKT-signaalpaden belangrijke
onderdrukkers zijn van RAG1/2-activiteit, en ervoor zorgen dat het RAG1/2 complex op
het juiste moment tijdens de celdeling tot expressie komt en actief is. We laten zien dat
de remming van NF-kB resulteert in een toename van RAG1/2-activiteit en RAG-gemedi-
eerde DNA-breuken. Het gebruik van de nieuwe potentiéle therapeutische stoffen die de
NF-kB-componenten remmen kunnen daarom implicaties hebben voor de genomische
stabiliteit van voorloper B-cellen die zich ontwikkelen in het beenmerg.
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En tot slot in Hoofdstuk 6 laten we zien dat de tumorsuppressor p53 ook een be-
langrijke rol speelt in de regulatie van het RAG1/2 complex. In voorloper B-cellen die het
p53 gen missen (p53-knockouts) wordt de RAG1/2 expressie als gevolg van DNA-schade
niet uitgeschakeld zoals in normale voorloper B-cellen. Daarbij hebben we ook laten zien
dat de afwezigheid van p53 resulteert in een toename van voorloper B-cellen die de Ig
genherschikking succesvol hebben ondergaan. We hebben aangetoond dat activatie van
p53 door DNA-schade leidt tot de toename van het microRNA-34a (miR-34a) expressie.
Het miR-34a resulteert vervolgens in de gedeeltelijke afschakeling van het forkhead box
P1 (FOXP1) eiwit, welke een belangrijke rol speelt in de expressie van het RAG1/2 complex.
We hebben aangetoond dat DNA-schade leidt tot vermindering van FOXP1 expressie, en
dat een verhoogde expressie van FOXP1 in voorloper B-cellen resulteert in een versnelde
genherschikking.
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Zhrnutie v slovencine

Adaptivny imunitny systém ma schopnost vyvolavat Specificki odpoved' na pritomnost
patogénov, prostrednictvom lymfocytov a antigén prezentujucich buniek. B bunky (tiez
nazyvané B lymfocyty) produkuju protilatky a vyuZzivaju B bunkové receptory (BCR), zndme
tiez ako antigénové receptory alebo imunoglobuliny, na detekciu a eliminaciu patogénoy,
poskodenych alebo telu nevlastnych buniek. Tento typ imunitnej odpovede sa taktiez
nazyva humordlna imunita. T bunky (tieZ nazyvané T lymfocyty) vyuZivaju T bunkové re-
ceptory (TCR) na elimindciu cudzich antigénov, ¢o vedie k imunitnej odpovedi nazyvanej
bunkova imunita. Produkcia Sirokej $kaly antigénovych receptorov (BCR aj TCR) sa usku-
toc¢nuje prostrednictvom sofistikovaného systému preskupovania génovych segmentov,
nazyvaného V(D)J rekombindcia. Tento molekuldrny proces, prebiehajici v prekurzoroch
B a T buniek, je iniciovany komplexom rekombindciu aktivujucich génov 1 a 2 (RAG1/2).
RAG1/2 vyvolava zlomy v DNA na signélnych sekvenciach pre rekombindciu (RSS), $pecific-
kych sekvencidch vyrazne zastipenych v génovych segmentoch kédujucich hypervariabilnu
¢ast imunoglobulov (Ig) a TCR receptorov. Tieto génové segmenty su rozstiepené a znova
preskupené prostrednictvom procesu DNA rekombindcie, ¢im vznikaju segmenty s novou
kombinaciou V, (D) a J génov. RAG1/2 rozpoznava RSS sekvencie, ktoré ohranicuju kazdy z
V(D)J segmentov, a spdsobuje rozstiepenie jedného z vlidkien DNA, takzvany jednovldknovy
zlom. Nésledne 3’ hydroxyl koniec rozstiepeného vldkna DNA vyvold zZlom v druhom vidkne
DNA, ¢o nakoniec vedie k dvojvlaknovému zlomu DNA (DSB). Tieto typy zlomov DNA su
rozpoznavané proteinovym komplexom MRE11/RAD50/NBS1 (MRN), ktory sa viaze na chro-
matin v blizkosti DNA zlomov a pritiahne dalSie proteiny podielajuce sa na oprave DNA, ako
napriklad proteinovu kindzu zavislti od DNA (DNA-PKcs), kindzu zmutovanu pri ataxii telan-
giektazii (ATM) a Artemis. Bunky vyuZivaju na opravu dvojvlaknovych zlomov DNA proces
nazyvany nehomologické spdjanie volnych koncov (NHEJ). To znamend, Ze na opravu zlomu
nie je potrebna Ziadna predloha (sesterska chromatida alebo homologicky chromozém).
V porovnani s inymi procesmi opravy DNA, ako je napriklad homologickd rekombindcia
(HR), je NHEJ ovela menej presny proces: nukleotidy, ktoré neboli v zarodo¢nej DNA konfi-
gurdcii, su zaclenené do novych V(D)J spojov, ¢o vedie k posunu v genetickom ¢itacom rdmci.
Tento druh genetickej ,nepresnosti” je pre prekurzory B buniek vyhodny. Na jednej strane,
zaclefiovanim novych nukleotidov/mutacii do preskupenych V(D)J génovych segmentov,
su neustale generované novo vytvorené, unikatne Ig receptory s osobitou Specificitou. Na
druhej strane, tento proces méze viest ku genetickym chybdm na inych miestach genému,
ktoré moézu prispievat ku rakovinovej transformdacii B buniek.

Proces rekombinécie génov V(D)J do DNA musi byt désledne regulovany, aby sa zabranilo
zavedeniu zlomov DNA na inych miestach genému mimo Ig segmentov. Akymi mechaniz-
mami je fyziologicka aktivita RAG1/2 udrziavana v ramci Ig génovych segmentov? Je regu-
lacia RAG1/2 skutoc¢ne takd doslednd, alebo je mozné, Ze RAG1/2 v niektorych pripadoch
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sposobuje zlomy DNA aj v génoch, ktoré nehraju ulohu pri preskupovani Ig segmentov,
tzv. neziaduca alebo ,off-target” aktivita? Co ak by boli tieto neziaduce zlomy navyse tiez
opravené s chybami? Existuje suvislost medzi ,off-target” aktivitou RAG1/2 a vyskytom ge-
netickych chyb (mutacii, translokdcii, delécii), ktoré tvoria zéklad pre vznik rakoviny B lym-
focytov? Napriklad je mozné predpokladat, Ze onkogén, ktory sa nemoze ,vypnut” v désled-
ku nespravne opravenych zlomov DNA, by mohol viest ku nekontrolovatelnému deleniu
buniek. Akutna lymfoblasticka leukémia (ALL) je typom krvnej rakoviny, ktory sa vyznacuje
rychlym mnozZenim zhubnych prekurzorov B a T buniek. ALL je charakterizovana genomickou
nestabilitou, vratane translokdcii ako ETV6-RUNX1, BCR-ABL1 a E2A-PBX1. Naznaky aktivity
RAG1/2, alebo pritomnost sekvencii pripominajucich RSS, boli zaznamenané v blizkosti ge-
netickych mutécii nielen v mysacich, ale aj v ludskych B-bunkovych, vratane ALL. Toto Tieto
poznatky mozu naznacovat, ze nepresnd alebo chybna aktivita RAG1/2 by mohla zohravat
Ulohu pri rozvoji lymfoidnych malignit. Aviak presny mechanizmus malignej transformacie
prekurzorov B buniek, a tloha komplexu RAG1/2 v tomto procese, zostavaju v sucasnosti
nepreskimané. Vyskum v tejto dizertacnej praci sa zameriava na detekciu a charakterizaciu
neziaducej, ,off-target”, aktivity RAG1/2 a jej mozné dosledky pre genomicku integritu.
Doékladne sme skimali aj reguldciu komplexu RAG1/2 v kontexte poskodenia DNA a objavili
sme niekolko novych regula¢nych mechanizmov tohto komplexného procesu.

V Kapitole 2 sme v aktudlnom prehlade literatiry podrobne opisali proces vyvoja B
buniek a rekombinaciu génov V(D)J. Osobitnl pozornost sme venovali Glohe poskodenia
DNA a signalnej transdukcii, ktord DNA poskodenie spusta. Popisujeme molekuldrne mecha-
nizmy zapojené do procesu rekombinacie génov V(D)J, mechanizmy udrziavania rovnovahy
medzi poskodenim a opravou DNA, ako aj mozné dosledky narusenia tejto rovnovahy. Suma-
rizujeme vysledky zo studii, ktoré ukazuju, ze vyznamna cast genetickych chyb u pacientov
s akutnou lymfoblastickou leukémiou B-buniek (B-ALL) vykazuje charakteristiky neZiaducej
aktivity RAG1/2, ktord sa moze objavit v dosledku chybnych regula¢nych mechanizmov.

V Uvode experimentélnej prace sme skimali, ¢i je aktivita komplexu RAG1/2 v prekurzoro-
ch B buniek obmedzend len na Ig gény, alebo moze RAG1/2 tiez zavadzat zliomy DNA na inych
miestach gendmu. Predchadzajuci vyskum inych autorov naznacuje, ze komplex RAG1/2
by sa mohol viazat na DNA aj na inych miestach ako Ig gény. Aviak z tychto Studii nie je
jednoznacné, ¢i vazba RAG1/2 na DNA taktieZ vedie na tychto miestach k aktivnej tvorbe DNA
zlomov. V Kapitole 3 sme preukazali, ze RAG1/2 nesp6sobuje DSB zlomy len v Ig génoch, ale
aj na tisicoch dalsich miest v gendéme. V bunkovej linii prekurzorov B buniek sme identifikovali
priblizne 1500 miest, kde RAG1/2 aktivne vytvoril Ziom DNA. Okrem predpokladanej aktivity
na segmentoch /g génov na chromozéme 6 (gény lahkého retazca imunoglobulinu u mysi) a
na chromozéme 12 (gény tazkého retazca imunoglobulinu u mysi) sme identifikovali zZlomy
sposobné aktivitou RAG1/2 naprie¢ celym genémom. DNA zlomy vyvolané aktivitou RAG1/2
boli identifikované v blizkosti génov, ktoré zohravaju tlohu vo vyvoji malignit, ako su Ikzf4,
AbI2, Kif4, Tcf4, Tcf7, Rassf8, Mef2c, alebo blizko génov zapojenych do opravy zlomov DNA,
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ako je Rad51ap. Blizsia analyza DNA sekvencii v blizkosti DNA zlomov spésobnych aktivitou
RAG1/2 ukazala, Ze tieto zlomy sa nachadzaju predovsetkym v blizkosti jednoduchych re-
petitivnych sekvencii, ako su napriklad CA alebo GA repetitivne dinukleotidové kombinacie.
Je zname, ze takéto sekvencie sa mézu usporiadat do alternativnej konformacie DNA, nazy-
vanej aj non-B DNA Struktura. Tieto non-B DNA konformécie mézu vytvarat trojvldknovu
DNA, takzvané G-kvadruplexy, alebo vldsenkové struktury. Niekolko biochemickych studii
preukdzalo, Ze RAG1/2 komplex je schopny rozpoznavat takéto DNA Struktury a zavadzat do
nich DNA zlomy. Je zaujimavé, Ze non-B struktury boli identifikované aj v blizkosti niektorych
genetickych abnormalit ¢asto sa vyskytujucich v malignych B bunkach.

V kapitolach 4, 5 a 6 popisujeme nové mechanizmy patologickej regulacie komplexu
RAG1/2. V Kapitole 4 studujeme novy molekuldrny mechanizmus, ktory je zodpovedny
za vypnutie expresie komplexu RAG1/2 v B bunkach v reakcii na poskodenie DNA. Tento
mechanizmus moéze byt aktivovany poskodenim DNA vonkajsimi faktormi (y-Ziarenie alebo
chemické latky, ktoré indukuju zZlomy DNA), ale aj v pripade, ked'je zdrojom poskodenia DNA
samotny komplex RAG1/2. Preukazali sme, ze kli¢ovym faktorom tejto regulécie je aktivacia
proteinu ATM poskodenim DNA. Farmakologickd inhibicia ATM kinazy v nasej studii zabranila
inaktivacii komplexu RAG1/2 po indukcii DNA poskodenia. Nase vysledky ukdzali, Ze aktivacia
ATM znizuje viazanie transkripcného faktora FOXO1 na gény RAG1 a RAG2, ¢im sa utimuje
ich expresia. Navrhujeme, Ze tento mechanizmus méze zohravat vyznamnu tlohu pri ochra-
ne B buniek pred nadmernym neziaducim poskodenim DNA pocas procesu rekombinacie
Ig génov. V Kapitole 5 sme objavili dalsi novy regula¢ny mechanizmus, ktory kontroluje
aktivitu a dostupnost RAG1/2 komplexu. Preukdzali sme, Ze jadrovy faktor kappa-B (NF-
kB) a signdlna draha fosfoinozitol-3-kinazy (PI3K)/AKT st vyznamnymi inhibitormi aktivity
RAG1/2. Navrhujeme, ze tento regula¢ny mechanizmus zabezpecuje, expresiu a aktivaciu
RAG1/2 iba v spravnej faze bunkového cyklu pocas delenia buniek. Inhibicia NF-xB vedie
k zvyseniu aktivity RAG1/2 a ku vzniku zlomov DNA. Pouzitie novych liecivych latok, ktoré
inhibuju komponenty NF-kB, mbze mat preto neziaduce désledky pre genomicku stabilitu
prekurzorov B buniek vyvijajucich sa v kostnej dreni.

Na zaver sme ukazali v Kapitole 6, Ze tumorovy supresor p53 taktiez zohrava klticovu
Ulohu v reguldcii komplexu RAG1/2 v reakcii na poskodenie DNA. Prekurzorom B buniek s
vyradenym génom p53 (p53 knockout) sa expresia RAG1/2 po poskodeni DNA nevypne,
na rozdiel od “normdalnych” prekurzorov B buniek. Okrem toho sme zistili, Ze absencia p53
vedie k zvySeniu poctu prekurzorov B buniek, ktoré tspesne presli rekombinaciou Ig génov.
Aktivacia p53 po poskodeni DNA vedie k zvyseniu exprese mikroRNA-34a (miR-34a). miR-34a
nasledne ciastocne deaktivuje transkripcny faktor forkhead box P1 (FOXP1) protein, ktory
zohrava klu¢ovu Ulohu pri requldcii expresie RAG1/2 komplexu. Nasa $tudia dalej ukdzala,
Ze poskodenie DNA vedie k znizeniu expresie FOXP1, a Ze zvysena expresia FOXP1 v prekur-
zoroch B buniek urychluje rekombinaciu Ig génov.
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Ochodnicky, Jan Klimas. Enalaprilat increases PPARB/S expression, without

influence on PPARa and PPARY, and modulate cardiac function in sub-acute

model of daunorubicin-induced cardiomyopathy. Eur J Pharmacol, 2013 Aug
15;714(1-3):472-7.

Jan Klimas, Michael Olvedy, Katarina Ochodnicka-Mackovicova, Peter 2015
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4. Publications continued.
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Chapter 5, page 127, Figure 4 should be displayed as follows:
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Figure 4. Inhibition of AKT and NF-xB signaling induces RAG-dependent DNA damage
inmouse Abl pre-B cells.

(A) Mean fluorescence intensity (MFI) of intracellular yH2AX staining in mouse Abl pre-B cells treated
as indicated on x-axis. Red symbols represent yH2AX MFI in WT cells, and blue symbols represent
yH2AX MF1 in RAG2~~ cells. MFis of untreated controls were subtracted to correct for background
staining. Three independent experiments were performed, and horizontal lines represent means.
Statistical significances between groups were determined by ANOVA using a Bonferroni’s posttest.
(B) Overlay FACS histograms of intracellular yH2AX staining in IKKBi- and AKTi-treated cells. Small
B cells (FSC low; left gate) vs large B cells (FSC high; right gate) are shown. (€) Real-time RT-PCR of
Cyclin-A, Cdk2, and Cyclin-D1 mRNA expression in WT mouse Abl pre-B cells. Cells were treated with
2.5 uM IKKBi, 2.5 uM AKTi, or 10 uM STI571 for 48 hours. Real-time RT-PCR results are presented
relative to the expression of the 185 rRNA housekeeping gene. Three independent experiments
were performed, PCRs were performed at least in duplicate, and error bars represent means + SD
of 3 independent experiments. (D) Jx2-RSS DNA breaks are detected by LM-PCR in cell-cycle sorted
(G, and S phase) WT mouse Abl pre-B cells that were treated with 2.5 uM IKKgi and 2.5 uM AKTi.
Threefold dilutions of linker-ligated DNA were amplified with a Jx2-specific forward primer and an
LM-PCR linker-specific reverse primer. PCR products indicated with an asterisk were excised from
the gel, cloned, and sequenced. The middle section of panel D shows the alignments of sequences
obtained from G1 and S phase cells to the germline Jx2 sequence. Jx2-ko5S primer site, Jx2-RSS, and
the Jx2 coding region are indicated by colored boxes. Sequencing results are listed at the bottom
of panel D. *P < .05; **P < .01; ***P < .001. ns, not significant.
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