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ABSTRACT OF THE DISSERTATION

Rad52 competes with Ku70/Ku86 to modulate immunoglobulin class switch DNA

recombination: role in alternative non-homologous end joining

By
Connie Tat

Doctor of Philosophy in Medicine

University of California, Irvine, 2015

Professor Paolo Casali, Thesis Advisor

Class switch DNA recombination (CSR) diversifies the biological effector functions of
antibodies and is critical for the maturation of the antibody response. Defective or
aberrant CSR can lead to diseases such as hyper-IgM syndrome, systemic or organ-
specific autoimmunity, allergy, asthma and neoplastic transformation. This process is
initiated by AID-mediated introduction of double-strand DNA breaks (DSBs) in the
upstream and downstream switch (S) regions that will be recombined as effected by
intervention of Ku70/Ku86 and the non-homologous end joining (NHEJ) DNA repair
pathway. However, Ku-deficient B cells undergo CSR, albeit at a reduced rate,
suggesting the involvement of other DNA repair mechanisms. We have demonstrated
that B cell deficiency of Rad52, a critical component of the homologous recombination

(HR) DNA repair pathway, resulted in increased CSR. Conversely, enforced Rad52
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expression impaired CSR.  This elevation of CSR in Rad52”" B cells was associated
with increased recruitment of Ku70/Ku86 to S region DSB ends. Indeed, Rad52
competed with Ku70/Ku86 for binding to blunt and staggered DSB ends, as shown by in
vitro competition using purified Rad52 and Ku70/Ku86 molecules, and chromatin
immunoprecipitation (ChIP) assays involving anti-Rad52 antibody (Ab) and anti-
Ku70/Ku86 monoclonal antibody (mAb). In Rad52”" B cells, the increased role of
Ku70/Ku86 in S region recombination was emphasized by decreased occurrence of
microhomologies in Su-Sa and Su-Syl junctions, decreased inter-chromosomal c-
Myc/IgH translocations and reduced intra-Su recombination. Our findings demonstrate
that Rad52 binds to S region DSB ends to facilitate a Ku-independent repair pathway,
which favors intra-switch (S) region re-joining and can also resolve inter-switch (S)

region DSBs, possibly as part of an alternative NHEJ pathway.
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1.1 Innate and Adaptive Immunity

The immune system is comprised of an intricate network of humoral and cellular
effectors whose primary function is to detect and combat infectious pathogens that
compromise the health or longevity of the host organism.  The immune response
comprises of two major branches of immunity: the innate and adaptive responses.
Together, they share signaling molecules and effector mechanisms to achieve a highly
organized immune response. The innate immune response is a rapid initial and broad-
spectrum defense against pathogens that is driven by the recognition of microbial patterns
and repeats and uses receptors that are inherited in the germline by nonclonal distribution.
In contrast, the adaptive immune system uses receptors that are rearranged during
lymphocyte development, thereby endowing a single cell with unique specificity towards

a specific antigen (clonal distribution) (1-4).

The innate immune response is evolutionarily conserved and found in plants, fungi,
insects, and higher organisms. For example, lipopolysaccharide (LPS), lipoproteins,
microbial DNA and RNA, peptidoglycan and lipoteichoic acids (LTAs) are molecules
metabolically produced by bacteria, which can be recognized as microbial signatures of
invaders by the innate immune system (1,2) (3,4). These conserved molecular patterns of
the microbial signatures are called pathogen-associated molecular patterns (PAMPs).
PAMPs are recognized by pattern-recognition receptors (PRR). PRRs comprise various
membrane receptors, including Toll-like receptors (TLRs), NOD-like receptors (NLRs),
and scavenger receptors. PRR evolved before the adaptive immune response to further
enhance the possibility of recognizing foreign antigens (5). The engagement of PAMP-

PRRs trigger macrophages and mast cells to phagocytose the pathogen, display peptide



fragments on MHC II and I receptors, and secrete pro-inflammatory cytokines and
chemokines essential for the induction of the adaptive immune response. In addition,
activation of immature DCs can occur by stimulation of PRRs, which in turn activates

adaptive immunity (5,6).

The adaptive immune response, which is the second branch of immunity, is activated
when a pathogen overcomes the first line of defenses in the innate immune system. The
adaptive immune systems of vertebrates utilize efficient mechanisms of somatic
diversification to generate unlimited repertoires of diverse antigen receptors that are
clonally expressed on the surface of B and T lymphocytes. Although the adaptive
immune response is activated in part by innate immune components, once an effective
immune response is mounted against a specific antigen, B and T lymphocytes are able to
differentiate into memory cells that will recognize the same antigen upon a second
exposure. The adaptive immune response provides a fine-tuned response capable of
forming immunologic memory for rapid recall responses. It is highly effective against
disease, and has contributed to the past developments and future therapeutic designs of

vaccines (7).

While the adaptive response takes longer to form than that of innate immunity, it is
essential for the clearance of microbial pathogens. The adaptive immune response is
mediated by key components of the innate immune system, humoral immunity (antibody
responses mounted by B cells) and cell-mediated immunity by T cells, which are
generated and mature in the bone marrow and thymus, respectively (3). The adaptive
immune response entails the generation of lymphocytes that specifically recognize

infectious agents and confers lifelong protection.



Table 1.1 Roles of various cell types in the innate and adaptive immune system.

Macrophages Phagocytosis of bacteria; antigen presentation

Dendritic Cells Antigen presentation

Neutrophils Phagocytosis

Eosinophils Destruction of antibody-coated parasites

Basophils Release of granules containing enzyme and toxic proteins
Mast cells Release of granules inflammatory agents

NK cells Release lytic granules that kill virus-infected cells

T cells Kill, activate and regulate cells

B cells Produce antigen specific antibodies




The adaptive immune response can be potentiated by non-specific and specific
signals, for example a non-specific signal would be the recognition of PAMPS, and a
specific signal, would be the recognition of antigens by B or T cells. Antigenic stimuli
are processed by components of the innate and adaptive immune system to be presented
to the adaptive immune system. For instance, T cells require that an antigen is first
processed by antigen presenting cells (APCs), which is on the Class I and Class II Major
Histocompatibility Complex, for recognition. B cells on the other hand can recognize a
naive antigen without presentation (1).

Effective antibody responses require further enhancement of antigen specificity and
diversification of the antibodies effector function. The main difference between the
innate and adaptive immune systems is the existence of a class of diverse but individually
specific B and T cell receptors. These B and T cell receptors are diversified through a
RAG-dependent DNA rearrangement event which recombines a single variable (V),
joining (J) and/or diversity (D) gene segment together from each gene family during a
process called V(D)J recombination, which also increase the specificity of these
receptors, making them more specific than those of the innate immune system. Once
this somatic rearrangement has occurred, recombination can provide a vast number of
unique B cell receptors, on the order of 10'" different specificities. This is essential as the
clonal theory of immunity holds that only B and T lymphocytes with receptors with a

high enough affinity for an antigen will become activated and differentiated (8).



1.2 Maturation of the immune response

B cell precursors reside in the bone marrow, and after undergoing RAGI1/2
dependent V(D)J recombination, resting naive B cells can enter the blood as immature
(IgM'IgD") or mature (IgM'IgD") B cells and home to secondary peripheral lymphoid
organs such as the spleen and lymph nodes, where they encounter an antigen and can
differentiate into plasma cells, which secrete large volumes of antibodies (9).

There is unique antigen receptor specificity on the extracellular surface of plasma
membranes that include multiple (hundreds to thousands) of identical copies of their BCR
or TCR, with each cell driven by the recognition of antigen by specific lymphocytes.
Each individual clone will ultimately produce antibodies with specificities identical to its

surface receptor (10,11).

During the antibody response, B cells can also migrate to the follicles of the
peripheral lymphoid tissues (such as the spleen, lymph nodes, Peyer’s patches and tonsils,
to form germinal centers (GCs) (12-14). There are two distinct zones in the germinal
center: the dark zone, where B cells are in a stage of differentiation known as centroblasts
and undergo rapid proliferation, and the light zone where centroblasts cease proliferating
and differentiate into centrocytes (15). Here, centrocytes compete for antigen displayed
by DCs and Try and only those centrocytes whose BCRs have the highest affinity for the
antigen, meaning they have accumulated mutations enhancing their affinity to the cognate
antigen will be preferentially selected. The remaining B cells undergo apoptosis due to
neglect. The selected high affinity centrocytes can then either differentiate into short

lived antibody-secreting cells known as plasmablasts, which exist for a few days after



infection and mainly produce IgM antibodies or re-enter the same GC or adjacent GC to
undergo further selection through rounds of proliferation, hypermutation, class-switching,
and finally emerge as long-lived plasma cells or memory B cells (Figure 1.1) (14).

Within the GCs, B cells first migrate to the T cell rich area and are activated upon
interaction with the tumor-necrosis factor (TNF)-receptor family member CD40. CD40
i1s expressed on the surface of B cells by its ligand, CD154, which is expressed by
follicular helper T cells (Try) (12). CDI154:CD40 engagement activates the CD40
signaling pathway, and the tumor necrosis factor receptor-associated factor (TRAF)
adaptor molecules activate transcription factors such as nuclear factor NFKB, resulting in
B cell proliferation and differentiation (16). In addition to membrane protein receptor
interactions, interleukin (IL) molecules secreted by both T and B cells can influence
differentiation. These T-dependent interactions eventually give rise to effector B cells
known as plasma cells, which secrete high affinity antibodies against specific antigens,
and can also give rise to memory B cells, which elicit a secondary response upon re-
infection (5).

The maturation of the antibody response is critical for effective vaccines and the
generation of neutralizing antibodies to defend against infectious agents and tumor cells.
In GCs, the generation of affinity antibodies increases dramatically due to the cellular
mechanism, somatic hypermutation (SHM). During the GC reaction, the constant region
of the immunoglobulin (Ig) heavy chain changes, thereby endowing the antibody with
different biological effector functions. The maturation of the antibody response is driven
by two B cell intrinsic processes, immunoglobulin (/g) CSR and SHM, which lead to the

overall production and diversification of antibody isotypes (17).
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Figure 1.1. Maturation of the immune response. Upon encountering an antigen in the
secondary lymphoid organs, resting naive mature IgM'IgD" B cells become activated and can
proliferate and differentiate either directly into plasma cells, where large volumes of antibodies
are secreted, or long-lived memory B cells, where they elicit a rapid secondary response. This
response occurs mainly in the germinal centers and is driven by two critical B cell-intrinsic
processes, immunoglobulin class switch DNA recombination and somatic hypermutation leading

to the overall production and diversification of antibody isotypes. Adapted from Zan et al., 2014

(18).



1.3 Class Switch DNA Recombination and Somatic Hypermutation

B cells recognize pathogenic antigens through their BCRs and become activated to
secrete antibodies to target the pathogen. The antibody is composed of two identical
heavy chains and light chains (Figure 1.2). The secreted antibodies molecules are
identical to the BCR except they lack the membrane spanning tail of the heavy chains of
the BCR, which dock to the plasma membrane. Antibodies are chimeric proteins
composed of a variable region, essential for the specific antigen binding site, and a
constant region, which confers the specialized effector functions that determine the mode
of clearing of the pathogen. The heavy chain is approximately 50kDa in size and
contains a heavy chain variable region (Vp) and a heavy chain constant region (Cy). The
variable region of the heavy chain is composed of different variable (V), diversity (D),
and joining (J) gene segments (1-3). There are various combinations of the V(D)J genes
and heavy and light chain pairings, such that they generate approximately 1.9 x10°
different antibody specificities. The introduction of random nucleotides and point
mutations during DJ rearrangement can bring the total diversity to ~5x10" to create the B
cell repertoire, which is capable of recognizing virtually all-foreign antigens (19).

There are several distinct classes of immunoglobulin heavy chain antibodies based on
the Cy region (Figure 1.2). The constant region has 3-4 domains: Cyl, Cy2, Cy3, Cu4.
Cul is the constant region of the fragment antigen binding (Fab) of the antibody, which
contains the variable Vi and Vi domains, and the last 2-3 Cy form the constant fragment

(Fc) of the antibody (20-22).
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Figure 1.2 Antibody diversification and immunoglobulin isotypes. The antibody is
composed of two identical heavy and light chains. Each heavy chain possesses a variable region
(Vu), which binds the antigen and several constant regions (Cy) that are unique to each class or
isotype. The antigen binding regions are formed from the pairing of one variable light (V1) chain
and one constant light chain (Cp). Class-switch DNA recombination (CSR) changes the constant
region of the antibody heavy chain, thereby endowing the antibody with new biological effector
functions. Somatic hypermutation (SHM) introduces point mutations in the immunoglobulin
variable (V) region, thereby altering the antigen affinity for the antibody. Modified from Janeway,

2005 (1).

10



For example, naive B cells exclusively express the Cu and C8 genes to produce IgM
and IgD respectively. All B cells initially express [gM/IgD Igs. During the immune
response, B cells receive signals to undergo CSR and eventually replace expression of Cu
and CO with a different Cy gene. The five main classes of antibodies include IgM, IgD,
IgG, IgE, and IgA. In humans, IgG can be further subdivided into four subclasses (i.e.,
IgG1, 1gG2, IgG3 or IgG4) named in the order of abundance found in the serum.

The Fab varies according to each antibody based on the generated diversity during B
cell activation. The Fc is constant for antibodies of the same class, which in the mouse
are IgM/IgD, 1gGl, 1gG2a, 1gG2b, 1gG3, IgE, and IgA. Each Fc or antibody class is
conferred with differential ability to interact with its specific Fc receptor (FcR) to
neutralize antigens, activate complement, opsonize pathogens and bind macrophages,
dendritic cells (DCs), phagocytes, mast cells, eosinophils, basophils, or natural killer (NK)
cells and therefore directs the appropriate effector mechanisms to clear the pathogen
bound by the antigen-specific Fab parts (1). For example, IgE Fc interacts with its high-
affinity FcRs on eosinophils and basophils, leading to their degranulation to kill the
parasite that IgE has bound. IgM and IgG2a/b antibodies have Fc that bind Clq and
activate complement. IgG2a and IgG2b antibodies are responsible for clearing viral
infections, and are induced by IFNy and TGF-B. IgM and IgG3 are effective at activating
complement and are secreted upon B cell activation by TLR ligands such as
lipopolysaccharide LPS (20-22).

IgM is pentameric and therefore has a high avidity for antigens with repetitive motifs
(microbial pathogens). However, the large size of the pentameric IgM limits its

distribution to the blood and prevents it from moving efficiently across epithelia and
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binding to pathogen systemically. All other antibody isotypes diffuse efficiently to
extravascular sites and therefore, [gM must class switch into a monomeric or dimeric
isotype such as monomeric 1gG, monomeric IgE, and dimeric IgA which are distributed
systemically throughout different tissues. When B cells cannot switch the constant
region from IgM to one of the other isotypes, the organism cannot mount an efficient
antibody response during infection, leading to hyper-IgM (HIGM syndrome in humans)
(23). Individuals with defective or aberrant CSR display a variety of disease including
hyper-IgM (HIGM) syndrome, which is characterized by low/undetectable levels of IgG,
IgA, and IgE and high susceptibility to infections. In addition, defective or aberrant CSR
can lead to diseases such as systemic or organ-specific autoimmunity, allergy, asthma and
neoplastic transformation. While the antigen affinity of the antibody variable region
remains unaltered, upon switching to downstream isotypes, antibodies gain new functions

and unique tissue distribution (24,25).
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These five antibody isotypes are distributed systemically and selectively throughout
the body. For example, IgM antibodies predominate in the blood serum and heart and
activate the complement system in the early stages of the B cell response before there is
sufficient IgG. IgD and IgG antibodies predominate in the extracellular fluid or blood
serum; IgD mainly functions as an antigen receptor on B cells (mature Igd Igu double
positive B cells) that have not been exposed to antigens. IgG antibodies mainly
neutralize and opsonize pathogens. IgA antibodies predominate in the mucosa (or the
linings of mostly endodermal origin, covered in epithelium, which are involved in
absorption and secretion) and function to neutralize pathogens. IgE antibodies
predominate beneath the epithelial surfaces (such as the respiratory and gastrointestinal
tract and skin) and are responsible for eliciting a response to an allergic reaction (1-2).

Immunoglobulin CSR and SHM are central to the maturation of the antibody
response (26-28). CSR endows antibodies with new biological effector functions by
exchanging the gene encoding the constant region (Cy) of the immunoglobulin heavy
chain with a downstream Cy region. SHM provides the structural substrate for antigen-
mediated selection of higher-affinity antibody mutants by introducing mainly point
mutations in the Ig V(D)J sequence (26-29). In addition, aberrant CSR can lead to
pathogenic autoantibodies in systemic autoimmune diseases such as systemic lupus
erythematosus, or organ specific autoimmunity, such as type I diabetes mellitus.
Furthermore, antibodies mediating allergic reactions such as asthma often are associated
with atopic IgE (30). CSR and SHM are highly regulated and require the intervention of
activation induced cytidine deaminase (AID), which is expressed at high levels in

activated B cells in germinal centers (GCs) of peripheral lymphoid organs (31).
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1.4 Induction of CSR and SHM

Both primary and secondary stimuli are required to induce CSR. Primary stimuli
efficiently induce AID expression; they are comprised of T-dependent and T-independent
molecules such as CD154 and TLR ligands, respectively. In response to T-dependent
(CD40 engagement) and T-independent (dual TLR-BCR, transmembrane activator and
CAML interactor (TACI)-BCR or TLR-TACI engagement)) stimulation, AID is highly
induced by HoxC4, which has 3 estrogen response elements on its promoter and NFKf3,
through canonical and non-canonical NFKf signaling. [In vitro studies performed in our
laboratory have characterized the specific contribution of these stimuli to AID induction
and CSR (32). Secondary stimuli, namely interleukin-4 (IL-4), transforming growth-
factor beta (TGF-f) and interferon gamma (IFNy), can enhance AID induction when
combined with primary CSR-inducing stimuli by binding to immunoglobulin heavy chain
intervening region (Iy) promoters to initiate germline Iy-Sy-Cy transcription for selecting
S regions that are to undergo recombination to IgG, IgA, or IgE (33-37).

In the presence of IL-4, CD40 induces high levels of CSR to IgGl and IgE and
moderate to low levels of CSR to IgGG2a and IgA in the presence of IFNy and TGF-f,
respectively (38-40). Deficiency in the expression of CD154 or CD40 signaling causes
HIGM syndrome in humans and greatly impaired IgG, IgE, and IgA levels in mice,
indicating the importance of CD154 and CD40 in the antibody response. Nevertheless,
specific IgG and IgA antibodies can emerge at early stages of an infection before specific
Ty cells are activated, suggesting that T-independent and CD40-independent CSR has a

role in the generation of these antibodies (41).
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T-independent antibody responses entail the activation of B cells from engagement of
TLRs and TACI by microbial patterns (42-45). Lipopolysaccharide (LPS) is the only
known microbial component that can induce CSR and engage TLR-4 through its Lipid A
moiety and crosslink the BCR through its polysaccharide moiety in mice (32). The need
for dual TLR and BCR engagement suggests a necessity for recognition of MAMPS and
repetitive polysaccharide moieties for the induction of CSR during the adaptive immune
response.

Although primary stimuli enable CSR by activating transcription factors that regulate
AID transcription, they require secondary stimuli to activate transcription factors that
bind to different Iy promoters to initiate germline Iy-S-Cy transcription, thereby
specifying the acceptor S region for recombination. Germline transcription provides an
open chromatin state allowing for access of CSR factors to the targeted S regions(46,47).
In this manner, secondary stimuli instruct antibody specific effector functions, which is
mediated by induction of the germline transcription at specific Iy-S-Cy regions during
CSR. Each Iy-S-Cy cluster is activated by cytokine specific transcription factors that
bind to conserved motifs in the Iy promoters (31). For example, IL-4 activates signal
transducer and activator of transcription 6 (Stat6), which binds the Iyl and Ie promoters
to initiate germline transcription that proceeds through Syl and Se, enabling class-
switching to IgG1 and IgE, respectively (48). TGF-p activates SMAD3, SMAD4 and/or
RUNX proteins to promote transcription proceeding through Sy2b and So for class
switching to IgG2b and IgA, respectively (49,50). IFN-y activates T-bet, STAT1 and/or
STAT2 for the initiation of germline transcription that proceeds through Sy2a for class

switching to IgG2a (51-53). In addition, competition between different Iy promoters for
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the transcription machinery enhances isotype selection. For example, Ikaros mediates
suppression of germline Iy2a-Sy2a-Cy2a and Iy2b-Sy2b-Cy2b transcription, thereby
downregulating class-switching to IgG2a and IgG2b, and promoting CSR to IgG1 and
IgG3 (54). Although secondary stimuli activate a distinct set of transcription factors
critical for germline transcription, full induction of germline transcription requires the

interplay between primary stimuli, secondary stimuli, and activated transcription factors.
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1.5 AID mediates the generation of double strand breaks (DSBs)

CSR is initiated by AID, which is recruited to the core of the switch (S) regions,
which contain many 5’-AGCT-3" repeats by 14-3-3 adaptor proteins (55). Germline
transcription ensures that these 14-3-3 adaptor proteins are selectively recruited to the
upstream and downstream switch (S) regions that are set to undergo S-S DNA
recombination, necessary for CSR. 14-3-3 adaptor proteins act as scaffold proteins that
nucleate the assembly of CSR factors by binding 5’-AGCT-3’ repeats and functioning as
structural scaffolds to stabilize many enzymatic elements through DNA-protein
interactions (58-60). For example, it interacts with AID and stabilizes AID on S region
DNA, while recruiting protein kinase A (PKA) to the S region DNA (56). AID is
phosphorylated at Ser38 of the N-terminal region by PKA at the S region, which is
critical for its association with replication protein A (RPA) (57-59). RPA enhances AID
binding to its substrate when AID levels are limiting (60). RPA is an abundant single
strand binding protein, originally identified as a protein, which is essential for SV40
DNA replication and has demonstrated roles in cellular DNA replication, recombination
and repair. PKA-mediated phosphorylation of AID at Ser38 in situ recruits RPA, which
enhances AID deamination of deoxycytosines (61,62). RPA also has scaffold functions
to recruit and stabilize CSR factors such as uracil DNA glycosylase (UNG), mismatch
repair machinery (MMR) and the MRE11/RADS5-NBSI1 complex in the generation of
DSBs (63). The resulting deoxyuracils are removed by UNG, which is recruited to and
stabilized on S regions in a manner dependent on the scaffold functions of 14-3-3 and the
translesion DNA polymerase REV1. Excision of UNG-generated abasic sites by

apurinic/apyrimidinic endonucleases (APEs) and/or the MRE11-RADS50 lyase results in
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single stranded breaks (SSBs), which either directly form double-strand breaks (DSBs)
owing to the close proximity of SSBs on opposite strands (as they occur in the S region
core) or are converted to DSBs in an MSH2- and EXO I-dependent fashion (as occurring
in the flanking area), as AID can also deaminate DNA flanking the S region though less
efficiently owing to the paucity of 5’-AGCT-3’ repeats (Figure 1.3). AID deamination
in these regions lead to the generation of mainly SSBs, of which can be converted to
DSBs in a manner that is dependent on key MMR proteins, such as MSH2, MSH6, and

EXO1 (45).

The DNA lesions introduced by AID during the initial stage of CSR and SHM must
be further processed and repaired (45). Once DSBs have been introduced in the donor
and acceptor S regions, they must be repaired to complete DNA recombination. CSR and
SHM share many factors and take advantage of DNA repair and replication protein that
are responsible for genome stability and maintenance. The mutagenic activity of AID
necessitates tight regulation to avoid chromosomal translocations and genomic instability
in B cells and non-B cells (64). Accordingly, AID expression and activity is regulated at
the transcriptional, post-transcriptional and post-translational levels to the extent where
AID is virtually undetectable in naive B cells, but is expressed at high levels in activated
B cells undergoing CSR (65,66). GC B cells that have dysregulated AID expression
underlie a higher frequency of oncogenic transformations (67). In addition to the /g loci,
AID can also off-target a large number of non-I/g genes (68-71), including oncogenes
such as c-myc, that are frequently translocated to /g in human and mouse B cells leading
to tumorigenesis. Accordingly, B cells expressing AIDs3A mutants display higher AID

levels and increased c-myc/IgH translocations (72).
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Figure 1.3. AID mediates the generation of DSBs. CSR is initiated by AID, which is recruited
to S regions by 14-3-3 adaptors that specifically bind 5'-AGCT-3' repeats in the S region core and
recruit AID and PKA to S region DNA. AID is phosphorylated at Ser38 of the N-terminal region
by PKA. The resulting deoxyuracils are removed by UNG, which is recruited to and stabilized on
S regions in a manner dependent on the scaffold functions of 14-3-3 and REV1. Excision of
UNG-generated abasic sites by APEs and/or the MRE11-RADS50 lyase results in single stranded
breaks, which owing to their close proximity either directly form double stranded breaks (as
occurring in the S region core) or are converted to DSBs in an MSH2- and EXO I-dependent
fashion (as occurring in the flanking area). DSB resolution by C-NHEJ or A-EJ leads to

formation of S-S junctions and CSR. Adapted from Xu et al., 2012 (45).
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1.6 Resolution of DSBs

Both CSR and SHM involve activation-induced cytidine deaminase (AID)-mediated
generation of DNA lesions and subsequent DNA repair (26-28,73). CSR is completed
upon resolution of DSB by S-S synapses, during which intervening DNA sequences are
looped out into an extrachromosomal switch circle, generating circle transcripts and
leading to the formation of an S-S junction (S-S synapsis), thereby juxtaposing the
VuDlJy exons to a downstream Cy region exon (45,74). This results in a hyper-mutated,
class-switched, antibody gene encoding a post recombination transcript (Figure 1.4).

In CSR, DSBs can occur in the Sy and Syl regions. For example, in switching
for mu to gamma, DSBs are inserted by AID in the Su and Syl regions. These breaks
must be processed, by which the upstream region of Su is ligated to the downstream
region of Syl. DNA DSBs generated by extrinsic DNA damaging agents, such as
ionizing radiation are subject to repair in order to maintain genomic integrity by a
common set of proteins. = The DNA damage response factors ataxia-telangiectasia
mutated (ATM), the histone variant H2AX, the MRN complex (Nbsl, Mrell and Rad50),
MDCI1, and 53BP1 are recruited to undergo a highly coordinated process to promote
appropriate repair and efficient long-range recombination (75). It has always been
though that the downstream DSB recognition, processing and joining steps occur due to

non-homologous end joining (NHEJ).
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Figure 1.4. AID is critical for the initiation of SHM and CSR. AID is expressed in activated
B cells, and deaminates deoxycytosine (dC) residues to yield deoxyuridine (dU): deoxyguanine
(dG) mispairs. These mispairs trigger error prone translesion DNA polymerases such as Polf,
PolC, Pole, which introduce point mutations in the V(D)J regions during SHM. CSR entails a
deletion recombination event in which a gene encoding an upstream immunoglobulin heavy chain
constant region (Cp) is exchanged with one of a set of a downstream Cy gene. AID mediates CSR
in two sequential steps; first, through the generation of double strand breaks (DSBs) in the
upstream (donor) and downstream (acceptor) switch (S) regions. CSR is complete upon
resolution of DSBs by S-S synapses, during which intervening DNA sequences are looped out
into an extrachromosomal switch circle, thereby generating circle transcripts. The formation of

an S-S junction juxtaposes the downstream Cyregion DNA to the V(D)J region DNA. This
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results in a hyper-mutated, class-switched antibody gene encoding a post-recombination

transcript.

The mechanism synapsing S region DSBs uses most or all the elements of the NHEJ
pathway, one of the two well-established mechanistic routes repairing DNA DSBs, the
other being homologous recombination (HR). Unlike HR, which involves DSB ends
with long overhangs and requires substantial DNA junctional homolog, NHEJ synapses
DSBs with either blunt ends or short (5’ or 3') complementary overhangs. The NHEJ
process requires the Ku70/Ku86 heterodimer, the DNA-dependent protein kinase
catalytic subunit DNA-PKcs, XRCC4, XLF and DNA Ligase IV (Lig IV) (68) (76-78).
Ku is a heterodimer composed of Ku70 and Ku86 subunits, which are structure specific
DNA binding proteins, that bind to the broken ends of the DNA based on its abundance
and affinity for nicked DNA (69,70). The Ku70/Ku86 heterodimer binds to DNA DSBs,
nicks, gaps and hairpin to activate DNA-PKcs, which recruits the XRCC4/Lig 1V
complex to complete the end joining process (71,79-81). A prominent role of C-NHEJ in
CSR is supported by the predominant presence in the G1 phase of AID-dependent S
region DSBs and /gH foci that contain the CSR factor NBS1. This Ku-dependent repair
mechanism does not require substantial junctional homology. While Ku70/Ku86-
mediated NHEJ plays an important role in the resolution of CSR-associated DSBs
(82,83), it has been shown that a substantial amount of CSR occurred in the absence of
critical components of NHEJ (Ku70 or XRCC4 and Lig IV) suggesting that a Ku-
independent DSB repair pathway also plays a role in CSR (84-86). This pathway has
been referred to as alternative-NHEJ. The precise mechanism of this Ku-independent

DSB repair pathway remains to be defined.
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This brings us to study the role of homology-mediated joining and HR elements in
CSR. Therefore, my dissertation work is focused on the role of an HR factor, RadS2

in the resolution of S region DSBs in CSR.
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2.1 Homologous recombination

Homologous recombination (HR) is a high-fidelity DSB repair pathway which
involves the exchange of sister chromosomes and utilizes a long, undamaged homologous
template for repair. As previously mentioned, NHEJ is active primarily during the G1-
early S phase of the cell cycle, as it does not require template DNA for repair. However,
it can also be active throughout the cell cycle. As HR requires a homologous template, it
occurs mainly during the S/G2 phase of the cell cycle, during DNA replication (17, 18).
However, it has been recently challenged that HR may not require DNA replication to

occur (Schatz).

Rad52 is an HR repair factor that binds to single-strand DNA ends and plays a
central role in genetic recombination by recruiting Rad51, which mediates HR and
promotes the annealing of complementary ssDNA (1-3). Rad52 interacts with not only
Rad51, but also with replication protein A (RPA) (5), another ssDNA-binding protein
that has been suggested to play a role in CSR by helping stabilize AID’s ssDNA targets
and associates preferentially with resected ssDNA in response to lesions created by AID
(6, 7). RPA stimulates long patch base-excision repair or mismatch repair (Figure 2.1).
Studies suggest Ku70/Ku86 preferentially binds to DNA with free, blunt ends, whereas
Rad52 favors single stranded DNA with 3’ overhangs (staggered ends) or protruding ends
(19). If HR does not require DNA replication to occur, Rad52 can be recruited to the

DSBs before the S phase and may preferentially bind to single strand protruding ends.
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Figure 2.1. DSB Repair Process. DNA double strand breaks can be repaired by one of two
main repair pathways: non-homologous end joining or homologous recombination. These two
repair mechanisms employ distinct sets of proteins. Proteins involved in NHEJ include the
Ku70/Ku86 heterodimer complex, DNA PKcs, and DNA ligase IV/XRCC4. HR is a high-fidelity
DSB repair pathway which involves the exchange of sister chromosomes and utilizes a long,
undamaged homologous template for repair. Rad52 is a single strand binding protein, which
plays a central role in genetic recombination by recruiting Rad51, which mediates HR and
promotes the annealing of complementary ssDNA. These two end-joining processes repair DSBs
based on the ends generated after the break. Ku70/Ku86 preferentially binds to DNA with blunt

ends. Rad52 preferentially binds single stranded DNA with 3° overhangs (staggered ends).
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The structure of Rad52 exists as an undecameric subunit ring with extensive
subunit contacts; a large, positively charged groove runs along the surface of the ring,
suggesting a mechanism by which Rad52 presents the single strand reannealing with
complementary single-stranded DNA (Figure 2.2). Rad52 is 46 kiloDalton protein that
spans 418 residues. The single strand-binding domain resides in the N-terminal region
(residues 24-177) of the protein and is highly conserved, whereas the non-conserved
RadS51-interaction domain is located in the C-terminal region (178-209) and promotes
single-strand annealing in vitro (Figure 2.2). Rad51 is expressed and localized to the
nucleus of B cells undergoing CSR (3, 4). These processes may play important roles in
repairing breaks in the /g locus, by associating with and stabilizing resected free DNA
ends that cannot easily be repaired by classical NHEJ, thereby facilitating salvage by
homology-mediated repair pathways (7). The role of homology-mediated end joining

and HR elements in CSR remains to be elucidated.
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ssDNA

ssDNA binding site

Figure 2.2. Structure of the Rad52 undecamer. Ribbon representation of Rad52 as an
undecameric subunit with 11 monomers (top). A large, positively charged deep groove runs
across the protein surface suggesting a mechanism for which Rad52 may play a critical role in
DSB repair involving single strand annealing with complementary ssDNA. Structures were
rendered using the UCSF Chimera Program. Ribbon representation of the proposed ssDNA-
binding site for Rad52 on residues 39-80 of the protein (red) of the N-terminal region (residues 1-

209), shown in gray. The ssDNA is overlaid in cyan. Adapted from Singleton et al., 2002 (8).
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2.2 The role of Rad52 in CSR

In the absence of core NHEJ components, namely Ku70/Ku86, XRCC4, and
Ligase IV, a substantial amount of CSR occurs; therefore we asked the question if Ku is
not present, what is mediating CSR? There is only one other main mechanism, which is

HR.

Although the mechanism of the Ku-independent DSB repair pathway remains to be
defined, it can be postulated that given the long stretches of repetitive DNA sequences in
S regions, some homology-mediated recombination process, potentially based on short or
imprecise homologies, plays a role in CSR. Consistent with this notion, an increase in
microhomologies has been observed in S-S junctions generated from residual CSR
activity in Ku70- and Lig [V-deficient B cells (27,86-88), suggesting that the Ku- and Lig
IV—independent mechanism recombining CSR DSB ends involves annealing of
complementary single-strand DNA (Figure 2.3). Microhomology mediated end joining
(MME)) is an error-prone method of repair and can often result in deletion mutations in
the genetic code which may initiate the creation of oncogenes that could lead to the
development of cancer. The Alt group found in addition to the increase in
microhomologies, there was an increase in interchromosomal translocations in Ku-

deficient B cells (86).
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Figure 2.3. DSB repair process in CSR. AID mediates the generation of DSBs in CSR and is
typically repaired by non-homologous end joining (NHEJ). CSR junctions mediated by the
NHEJ pathway employ the Ku70/Ku86 heterodimer complex for DSB recognition and
XRCC4/DNA ligase IV for ligation. A substantial amount of CSR occurred in the absence of
critical components of NHEJ (Ku70 or XRCC4 and Ligase V), suggesting that other DSB repair
modalities are at work. This Ku-independent end joining mechanism is associated with an
increase in microhomologies at the S-S junctions and c-myc/IgH interchromosomal translocations

in Ku-deficient B cells.
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Rad52 is a single strand binding protein that plays a critical role in the DBS repair
process involving single-strand annealing. As a single strand binding protein, Rad52
plays a critical role in the DSB repair process involving single-strand annealing and may
be linked to the increased microhomologies in Ku-deficient B cells, as Rad52 favors
single strand breaks with protruding ends. Further, our previous findings suggest that
Rad52 preferentially binds to protruding DSB ends in the /gH locus during antibody
diversification (9). This led us to hypothesize that Rad52 mediates the resolution of S

region DSBs in CSR.

To address the role of Rad52 in repairing AID-mediated DSBs in S region DNA
during CSR, we first obtained Rad52”" mice (10). These mice were viable, fertile, and
showed no gross abnormalities. Furthermore, the size of the spleens, and number and
size of Peyer’s patches in these mice were comparable to those of Rad52"* mice. To
address the role of Rad52 in CSR, we first had to determine the impact of Rad52

deficiency on CSR by examining the specific class switched antibody response in

Rad52” mice. We proceeded by analyzing the specific and class-switched antibody
response in Rad52”" mice and validated these findings obtained in vitro using Rad52”" B
cells by molecular and genetic analysis. Finally, we enforced expression of Rad52 by
retroviral transduction and analyzed CSR with the anticipation that this would give us the

opposite effect.
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Figure 2.4. Disruption of the MmRADS52 gene. Schematic representation of the disruption of
the MmRADS52 gene. Displayed is the targeted MmRad52 gene, the targeting vector, and targeted
locus. Roman numbered solid boxes indicate all coding exons, and noncoding (parts of) exons
are shown as open boxes. In mouse ES cells, MmRADS52 replaced exon 3 of the Rad52 gene with
the neomycin gene and an upstream mouse sequence (UMS) which functions as a transcription
terminator. The MmRADS52 gene spans approximately 18 kb on chromosome 6 and consists of 12
exons. These mice are viable, fertile and show no gross abnormalities. Adapted from Rijkers et

al., 1998 (10).
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2.3 Rad52 deficiency increases the class switched antibody response in
vivo

To understand the role of Rad52 on a specific T-dependent response, we ommunized
Rad52""" and Rad52”" mice with the hapten NP (4-hydroxy-3-nitrophenylacetyl) coupled
to chicken gamma globulin (CGG), which preferentially induces NP-binding IgG1. We
found Rad52” mice showed increased titers of total IgG1, NP3,-binding IgG1 and high
affinity NP4-specific binding 1gG1, although levels of total IgM were normal (Figure
2.5a). The increased class-switched NP-binding IgGl titers in Rad52” mice were
associated with a more than 75% increase of IgG1" PNA™B220" germinal center B cells

+/+

compared to their Rad52"" littermates (Figure 2.5b). Consistently, in the Peyer's
patches of unimmunized 10-12 week-old Rad52” mice, the number of germinal center B

cells class switched to IgA showed a twofold greater abundance than in Rad52"" B cells.

Thus, Rad52 deficiency elevates a specific class-switched antibody response.
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Figure 2.5. Rad52 deficiency increases the class-switched antibody response in vivo. (a)
Titers of circulating IgM, IgG1, NPs,-binding IgM and IgG1, and high affinity NP4-binding IgM
and IgG1 in serum from Rad52"" and Rad52”" littermates 10 d after NP;;-CGG immunization,
expressed as pug equivalent per ml (ugeq/ml) or the number of dilutions needed to reach 50% of
saturation binding (relative units, RU). »n = 5-6 pairs of mice, each symbol represents an
individual mouse. p values, paired ¢-test. (b) Surface IgG1 expression in B220 PNA™ GC B cells
isolated from the spleens of Rad52""" and Rad52™" littermates 10 d after NP,,-CGG injection (left
panels), and surface IgA expression in B220'PNA™ GC B cells from the Peyer’s Patches of
unimmunized Rad52"" and Rad52”" littermates (right panels) were analyzed by flow cytometry.

Data are from representative of three independent experiments.
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The augmented antibody response to NP-CGG in Rad52”" mice was not due to
obvious alterations in lymphoid differentiation. These mice demonstrate no gross
morphological differences in regards to the size of the spleen or the number and size of
the Peyer’s patches in comparison to those in Rad52"" mice (not shown). The number of
B and T cells, the proportion of CD4" and CD8" T cells, the proportion of PNA"™ GC B
cells and B220"°"CD138" plasma cells in the spleen were also comparable to those of
Rad52"" mice (Figure 2.6a). Analysis of incorporation of the thymidine analog BrdU
(2-bromodeoxyuridine) into the DNA of rapidly proliferating B cells in Rad52”" mice
was not different than in Rad52" mice, as demonstrated by normal B cell proliferation,
viability and cell cycle of total and GC B cells, as measured by BrdU incorporation and
7AAD staining in both mouse genotypes (Figure 2.6b). Therefore, Rad52 deficiency
does not alter B cell, CD4" or CD8" T cell, and GC B cell numbers, plasma cell
differentiation, or B cell proliferation, viability and cell division. The increased class-
switched antibody response in Rad52” mice was likely due to an intrinsic alteration to

the CSR machinery.
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Figure 2.6. The augmented antibody response is not due to alterations in proportions of B
and T cells, plasma cell differentiation, and B cell proliferation and survival. (a) Flow
cytometry analysis of the spleen cells from Rad52""" and Rad52”" littermates for the proportion
of: B220" B cells and CD3" T cells, CD4" and CD8" T cells, B220'PNAM GC B cells,
B220°CD138" plasma cells, proliferating B cells (BrdU-stained B220" B cells), and viable (7-
AADY) B220" B cells. (b) In vivo cell cycle analysis (the quadrant corresponding to the GO/G1, S
and G2/M phase of the cell cycle) of B220" B cells and B220'PNA" GC B cells from the spleens
of Rad52"" and their Rad52”" littermates. Data are from representative of three independent

experiments.
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2.4 Rad52 deficiency increases CSR in vitro

** and

To further determine the impact of Rad52 deficiency on CSR, we activated Rad52
Rad52™" spleen B cells in vitro with LPS (to induce switching to 1gG3), LPS or CD154
plus IL-4 (IgG1), LPS plus IFN-y (IgG2a), and LPS plus TGF-f, IL-5, IL-4, and anti-6
monoclonal antibody (mAb)/dex (IgA). After 4 days, there were 2.3, 2.1, 1.6, and 2.0
fold increased switched surface IgG1", IgG2a’, 1gG3", and IgA" B cells, respectively in
Rad52”" mice relative to its expression in Rad52"" B cells (Figure 2.7). The increased
CSR observed in Rad52”" B cells was not due to altered proliferation, as Rad52”" B
cells completed a comparable number of cell divisions as their Rad52™" counterparts did
after 3 days of culture upon stimulation with LPS or CD154 plus IL-4. However, the

percentage of IgG1 positive B cells in Rad52”" B cells is virtually double that of

Rad52"" B cells, which had undergone the same number of divisions (Figure 2.8a).
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Figure 2.7. Rad52 deficiency increases CSR in vitro. Rad52"" and Rad52”" B cells were
stimulated with CD154 or LPS plus IL-4 (for CSR to IgG1), LPS alone (for IgG3), LPS plus
IFNy (for IgG2a), and LPS plus TGF-B1, IL-4, IL-5 and anti—6 mAb/dex (for IgA). After 4 d of
culture, the cells were analyzed for surface B220 and IgGl, IgG3, IgG2a or IgA by flow

cytometry.
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Rad52 deficiency increases CSR without affecting B cell division or

proliferation. (a) Proliferation of Rad52"" and Rad52”" B cells labeled with the cell division

tracking fluorochrome CFSE and stimulated with LPS plus IL-4 or CD154 plus IL-4 for 4 d.

CEFSE intensity and surface IgG1 expression were analyzed by flow cytometry. The proportion of

surface IgG1" B cells at each cell division is indicated. (b) Proliferation of Rad52""" and Rad52™"
spleen B cells labeled with CFSE and stimulated for 3 d with LPS or LPS plus IL-4. Progressive

left shift of fluorescence intensity indicates B220" B cell division. Data are representative of

three independent experiments.
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At the molecular level, quantitative real-time PCR (qRT-PCR) analysis demonstrated
that the increased CSR in Rad52”" B cells was not due to alterations of germline
transcription of the intervening heavy-chain (Iy) region and constant heavy-chain (Cy)
region (Ig-Cp), which is necessary for CSR, since the level of Aicda expression and
abundance of germline Iy1-Cyl and Iy3-Cy3 transcripts in Rad52” B cells stimulated
for 60 hr with LPS plus IL-4 or LPS alone were comparable to their Rad52”" B cell
counterparts  (Figure 2.9b). However, the circle Iyl-Cp and Iy3-Cp and post-
recombination Iu-Cy1l and Iu-Cy3 transcripts, which are molecular indicators of ongoing
and completed CSR respectively, were significantly increased in Rad52”~ B cells as
compared to Rad52""* B cells. This was more precisely confirmed by upregulated Su-
Syl or Su-Sy3 DNA recombination, as detected by DC-PCR (Figure 2.9d). Further,
after stimulation with LPS and IL-4, or CD154 and IL-4, Rad52”~ B lymphocytes were
comparable in their rate of cell division, as measured by vital CFSE incorporation to
Rad52""" cells (Figure 2.8b). Thus, Rad52 deficiency enhances CSR, without affecting

germline Iy-Cy and Aicda transcription.
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Figure 2.9. Rad52 deficiency increases CSR, as well as circle Iy-Cu and post-recombination
In-Cy transcription but does not alter germline Iy-Cy transcription. (a) Rad527 B cells
display increased circle Iy1-Cu, Iy3-Cu and post-recombination Iu-Cy1, Iu-Cy3 transcripts as
well as switch recombination, but did not alter 4dicda and germline Iy1-C y1, Iy3-C y3 transcripts.
Real-time qRT-PCR analysis of germline Iy1-Cy1 and Iy3-Cy3 transcripts, circle Iyl1-Cu and Iy3-
Cu transcripts, and post-recombination Iu-Cy1 and Iu-Cy3 transcripts in Rad52""" and Rad52”" B
cells cultured for 60 hr with LPS (4icda, 1y3-Cy3, Iy3-Cu and Iu-Cy3) or LPS plus IL-4 (4icda,
Iy1-Cyl, Iy1-Cu and Iu-Cy1). Expression was normalized to Cd79b expression and depicted

relative to the expression in Rad52"""*

B cells, set as one. The p values were determined using a
paired Student’s ¢ test. Data are from three independent experiments (mean and SEM). (b)
Recombinant Su-Syl or Su-Sy3 DNAs analyzed by DC-PCR using serially 2-fold diluted HindlIIl
digested and T4 DNA ligase-ligated genomic DNA from Rad52"" or Rad52”" B cells stimulated
with LPS or LPS plus IL-4 for 4 days. The Gapdh gene was used as a control for ligation and

DNA loading. Data are from one representative of three independent experiments.
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2.5 Enforced expression of RadS2 impairs CSR

To further demonstrate the role of Rad52 in CSR, we enforced expression of Rad52 in B
cells and analyzed CSR. We transduced LPS-activated spleen B cells with pMIG-Rad52,
or an empty pMIG control retroviral vector, and stimulated them with LPS and IL-4 for
96 hr before analyzing CSR. The pMIG control retroviral construct encodes GFP while
the pMIG-Rad52 retroviral constructs encode both GFP and Rad52, respectively. In
contrast to what we found in Rad52"" B cells, CSR in the GFP" cells was greatly reduced
in B cells transduced with the pMIG-Rad52 retroviral construct compared to those
transduced with the pMIG control retrovirus, while CSR in GFP B cells, which do not
express the retroviral transduced genes, were virtually unchanged (Figure 2.10). Thus,

enforced expression of Rad52 resulted in impaired CSR.
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Figure 2.10. Enforced expression of Rad52 in B cells impairs CSR. B cells from C57BL/6
mice were activated with LPS for 12 hr prior to retroviral transduction, and then cultured for 48
hr with LPS plus IL-4 before retroviral transduction. CSR to IgG1 in B cells transduced with
empty pMIG retrovirus or pMIG-Rad52 retrovirus expressing recombinant Rad52. CSR is
assessed by surface IgGl expression in transduced (B220°GFP™ or B220'GFP™) or non-
transduced (B220'GFP ™) B cells. Histograms show the distribution of surface IgG1" B cells
among B220'GFP ™, B220'GFP™, or B220'GFP" B cells. Data are from one representative

experiment of five independent experiments.
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2.6 Methods

Mice

Rad52”" mice were generated by Dr. Albert Pastink (Leiden University, Leiden, The
Netherlands) by replacing exon 3 of the Rad52 gene with a positive selection marker,
neomycin, which is driven by the phosphoglycerate kinase (PGK) promoter and an
upstream mouse sequence (UMS) which functions as a transcription terminator. No full
length or truncated Rad52 protein was produced from the disrupted allele. These mice
were viable and fertile, and show no gross abnormalities (10). P53~ (B6.129S2-
Trp53™'™/T) mice were purchased from the Jackson Laboratory (Bar Harbor, Maine).
P53 Rad52""" and P537 Rad52”" mice were generated by us by crossbreeding p537/ -
with Rad52"" mice. Aicda™™ mice (C57BL/6 background) (11) were obtained from Dr.
T. Honjo (Kyoto University, Kyoto, Japan). All mice were housed under pathogen-free
conditions, and were provided with autoclaved food and deionized water. The
Institutional Animal Care and Use Committees of the University of Texas Health Science
Center, San Antonio and the University of California, Irvine approved all animal

protocols.

NP ,5-CGG immunization and titration of total and NP-binding IgM and IgG 1

Rad52"" and Rad527" (8-12 weeks of age) were injected intraperitoneally (i.p.) with 100
ug of NP;,-CGG (average 16 molecules of 4-hydroxy-3-nitrophenyl acetyl coupled to 1
molecule of chicken y-globulin; Biosearch Technologies) in 100 ul of alum (Imject®
Alum, Pierce). Serum was collected 10 days later for titration of circulating total and

NP-binding IgM and IgG1 using enzyme-linked immunosorbent assays (ELISAs), as we

described (12-14).
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B and T cells, cell cycle, and proliferation

B cells (B220"), CD4" and CDS8" T cells, dead B cells, germinal center (GC)
(PNA"B220") B cells, plasma cells (B220°CD138") were identified and analyzed by
flow cytometry using a FACSCalibur™ or LSR-II flow cytometer (BD Biosciences) and
data analysis was performed using FlowJo software (Tree Star). Single cell suspensions
were prepared from spleens of Rad52" and Rad52” mice and stained with
phycoerythrin ~ (PE)-anti-B220 (CD45R; RA3-6B2; eBioscience), fluorescein
isothiocyanate (FITC)-anti-CD3 (17A2; BioLegend), FITC-anti-CD4 (GK1.5; BioLegend)
and/or allophycocyanin (APC)-anti-CD8 (53-6.7; BD Biosciences), Alexa Fluor® 647-
peanut agglutinin (PNA; Invitrogen), biotin-anti-CD138 (281-2; BD Biosciences)
followed by FITC-streptavidin (11-4317-87; eBioscience) or PE-streptavidin (12-4317-
87; eBioscience), PE-anti-IgM (AF6-78; BD Biosciences), FITC-anti-IgG1 (A85-1; BD
Biosciences), FITC-anti-IgG3 (R40-82; BD Biosciences), FITC-anti-IgA (C10-3; BD
Biosciences), biotin-rat-anti-mouse IgG2a (R19-15; BD Pharmingen) followed by APC-
streptavidin (550874; eBioscience), 7-aminoactinomycin D (7-AAD; BD Biosciences), as

previously described (12, 14-16).

For analysis of B cell proliferation and total or GC B cell cycle in vivo, mice were
immunized with NP;,--CGG. Ten days after NP;-CGG immunization, the mice were
injected i.p. with bromodeoxyuridine (BrdU) twice, at 1 mg (in 200 ul PBS) each time,
within a 16 hr interval and sacrificed 4 hr after the last injection. Spleen cells stained with
PE-anti-B220 mAb, and incorporated (intracellular) BrdU stained with APC-anti-BrdU
mAb using the APC BrdU Flow Kit (BD Biosciences) were analyzed for BrdU

incorporation by flow cytometry. To analyze cell cycle of B220™ B cells or PNA"B220"
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GC B cells, spleen cells were stained for surface B200 and PNA with PE-anti-B220 mAb
(clone RA3-6B2, Invitrogen) and Alexa Fluor® 647-labeled PNA (Invitrogen), APC-
anti-BrdU mAb before being fixed/permeabilized and stained with APC-anti-BrdU mAb
and 7-AAD using the APC BrdU Flow Kit according to manufacturer’s instructions.
DNA contents as indicated by 7-AAD staining and BrdU incorporation in B220" B cells
or PNA"B220" GC B cells were analyzed by flow cytometry. B cell division was
analyzed by CFSE dilution using the CellTrace’” CFSE Cell Proliferation Kit
(Invitrogen). Briefly, B cells were incubated for 5 min at 37°C in 3 ml PBS with 2.5 uM
CFSE at a density of 1 x 107 cells/ml and then washed in FBS-RPMI. Cells were then
cultured in the presence LPS plus IL-4 or CD154 plus IL-4 for 3 d, before being stained
with PE-anti-B220 mAb, 7-AAD and APC-anti-IgG1 mAb (X56; BD Biosciences), and

then analyzed by flow cytometry.

CSR analysis in vitro and in vivo

B cells isolated from red blood cell (RBC)-depleted splenocytes of mice were purified by
negative selection of cells expressing CD43, CD4, CD8, CD11b, CD49b, CD90.2, Gr-1
or Ter-119 using the EasySep'™ Mouse B cell Isolation kit (Stemcell Technologies). B
cells were resuspended in RPMI 1640 medium with 10% FBS, 50 mM B-
mercaptoethanol and 1x antibiotic-antimycotic mixture (15240-062; Invitrogen) (FBS-
RPMI) at 37°C in 48-well plates and stimulated with the following reagents:
lipopolysaccharide (LPS) (1 or 5 ug/ml) from Escherichia coli (055:B5; Sigma-Aldrich)
for CSR to IgG3; LPS (3 pg/ml) or CD154 (1 U/ml; obtained from membrane fragments
of baculovirus-infected Sf21 insect cells (17) plus IL-4 (5 ng/ml; R&D Systems) for CSR
to IgG1l; LPS (3 ug/ml) plus TGF-B (2 ng/ml; R&D Systems), IL-4 (5 ng/ml), IL-5 (3
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ng/ml; R&D Systems) and anti-IgD dextran (Fina Biosolutions) for CSR to IgA; LPS (3
ug/ml) plus IFN-y (50 ng/ml) for CSR to IgG2a. After 4 days, cells were analyzed for
surface Ig after being stained with FITC-labeled rat mAb to mouse IgG1 (clone A85-1),
mouse IgG2a (clone R19-15), mouse IgG3 (clone R40-82) mouse IgA (clone C10-3), or
PE-labeled rat mAb to mouse B220 (clone RA3-6B2; all from BD Biosciences). Stained

cells were analyzed by flow cytometry.

The numbers of (class-switched) GC (PNAM B220") B cells expressing IgG1 or IgA
were determined by flow cytometry. Single cell suspensions were prepared from spleen
of Rad52""" and Rad52”" mice 14 days after immunization with NP,,-CGG, or Peyer’s

++

patches of unimmunized Rad52"" and Rad52”" mice and stained with PE-labeled anti-
mouse B220 mAb or Alexa Fluor® 647-labeled PNA, as well as FITC-labeled anti-
mouse IgG1 (clone A85-1) or FITC-labeled anti-mouse IgA (clone C10-3) mAbs (BD

Biosciences).  Stained cells were analyzed using a LSR-II flow cytometer (BD

Biosciences).

Quantitative RT-PCR (qRT-PCR) analysis of transcripts

Total RNA was extracted from 2-5 x 10° cells pelleted B cells using the RNeasy Mini Kit
(Qiagen). Residual DNA was removed from the extracted RNA with gDNA eliminator
columns (Qiagen). cDNA was synthesized from 1-2 ug total RNA with the
SuperScript™ III First-Strand Synthesis System (Invitrogen) using oligo-dT primer. The
expression of germline Iyl-Cyl and Iy3-Cy3, circle Iyl-Cuand Iy3-Cu, post-
recombination Iu-Cyl and Iu-Cy3, Cd79b and Gapdh transcripts was measured by real-
time qPCR with appropriate primers as described previously (12, 14, 16, 18). A Bio-Rad

MyiQ™ Real-Time PCR Detection System (Bio-Rad Laboratories) was used to measure

53



SYBR Green (IQ™ SYBR- Green Supermix, Bio-Rad Laboratories) incorporation with
the following protocol: 95°C for 15 sec, 40 cycles of 94°C for 10 sec, 60°C for 30 sec,
72°C for 30 sec. Data acquisition was performed during 72°C extension step. Melting
curve analysis was performed from 72°C-95°C. The change in cycling threshold (AACt)
method was used to analyze levels of transcripts and data were normalized to the level of

Cd79b, which encodes the BCR Igf} chain constitutively expressed in B cells, or Gapdh.

Digestion-circularization PCR (DC-PCR) analysis

B cells were stimulated with LPS or LPS plus IL-4 for 4 days for isolation of genomic
DNA. The genomic DNA was digested with HindIII before being ligated with T4 DNA
ligase to generate circularized DNA (14). Su-Syl and Su-Sy3 HindIIl fragments were
amplified by nested PCR using Phusion® High-Fidelity DNA polymerase (New England
BioLabs) with reported primers (19). The completeness of HindIIl digestions and
ligations was verified by PCR with a primer set specific to the Gapdh gene. First round
PCR was carried out for 25 cycles at 94°C for 30 sec; 58°C for 30 sec; 72°C for 35 sec. 1
ul of the first round PCR product was used as template for the second round of PCR for

32 cycles at 94°C for 30 s; 60°C for 30 sec; 72°C for 30 sec.

Rad5?2 retroviral construct and enforced expression

Rad52 ¢cDNA was amplified from mouse spleen B cells using the appropriate primers
(Supplemental Table 1), and cloned into the pMIG retroviral expression vector (GFP
translation is initiated by the IRES in the pMIG vector; GFP" B cells indicate transduced
B cells). To generate the retrovirus, the empty pMIG vector, pMIG-Rad52 constructs

were transfected along with the pCL-Eco retrovirus-packaging vector (Imgenex) into
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HEK293T cells using a calcium phosphate-mediated transfection procedure from the
ProFection® Mammalian Transfection System (Promega). The retroviral constructs
were used to transduce spleen B cells from C57BL/6 mice as we reported (12, 14).
Briefly, B cells were activated with LPS for 12 hr and transduced with retrovirus.
Transduced B cells were then stimulated with LPS plus IL-4 for 96 hr before analyzing
GFP" and IgG1" B cells by flow cytometry, as described previously (12, 14). Dead (7-

AAD") cells were excluded from analysis.
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Table 2.1: Oligonucleotide sequences for qRT-PCR, ChIP Assays, and analysis of S-S junctions, c-Myc/IgH translocations.

Supplemental Table S1. Oligonucleotide sequences.

Primers for qRT-PCR

Forward primer

Reverse primer

Aicda 5'- AGAAAGTCACGCTGGAGACC -3’ 5'- CTCCTCTTCACCACGTAGCA -3’

Iyl-Cyl 5'- TCGAGAAGCCTGAGGAATGTG -3’ 5'- ATGGAGTTAGTTTGGGCAGCA -3’

Iyl-Cu 5'- GGCCCTTCCAGATCTTTGAG -3’ 5'- GAAGACATTTGGGAAGGACTGAC -3’
1u-Cyl 5'- ACCTGGGAATGTATGGTTGTGGCTT -3’ 5'- ATGGAGTTAGTTTGGGCAGCA -3’

Iy3-Cy3 5'- AACTACTGCTACCACCACCACCAG -3’ 5'- ACCAAGGGATAGACAGATGGGG -3’
1y3-Cu 5'- TCGAGAAGCCTGAGGAATGTG -3’ 5'- GGTACTTGCCCCCTGTCCTCAG -3’

Tu-Cy3 5'- ACCTGGGAATGTATGGTTGTGGCTT -3’ 5'- AGCCAGGACCAAGGGATAGAC-3'

CD79b 5'- CCACACTGGTGCTGTCTTCC-3’ 5'- GGGCTTCCTTGGAAATTCAG-3'

Gapdh 5'- ATCACTGCCACCCAGAAGACTG-3' 5'- CCCTGTTGCTGTAGCCGTATTC -3’

Primers for ChIP assays

Su 5'- GCTAAACTGAGGTGATTACTCTGAGGTAAG -3' 5'- GTTTAGCTTAGCGGCCCAGCTCATTCCAGT-3'
Syl 5'- ATAAGTAGTAGTTGGGGATTC -3' 5'- CTCAGCCTGGTACCTTATACA -3'

Sy3 5'- AATCTACAGAGAGCCAGGTGG -3' 5'- TGGTTTTCCATGTTCCCACTT -3'

Cu 5'- CAGCACCATTTCCTTCACCTGGAACTACCA -3' 5'- GGCTAGGTACTTGCCCCCTGTCCTCAGTGT -3
Primers for S-S junction

Su-Syl Su Syl

1* round 5'- AACTCTCCAGCCACAGTAATGACC -3' 5'- CTGTAACCTACCCAGGAGACC-3'

2" round 5'- ACGCTCGAGAAGGCCAGCCTCATAAAGCT-3*  5-GTCGAATTCCCCCATCCTGTCACCTATA -3'
Su-Sa Su Sa

1* round 5'- ATAAGTAGTAGTTGGGGATTC -3' 5'- TCCAGCAAAGCTCAGGCTAGAAC -3

2" round 5'- CAGCACCATTTCCTTCACCTGGAACTACCA -3 5'- AGTCCAGTCATGCTAATTCACC -3'

Primers for c-Myc/IgH translocations

IeH

c-Myc

5'- TGAGGACCAGAGAGGGATAAAAGAGAA -3
5'- CACCCTGCTATTTCCTTGTTGCTAC -3'

1* round
2™ round

5'- GTTTAGCTTAGCGGCCCAGCTCATTCCAGT-3'
5'- GACACCTCCCTTCTACACTCTAAACCG -3'




2.7 Discussion

In the first part of this study, we have addressed an important role of Rad52 in the
antibody response. In Rad52” mice injected with the T-dependent NP-CGG, specific
class switching to IgG1 was observed.  This was consistent with an increase in class
switching to IgG1 and IgA in the germinal center B cells (PNA™) of the spleens and

+/+

Peyer’s patches of Rad52” mice compared to their Rad52"" littermates. This augmented
antibody response was not due to alterations in the proportions of B and T cells, germinal
center B cells, plasma cell differentiation, or B cell proliferation, viability, and cell cycle.
Rad52™"" B cells displayed normal cell cycle and proliferation, indicating that the increase
in CSR reflected an inherent effect on the CSR machinery. In purified Rad52"" and
Rad52”" B cells stimulated with the appropriate cytokines, class switching to IgG1, IgG3,
IgG2a and IgA virtually doubled. Consistently, at the molecular level, CSR is enhanced
in Rad52” B cells as indicated by the increased circle Iy-Cu and post-recombination Iu-
Cy transcripts, which are molecular indicators of ongoing CSR and completed CSR
respectively. The normal levels of Aicda and germline Iy-Cy transcripts in Rad52” B
cells suggest that Rad52 deficiency enhances CSR without affecting germline Iy-Cy
transcription. This was further confirmed by an increase in Su-Syl (IgM to IgG1) and
Su-Sy3 switch DNA recombination (IgM to IgG3). Conversely, enforced expression of
Rad52 by retroviral transduction impaired CSR, contrary to the increase in CSR observed

in Rad52” B cells.
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Collectively, the phenotypic data assessed by cellular and molecular parameters
suggest that B cell Rad52 deficiency increases CSR in vivo and in vitro. This is an
intriguing and unexpected phenomenon, which lends to the second part of this thesis.
Although CSR increases in Rad52” B cells, the mechanism by which it mediates S region
DSB repair remains to be defined.

Based on previous findings by others in Ku- and Lig IV- deficient B cells (19-22),
there was an observed increased in microhomologies in S-S junctions generated from
residual CSR activity in Ku70- and Lig [V-deficient B cells suggesting that the Ku- and
Lig IV—independent mechanism recombining the DSB ends exists in CSR. Although this
microhomology-mediated end joining process accounts for a minor amount of DNA
repair during CSR, it could provide an explanation for the residual CSR activity that
occurs in the absence of Ku70 and Ligase IV (22). Microhomologies are short 5-25
complementary base pairs, which align to the broken ends of the DNA to align the strands
with mismatched ends in the switch junction. Unfortunately, microhomology mediated
end joining is an error-prone method of repair which may result in deletion mutations in
the genetic code, thereby initiating translocations between oncogenes, leading to the
development of cancer. This is substantiated by the fact that alternative end joining
catalyzes robust /gH locus deletions and interchromosomal c-myc/IgH translocations in
the combined absence of Ku70 and Ligase IV (21). Therefore, we postulated that the
single strand binding protein, Rad52 plays a critical role in the DSB repair process
involving single-strand annealing and may be linked to the increased microhomologies

and chromosomal translocations in Ku-deficient B cells.
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Furthermore, both Ku and Rad52 bind to DNA ends and facilitate end-to-end
interactions (19). Rad52 and Ku have been suggested to bind to different DNA structures
produced early in DSB repair, as Rad52 binds more effectively to long ssDNA. It has
been suggested that the binding of Ku or Rad52 to the DNA ends would lead to different
DSB repair processes. However, like Ku70/Ku86, Rad52 can also bind to blunt or short
protruding DNA ends (19). This lead us to hypothesize that the increase in CSR
observed in Rad52” B cells may be due to the presence of Ku70/Ku86, which facilitates
non-homologous end joining and leads to productive CSR. Moreover, it suggests that the
absence of Rad52 may result in increased recruitment of Ku70/Ku86 to the S region,
which provides an explanation for the twofold greater class switched antibody response.
Accordingly, this suggests that Rad52 may compete with Ku70/Ku86 in binding to S

region DSB ends to modulate immunoglobulin class switch DNA recombination.

In the next chapter, we explore the mechanism(s) by which Rad52 mediates S
region DSB repair, including the potential competition between Rad52 and Ku70/Ku86

for binding to switch region DSB ends in CSR.
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3.1 Introduction

The nature of the switch junctions following CSR reflects the end-joining processes
that ligate DSBs. CSR can be affected by the type of nonhomologous end-joining using
either the classical or alternate pathways, which is determined by the microhomology
length of the joined products. Classical end-joining is characterized by blunt or short
overlapping sequences, whereas Ku-independent end-joining uses longer overlaps (32).
It has been shown that B cells deficient in Ku or other key NHEJ factors, such as XRCC4
and Lig IV, displayed greatly increased microhomologies at the S-S junctions (1-3).

To determine if there is an association of Rad52 with the increase in microhomologies
in the S-S junctions of Ku-deficient and Ligase IV-deficient B cells, we analyzed the
frequency and length of microhomologies in the S-S junctions of Rad52"" and Rad52”"
B cells during CSR.

Furthermore, as previously mentioned, microhomology mediated end joining is error-
prone and may result in genomic instability, which may lead to translocations between
oncogenes. DSB repair is essential to maintaining genome integrity, and deficiencies in
NHEJ can lead to an increase in the frequency of chromosomal translocations and
neoplastic transformation (4). Differences in microhomologies in Rad52"" and Rad52"
B cells would suggest that repair of DSB ends by microhomology can lead to
interchromosomal translocations. Specifically, the increased CSR in Rad52”" B cells
upon AID-induced DSB may suggest an improved NHEJ activity which may impair c-
Mpyc/IgH translocations.

To determine the role of Rad52 in modulating interchromosomal translocations, we

examined the frequency of ¢-myc/IgH translocations in Rad52""" and Rad52”" B cells on a
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p33 deficient background, as the tumor suppressor p53 is essential for protecting B cells
from c-Myc/IgH translocations but has no detectable effect on CSR. Since p53 inhibits
inter-chromosomal translocation, p53 deficiency will significantly amplify AID-
dependent c-Myc/IgH translocations (5). Rad52"p353” and Rad52” p53” B cells were
stimulated with LPS plus IL-4 and the frequency of c-myc/IgH translocations were

examined by long-range PCR, and confirmed by Southern blotting and sequence analysis.

Substantial differences in the frequency and length of microhomologies in the S-S

“* and Rad52” B cells would indicate a difference in end joining

junctions of Rad52
processes utilized for repair in CSR. The different end joining processes function
downstream of the core components used in DSB recognition. It is known that Rad52
and Ku70/Ku86 bind to and interact with different DNA substrates produced early in
DNA double-strand break repair (25).  Since it is postulated that either Rad52 or
Ku70/Ku86 are recruited to the S region DNA after DSBs, we hypothesized that they
may compete and therefore examined the competition between Rad52 and Ku70/Ku86
for binding to S region DSB ends by performing chromatin immunoprecipitation (ChIP)
assays and electrophoretic mobility shift assays (EMSAs) using purified human
recombinant Ku70/Ku86 or Rad52 protein incubated with an Su DNA probe.

Although we contend that Rad52 competes with Ku70/Ku86 in binding to S region
DNA ends in CSR, there must also be a deeper explanation for the increase in CSR in
Rad52"" B cells. Multiple DSBs are introduced into Su during CSR, with some being
rejoined or joined to each other during intra-S-region recombination, this is
recombination within the upstream and downstream S regions, which lead to internal

switch region deletions (ISD). It has been shown that B cell activation for CSR generates
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substantial ISD in the Su region and that ISD were greatly increased in the absence of C-
NHEJ (3). Furthermore, /gH chromosomal translocations to the c-myc oncogene were
also augmented in the combined absence of Ku70 and Ligase IV. To determine if Rad52
mediates DSB repair by intra-S region rejoining, we analyzed the frequency of intra-S
region recombination using specific Su primers which flank upstream and downstream of
the S region core by PCR amplification followed by colony PCR screening of individual

+/+
"+ and

clones generated from the amplification of genomic DNA of stimulated Rad52
Rad52" B cells. This experiment would finally provide a potential mechanism to

corroborate the increase in CSR observed in Rad52” B cells, as intra-S region rejoining

does not lead to productive CSR.
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3.2 Rad52 deficiency is associated with a reduction in the frequency

and length of microhomologies at the S-S junctions

To determine if Rad52 may be linked to increased microhomologies in the S-S
junctions of Ku-deficient and Ligase IV-deficient B cells, we amplified, sequenced and
analyzed the frequency and length of microhomologies in the Su-So (IgM to IgA)
junctions in vivo from DNA of GC B cells from the Peyer’s patches and Su-Sy1 junctions
(IgM to IgG1) from the DNA of Rad52"" and Rad52”" B cells stimulated with LPS plus
IL-4 for 4 days. Consistent with our previous studies (6,7), the majority of Su-Sa and

+/+

Su-Sy1 junctions in the Rad52" cells carried microhomology. Almost 71% of Su-

+/+

Sajunctions in the Rad52"" and over 80% of the Su-Syl junctions B cells had
microhomology between one to nine nucleotides (Figures 3.1 and 3.2), among them,

more than 43% of Su-Soajunctions and 47 % of Su-Syl junctions showed

microhomology of four nucleotides or more.
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RadS52 deficiency is associated with reduced microhomology at the Sp-Sa

junctions in CSR in vivo. Junctional Su-Sa DNAs from the Peyer’s patches of 3 Rad52"" and 3

Rad52”" mice were amplified, cloned, and sequenced. Eighteen sequences from Rad52"" mice

and eighteen sequences Rad52” mice are shown. The germline Sp or So sequences are aligned

above and below the recombination switch junctional sequences.

Microhomologies (bold and

underlined) were determined by identifying the longest region at the switch junction of perfect

uninterrupted donor/acceptor identity, or the longest overlap region at the switch junction with no

more than one mismatch on either side of the breakpoint. Zero (0) indicates no microhomology

and no insertions are observed at the junction.
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Figure 3.2. Rad52 deficiency is associated with reduced microhomology at the Sp-Syl
junctions in CSR in vitro. Sp-Syl junctions from Rad52""" and Rad52 B cells in vitro
stimulated with LPS plus IL-4 for 4 d were analyzed. Junctional Spu-Syl DNAs from stimulated
cells were amplified, cloned, and sequenced. Twenty-five sequences from Rad52"" B cells and
twenty-five sequences Rad52” B cells are shown. The germline Sy or Syl sequences are aligned
above and below the recombination switch junctional sequences. Microhomologies (bold and
underlined) were determined by identifying the longest region at the switch junction of perfect
uninterrupted donor/acceptor identity, or the longest overlap region at the switch junction with no
more than one mismatch on either side of the breakpoint. Zero (0) indicates no microhomology

and no insertions are observed at the junction.
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The frequency and length of microhomologies in the Su-Sa and Su-Syl junctions
were significantly reduced in Rad52”" B cells (Figure 3.3). None of the Su-Sa junctions
in the Rad52”" B cells and only 3.47% of the Su-Syl junctions had microhomology
lengths of four nucleotides or more. Remarkably, there was a significant increase in the
frequency of junctions with direct (blunt) joins that is without microhomology. The
number of junctions with blunt joins in the Su-Sa and Su-Syl and junctions increased
from 14.3% and 13.2% in Rad52"" B cells to approximately 42.1% and 42.9% in Rad52
"B cells, respectively. Overall, the average microhomology length decreased from 3.07
nucleotides (Su-So) or 3.58 nucleotides (Su-Syl) in Rad52"" B cells to 0.789
nucleotides (Su-Sa) or 0.357 nucleotides (Su-Syl) in Rad52”" B cells (Figure 3.3).
Thus, in the absence of Rad52, DNA ends generated during CSR are primarily processed
through an end-joining mechanism not relying on microhomology. The difference in

+/+
™ and

frequency and length of microhomologies at the S-S junctions between Rad52
Rad52”" B cells, suggest that the increase in CSR in Rad52”" B cells may be due to

differences in end-joining.

69



In vivo (Peyer’s patch B cells)

100 1 Rad52**B cells 100 7 Rad52B cells

Average nucleotide overlap = 3.39 8o { Average nucleotide overlap = 0.833
(n=18) (n=18)
60 A 60

9

40 16 40 1 6
20 1 3 20 A 3

2 1 121 1 1 DH

0 o AL H

012

012345678 9101112

80 A

Percent of Su-Sa.
sequences

3456 7 8 910112

In vitro (B cells stimulated with LPS + IL-4)

100 7 Rad52++B cells 100 1 Rad52--B cells
& 801 Average nucleotide overlap = 2.92 go {1 Average nucleotide overlap = 0.64
Lo (n=25) (n=25)
”n O 60 4 60 414
5 &
= 8— 40 17 5 40 1 8
83 204 s 5 3 2 20 1
o 1 1 1 2 1
o 0 - e —
0123456 789101112 0123456 789101112
Microhomologies: overlapping nucleotides Microhomologies: overlapping nucleotides

-+ and

Figure 3.3. Total microhomologies at switch recombination junctions of Rad52
Rad52” B cells in CSR. Histograms showing the percentage of Sp-Sa junction sequences (as in
Figure 3) with indicated numbers of nucleotide overlaps in Rad52"" (n = 18) and Rad52”" B cells
(n = 18) from the Peyer’s patches of three pairs of Rad52"" and Rad52”" littermates are shown.
Sp-Syl junction sequences (as in Figure 3) with indicated numbers of nucleotide overlaps
(microhomologies) in Rad52"* (n = 25) and Rad52”" B cells (n = 25) stimulated with LPS plus
IL-4 for 4 d are shown. The mean length of overlap in base pairs and the number of sequences

analyzed (n) is indicated. The white portion of bars indicates the percentage of sequences with

small (1-4 nt) insertions.

70



3.3 Rad52 deficient B cells activated for CSR display reduced

c-Myc/IgH translocations

As AID can off target a large number of non-/g genes, and DSBs can instigate
translocations between Sy on chromosome 12 and exon 1 of the c-myc protooncogene on
chromosome 15 (Figure 3.4). To determine the role of Rad52 in modulating c-Myc/IgH
translocations during CSR, we generated p53*/ "Rad52""" and p53*/ “Rad52” mice (5) and
stimulated p353” Rad52"" and p53” Rad52”" B cells with LPS plus IL-4 in vitro. After
96 hr in culture, we determined that the frequency of c-Myc/IgH translocations by long-
range PCR, and confirmed these by Southern blot hybridization with ¢-Myc and IgH
probes and sequence analysis (Figure 3.5). Consistent with previous reports (5), c-
Myc/IgH translocations were induced at a frequency of 3.2 x 107 translocations/cell in
p537" Rad52™" B cells (Figure 3.5). Under these conditions, the frequency of c-
Myc/IgH translocations is about three-fold higher than in p53” Rad52” mice (1.2 x 107
translocations/cell), suggesting that Rad52 plays an active role in mediating c-Myc/IgH
translocations in CSR. The greatly reduced c-Myc/IgH translocations in LPS and IL-4
stimulated B cells from p53” Rad52”" mice compared to the B cells from their p537
Rad52”" littermates suggest a role for Rad52 in Ku-independent end joining.

+/+

Furthermore, our data show that Rad52 " B cells carried microhomology, and owing to
the error-prone nature of microhomologies may be associated with an increase in the

frequency of c-myc/IgH translocations, which supports the role for Rad52 in repairing

DSBs through a microhomology mediated end joining process.
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Figure 3.4. Schematic of the IgH and c-myc loci with the location of the primers used for
PCR amplification to detect interchromosomal c-myc/IgH translocations are indicated.
Green primers: Sp region of the /gH locus on chromosome 12. Red primers: exon 1 of the c-

myc gene on chromosome 15.
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Figure 3.5. Rad52”" B cells activated for CSR on a p53 deficient background display
reduced c-Myc/IgH translocations. c-Myc/IgH junction DNA were amplified from
Rad52"" p537" and Rad52” p53” B cells stimulated with LPS plus IL-4 for 4 days, then cloned
and sequenced. c-Myc/IgH translocations were detected by long-range nested PCR using primers
specific to the IgH and c-Myc locus, and verified by Southern blot hybridization to an /gH or c-
myc specific probe. Each individual PCR assay was performed using a DNA template
corresponding to 1 x 10° cells. The corresponding frequency of translocations per cell is
indicated underneath each panel. Sequences of the c-Myc/IgH translocation junctions compared
with germline c-Myc and germline /gH sequences. Microhomologies are bold and underlined.

Data are representative of independent experiments with 3 sets of mice.
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3.4 Rad52 deficiency increases recruitment of Ku70/Ku86 to S region
DSBs

To understand how Rad52 is involved in the DNA repair process of CSR, we carried out
ChIP experiments to assess whether Rad52 could be detected at the S region DNA. Like
Ku70/Ku86, Rad52 was specifically recruited to the Sy and Sy1, but not Sy3, in LPS plus
IL-4 stimulated B cells, which undergo CSR to IgG1 but not IgG3, and to Sp and Sy3,
but not Sy1, in LPS stimulated B cells, which undergo CSR to IgG3 but not [gG1. While
Rad52 and Ku70/Ku86 could be readily detected at Sp and Syl or Sy3, but not Cp in
wild-type B cells stimulated with LPS plus IL-4 or LPS alone, they failed to associate
with the S regions in similarly activated dicda”™ B cells (Figure 3.6a,b). The AID-
dependency of Rad52 and Ku70/Ku86 recruitment to activated S regions suggest that

both Rad52 and Ku70/Ku86 associate with broken S region DNA.
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Figure 3.6. Rad52 deficiency increases recruitment of Ku70/Ku86 to S region DSBs. (a,b)

Aicda™" and dicda™ B cells were stimulated with LPS or LPS plus IL-4 for 60 hr. Cross-linked

chromatin was precipitated using rabbit Ab specific to Rad52 or mouse mAb to Ku70/Ku86, or

irrelevant rabbit or mouse IgG control. The precipitated Su, Syl and Sy3 DNA were quantified

by real-time qPCR. Shown is the recruitment of S region DNA relative to Aicda”" samples. The p

values were determined using a paired Student’s ¢ test. Data are representative of at least three

independent experiments. Error bars indicate standard deviation (SD). The precipitated Sy and

Cu DNA were quantified by PCR. Data are representative of three independent experiments.
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3.5 Rad52 competes with Ku70/Ku86 in binding to S region dsDNA

ends

As the binding of Rad52 or Ku70/Ku86 to DSBs lead to different repair processes, it is
possible that Ku70/Ku86 might be prevented from accessing S region DNA in switched
B cells in the presence of Rad52. Indeed, there was a remarkable 7.6-fold increase in the
levels of Ku70/Ku86 bound to Syl and Sy3 DNA in Rad52”" B cells upon stimulation
with LPS plus IL-4 or LPS, suggesting that depletion of Rad52 enhances the recruitment

of Ku70/Ku86 S region DNA (Figure 3.7a).

The association of Ku70/Ku86 to broken S region DNA and facilitation of this
association by Rad52 deficiency were further defined by in situ DNA end labeling by
bio-dUTP (7) followed by ChIP with anti-Ku Ab, and capture of the biotin-labeled DNA
fragments with streptavidin magnetic beads (Figure 3.8). This approach allows us to
specifically detect the recruitment of Ku to DNA ends. As expected, Ku70/Ku86 were
recruited to broken Sp and Syl or Sy3 DNA asymmetric around DSB ends in B cells
stimulated with LPS plus IL-4 or LPS alone. This recruitment was enhanced by Rad52

deficiency (Figure 3.7b).

To test the possibility that Rad52 and Ku70/Ku86 compete with each other in binding
to S region DNA ends, we analyzed the binding Rad52 and Ku70/Ku86 using single
purified protein components of human recombinant Rad52 or Ku70/Ku86 and incubated
them with biotin-labeled S region DNA ends followed by an electrophoretic mobility
shift assay (EMSA). Incubation of the biotinylated Su DNA probe with Ku70/Ku86 and
Rad52 alone gave rise to a Ku70/Ku86 or Rad52 protein-Su DNA complex (Figure

3.7¢). Upon increasing incremental picomol amounts of human recombinant Rad52
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protein and stable amounts of Ku70/Ku86, we observed increased binding of Rad52 to
the Su region DNA. This suggests that Rad52 competes with Ku70/Ku86 in binding to

S region DNA ends.
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Figure 3.7. Rad52 competes with Ku70/Ku86 in binding

to S region dsDNA ends (a,b)

Rad52"" and Rad52”" B cells were stimulated with LPS or LPS plus IL-4 for 60 hr. Cross-linked

chromatin was precipitated using rabbit Ab specific to mouse

mADb to Ku70/Ku86, or irrelevant

rabbit or mouse IgG control. The precipitated Su, Syl and Sy3 DNA were quantified by real-

time qPCR. Shown is the recruitment of S region DNA relati

ve to Rad52""" samples. Data are

representative of at least three independent experiments. Error bars indicate standard deviation

(SD). The p values were determined using a paired Student’s

t test. (c¢) Single purified protein

components of human recombinant Ku70/Ku86 and Rad52 were incubated at increasing picomol

amounts of Rad52 with 20 pmol biotin-labeled Su DNA probes during an electrophoretic

mobility shift assay.
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Figure 3.8: DNA end-labeling assay to detect recruitment of Ku70/Ku86 to DSB free ends.
DNA ends were labeled in situ with bio-dUTP using TdT. Cross-linked chromatin was
precipitated using mAb specific to Ku70/Ku86. The precipitated DNA with broken ends was
pulled down with streptavidin magnetic beads. Su, Syl and Sy3 DNA levels were quantified by

quantitative real-time PCR.
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3.6 Rad52 mediated repair favors intra-S region DNA rejoining

AID activity can generate multiple DSBs within a given S region (4-6). These DSBs can
be re-ligated, joined to another DSB in the same S region (intra-switch region
recombination) which does not lead to productive CSR, or (for Su) joined to a DSB in a
downstream S region to effect CSR (inter-switch recombination). Rejoining DSBs within
an S region is accompanied by resection or joining of two DSBs within an S region,
leading to internal switch deletions (ISDs). Studies have shown that large ISDs occur far
more frequently in Su than in downstream target S regions (6,12,13).

To determine the role of Rad52 in AID-mediated DSB repair in CSR, we assayed for

** and

ISDs within the Su region of genomic DNA generated from splenic Rad52
Rad52" B cells activated for CSR to IgG1. To assay for internal Sy ISDs and distinguish
them from CSR, genomic DNA that bind to Su primers that flank both sides of Su were
amplified by PCR and cloned into a TOPO cloning vector. The Su region deletions from
individual clones were amplified by PCR and bands smaller than the germline Su were
scored as ISD events. By comparing the frequency of smaller PCR fragments to the
germline Sp regions, we found a substantial level of S ISDs in Rad52"* B cells (45%)
compared to Rad52" B cells (12.5%). Together, these findings suggest that ISD at Su

can occur robustly in Rad52""* B cells in comparison with Rad52” B cells (Figure 3.9).

It is suggested that Rad52 mediated repair may favor intra-S region DNA rejoining.
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Figure 3.9. Rad52 mediated repair favors intra-S region DNA recombination. (a)
Schematic representation of the detection of intra-S region recombination (deletion) in Su region
by PCR amplification. ~DNA ends that have undergone intra-S region DNA recombination

+/+
and

products are much shorter in length than Sp products in the germline Sp region (b) Rad52
Rad52”" B cells were stimulated with LPS plus IL-4 for 4 d. Sp region DNA was amplified by
PCR and cloned into the TOPO cloning vector. The Su region deletions from individual clones
were amplified by PCR. PCR products smaller than the amplified germline Sy region sequence

indicate intra-S region deletions.
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3.6 Methods

S-S DNA junction sequences

Genomic DNA was prepared from spleen B cells cultured for 4 days with LPS and rmlIL-
4, GC (PNA"B220") B cells from the Peyer's patches. Sp-Syl or Sp-So DNA were
amplified by two sequential rounds of specific PCR using Phusion™ high-fidelity DNA
polymerase (New England BioLabs) and the following nested oligonucleotide primers
(6,7): forward 5'-AACTCTCCAGCCACAGTAATGACC-3’ (Sul-4942) and reverse 5'-
CTGTAACCTACCCAGGAGACC-3' (Syl) or 5’-
TCCAGCAAAGCTCAGGCTAGAAC-3’ (Sa) for the first round PCR; and forward 5'-
ACGCTCGAGAAGGCCAGCCTCATAAAGCT-3" (Spu2-4972) and reverse 5'-
GTCGAATTCCCCCATCCTGTCACCTATA-3' (Sy1-NS) or 5’-
AGTCCAGTCATGCTAATTCACC-3’ (Sa-NS) for the second round PCR. The first
and second rounds of PCR were performed at 94°C for 45 s, 55°C for 45 s, 72°C for 4
min, 30 cycles. PCR products were purified using a QIAquick PCR purification kit
(Qiagen) and cloned into the pCR-Blunt II-TOPO® vector (Invitrogen) for sequencing.
Sequence alignment was done by comparing the sequences of PCR products with Sy, Syl
and Sa genomic sequences with the use of National Center for Biotechnology

Information (NCBI) Blast (www.ncbi.nih.gov/BLAST).

c-Myc/IgH translocations

Genomic DNA was isolated from p53~ Rad52” and p537/ “Rad52"" B cells stimulated
with LPS plus IL-4 for 4 days. Nested PCRs for translocations were performed on

genomic DNA from 1 x 10° cells with GoTaq® Long PCR Master Mix (Promega) using
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the following primers: 5’-TGAGGACCAGAGAGGGATAAAAGAGAA-3’ (IgH1) and
5’-GGGGAGGGGGTGTCAAATAATAAGA-3" (c-Myc-1) for the first round; 5’-
GCAGGCAGGGCTAGATATGG -3’ (IgH2) and 5’-
GACACCTCCCTTCTACACTCTAAACCG-3’ (c-Myc-2) for the second round. PCR
conditions were as follows: 95°C for 2 min followed by 25 cycles (95°C, 10 s; 62°C, 45 s;
and 65°C, 6 min) for both the first and second round. Amplified DNA were fractionated
through 1.0% agarose, blotted onto Hybond-N" membranes and hybridized to biotin
labeled IgH- or c-Myc-specific oligonucleotide probes 5’-
GACGCCACTGCACCAGAGACCCTGCAGCGATTCAG -3’, or 5'-
CCTGGTATACAGGACGAAACTGCAGCAG-3', respectively, using Streptavidin-HRP
as the detection system. To analyze the c-Myc-IgH junction sequences, PCR products
were gel purified, cloned into the pCR-Blunt II-TOPO vector (Invitrogen) and sequenced.
Sequence alignment was done by comparing the sequences of PCR products with
germline c-Myc and IgH  genomic  sequences using NCBI  BLAST

http://www.ncbi.nih.gov/BLAST.

Chromatin Immunoprecipitation assays

Chromatin Immunoprecipitation (ChIP) assays were performed as previously described
(8-11). The biotin labeled or unlabeled B cells (1 x 10”) were treated with formaldehyde
(1% v/v) for 10 min at 25°C to crosslink chromatin. After quenching with 100 mM of
glycine (pH 8.0) and washing with cold PBS containing protease inhibitors (Roche), B
cells were resuspended in lysis buffer (20 mM Tris-HCI, 200 mM NaCl, 2 mM EDTA,
0.1% w/v SDS and protease inhibitors, pH 8.0). Chromatin was sonicated to yield DNA

fragments (about 200 to 1,000 bp in length), pre-cleared with Pierce Protein A beads
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(Thermo Scientific) and incubated with rabbit anti-Rad52 Ab (H-300; Santa Cruz
Biotechnology), anti-Ku70/86 mAb (MA1-21818, Thermo Scientific) or control rabbit or
mouse IgG with irrelevant specificities at 4°C overnight. Immune complexes were
precipitated by Protein A agarose beads, washed and eluted (50 mM Tris-HCI, 0.5% SDS,
200 mM NaCl, 100 pg/ml proteinase K, pH 8.0), followed by incubation at 65°C for 4 hr.
DNA was purified using a QIAquick PCR purification kit (Qiagen). Biotin-labeled DNA
or DNA from unlabeled B cells was used as a template for analysis of S, Syl and Sy3 by

gqPCR using specific primers (11) (Table 3.1).
in situ DNA end-labeling with biotin

The DNA break ends were labeled with biotin as previously described by us and others
(7,12,13). Rad52"" and Rad52”"" B cells were stimulated with LPS or LPS plus IL-4 for
72 hr. Live B cells were separated through a Ficoll® gradient, followed by fixation,
permeabilization and in situ DNA end-labeling with biotin-16-dUTP (bio-dUTP) using
TdT. Chromatin was pulled down with anti-Ku70/Ku86 mAb or control rabbit IgG with
irrelevant specificities. Genomic DNA was prepared using a QIAquick PCR purification
kit (Qiagen). Biotin labeled DNA fragments were captured by streptavidin magnetic

beads (Promega) before being analyzed by qPCR.

Electrophoretic mobility shift assays

Biotinylated double strand DNA probes were generated by PCR with biotin-16-dUTP.
The PCRs were performed using GoTag® DNA polymerase (Promega). An

oligonucleotide SulF, which consist of a part of mouse Su region sequence 5’-
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CATTAATCTAGGTTGAATAGAGCTAAACTCTACTGCCTACACTGGACTGTTCT
GAGCTGAGATGAGCTGGGGTG-3" was used as template. To generate the blunt
ended DNA probe, a forward primer Su3F (5°-
GTACCAACTTCATTAATCTAGGTTGAATAG-3") and a reverse primer Su3R (5°-
GTACCTGAGCTCACCCCAGCTCATCTCAGCT-3") were used. The DNA probe with
4 nt overhangs at 3’ ends of both strands (staggered probe) was generated by Kpnl
digestion of the PCR product amplified with the forward Su3F-Kpn (5°-
GAACTGGTACCAACTTCATTAATCTAGGTTGAATAG-3’) and reverse Su3R-Kpn
(5’-CGTACGGTACCTGAGCTCACCCCAGCTCATCTCAGC-3’) primers.
Electrophoretic mobility shift assays (EMSAs) were performed using the LightShift
Chemiluminescent EMSA Kit (Thermo Scientific) according to manufacturer’s
instructions. Biotinylated probes were used in a concentration of 5 fmol per reaction and
incubated with 0.16 or 0.32 pmol of human recombinant Ku70/Ku86 (Cell Sciences), or
0.5 or 1.0 pmol of human recombinant Rad52 (Axxora). Electrophoresis of the DNA—
protein complexes was carried out on a 5% non-denaturing polyacrylamide gel with 0.5x
TBE. Afterwards, the samples were transferred to Hybond-N" membranes with a semi-
dry transfer followed by UV cross-linking. Detection was done with the
Chemiluminescent Nucleic Acid Detection Module (Thermo Fisher Scientific) according

to the manufacturer’s instructions.

Analysis of intra-Su region recombinations

Intra-Sp region DNA recombination was analyzed by specific PCR and Southern blotting
of the amplified DNAs using a specific Sp probe. Sy DNA was amplified using mouse

Su-specific primer (forward, moSuFl1 5-AACTCTCCAGCCACAGTAATGACC-3';
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reverse, moSUR1 5-AGGGTAGGAGGAAGGTGGGTTATG-3") from genomic DNA
isolated from Rad52"* and Rad52”" B cells stimulated with LPS plus IL-4 for 3 d.
Amplified DNA was fractionated through a 0.8% agarose gel, blotted onto Hybond-N"
membranes (GE Healthcare) and hybridized to biotinylated S specific oligonucleotide
probe moSuProl 5-TAGTAAGCGAGGCTCTAAAAAGCAT-3'. Recombined intra-Sp
DNA, that is an Sp region with internal deletions, were identified by comparing the
lengths of the amplified and hybridized DNAs with those derived from amplification of
the respective germline Sp regions. The amplified Sy region DNAs were cloned into

pCR-Blunt II-TOPO® vector (Qiagen) and sequenced.

Statistical analysis

Statistical analysis was performed using Excel software to determine p values by paired

and unpaired Student’s z-test, and p values less than 0.05 were considered significant.
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3.8 The potential role of Pol6 in CSR

PolO is an error-prone translesion DNA polymerase that exhibits low fidelity on
templated DNA and also displays a terminal transferase-like activity that catalyzes
nucleotide addition in a template-independent manner (1). The relevance of Pol6 has
been highlighted in Drosophila melanogaster, where PolO is shown to stimulate
nucleotide insertions during DSB repair by A-NHEJ, and C. elegans in which Pol6
promotes end joining of replication-associated DSBs, and more recently in mammalian
cells by stimulating the end-joining reaction. As previously mentioned, homology-
directed repair (HDR) is prevalent during the S/G2 phases of the cell cycle, which
coincides with the peak of A-NHEJ activity. Specifically, these authors found that Pol0
mediated A-NHEJ is essential for the survival of human 293T cells, epithelial ovarian

cancer cells (EOCs), and various other human cancer cell lines with a compromised HDR

pathway (1), (2).

Our data demonstrate that Rad52 can repair DSB through a microhomology mediated
end joining mechanism which leads to inter-switch (S) region rejoining, thereby resulting
in efficient CSR. It is postulated that through this route, the recruitment of single strand
binding proteins RPA and Rad51 to Rad52 promotes HDR-mediated repair (3,4). An
opposing activity is likely to be exerted by Pol6. It has been shown by others that Pol0
negatively regulates HR. PolO is a RADS1-interacting protein, which negatively affects
RADS51-ssDNA assembly through its RADS51 binding and ATPase activities (2). Hence,
PolO is an error-prone polymerase that participates in A-NHEJ and acts as part of a

second compensatory DNA repair pathway that antagonizes HR and promotes error-
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prone repair. Pol0 may exploit both template-independent and template-dependent
activities to stabilize the annealed intermediate structure and influence repair towards A-
NHEJ (1). Similarly, our data show that Rad52 can also resolve inter-S region DSBs,
possibly as part of an A-NHEJ pathway in CSR albeit through a microhomology-
mediated end joining process; this lead us to hypothesize that there may be some
correlation or antagonizing relationship between PolO and Rad52 in repairing DSBs by

A-NHEJ in CSR.

Our laboratory has conducted extensive studies on error-prone translesion DNA
polymerases and have demonstrated an important role for Polf in somatic hypermutation

(5), therefore we asked whether PolO may also be involved in CSR.

To examine the role of Pol® in CSR, we obtained Pol6”" and Pol¢ mice. To
determine the impact of Pol@ deficiency on CSR, we stimulated Po/6”" and Pol@” spleen
B cells with LPS plus IL-4 (to induce class switching to 1gG1), LPS (IgG3), or LPS plus
IFNy (IgG2a), and LPS plus TGFB, IL-5, IL-4 and anti-8 monoclonal antibody
(mAb)/dex (IgA). After 4 days, there was virtually no change in switched surface IgG1”,
IgG3", IgG2a’, IgA™ B cells among Pol6"* and Pol6" mice (Figure 3.10a). Consistent
with the unaltered surface expression of class switched B cells, Polf” B cells underwent
the same number of cell divisions as their Pol6"" counterparts after 3 days of culture
with LPS plus IL-4 (Figure 3.10b). Further, the total percentage of IgG1 positive B cells
was unchanged.

At the molecular level, we quantified germline Iy1-Cyl1, Iy3-Cy3, circle Iy1-Cu, Iy3-

Cu and post-recombination Iu-Cyland Iu-Cy3 transcripts of Pol6”" and Pol@” B cells
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stimulated with LPS plus IL-4 by quantitative real-time PCR. qRT-PCR analysis
revealed that the level of germline Iy1-Cyl, Iy3-Cy3, circle Iy1-Cu, Iy3-Cu and post-
recombination Iu-Cyland Iu-Cy3 transcripts were unaltered in Po/ 6" and Pol@" B cells

(Figure 3.10c¢).
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Figure 3.10. Polf deficiency does not affect CSR. (a) Pol6"" and Pold” B cells were
stimulated with LPS plus IL-4 (for CSR to IgG1), LPS alone (for IgG3), LPS plus IFN-y (for
IgG2a), and LPS plus TGF-B1, IL-4, IL-5 and anti—3 mAb/dex (for IgA). After 4 d of culture, the
cells were analyzed for surface B220 and IgGl, IgG3, IgG2a or IgA by flow cytometry. (b)
Proliferation of Pol6"" and Pol6” B cells were labeled with the cell division tracking
fluorochrome CFSE and stimulated with LPS plus IL-4 for 4 d. CFSE intensity and surface IgG1
expression were analyzed by flow cytometry. The proportion of surface IgG1" B cells at each
cell division is indicated. Data are from one representative of three independent experiments. (C)
Real time qPCR analysis of germline Iy1-Cyl, Iy3-Cy3 transcripts, circle Iy1-Cu, Iy3-Cu, and
post-recombination Iu-Cyl, Iu-Cy3 transcripts in Pol6"" and Pol@” B cells cultured for 60 hr
with LPS plus IL-4 (dicda, Iy1-Cy1, Iy1-Cu and Iu-Cy1) or LPS (dicda, 1y3-Cy3, Iy3-Cu and Iu-
Cy3). Expression of germline Ig-Cy, circle Ig-Cu, and post-recombination Iu-Cy transcripts were
normalized to Cd79b expression and depicted relative to the expression in Pol8”" B cells, set as
one. The p values were determined using a paired Student’s ¢ test. Data are from three

independent experiments (mean and SEM).
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As Pol0 has been shown to promote A-NHEJ, which is thought to be associated with
an increase in microhomologies at the S-S junctions in CSR, we amplified, cloned, and
sequenced DNA from Pol6”" and Pol6#” B cells stimulated with LPS plus IL-4 and
analyzed the frequency and length of microhomologies at the Su-Syl junctions (Figure
3.11). It was determined that Pol8 deficiency does not affect the frequency or length of
microhomology at the Su-Sy1 junctions in CSR.

Pol6"" and Pol@” B cells stimulated with LPS plus IL-4 undergo the same number of
cell divisions, which suggest no obvious defects in proliferation, suggesting that CSR can
occur (Figure 3.11b). The total percentage of class switched IgG1" were comparable in
Pol6"" and Pold” B cells. This was consistent with the fact that there were no
significant alterations in class switching to I1gG1, 1gG3, IgG2a, and IgA at the cellular
level as assessed by flow cytometry (Figure 3.10a). Analysis of germline Iy1-Cyl, Iy3-
Cy3, circle Iyl-Cu, Iy3-Cu and post-recombination Iu-Cyland Iu-Cy3 transcripts,
hallmarks of ongoing and completed CSR respectively, further confirm this result at the
molecular level. Altogether, our results suggest that although PolO can mediate DNA
repair in HR-deficient tumors (2) through alternative NHEJ, it does not appear to have a

role in CSR.
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Figure 3.11. PolO deficiency does not affect the frequency or length of microhomology at

switch recombination junctions in CSR. Sp-Syl junctions from in vitro stimulated Pol
Pol0”" B cells were analyzed. B cells from Pol6""
IL-4 for 4 d.
sequenced. Seventeen sequences from Po/

cells are shown.

recombination switch junctional sequences.

6"" and

and Pol@”~ mice were stimulated by LPS plus
Junctional Sp-Syl DNAs from stimulated cells were amplified, cloned, and
6" B cells and seventeen sequences from Pol6”

The germline Sp or Syl sequences are aligned above and below the

Microhomologies (bold and underlined) were

determined by identifying the longest region at the switch junction of perfect uninterrupted

donor/acceptor identity, or the longest overlap region at the switch junction with no more than

one mismatch on either side of the breakpoint.
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3.9 Discussion

CSR entails AID-mediated generation of multiple DSBs in highly repetitive S regions
and the resolution of these DSB (6-9). During CSR in B cells, S region DSBs are joined
by NHEJ, which employs the Ku70/86 complex (Ku) for DSB recognition and the
XRCC4/Lig 1V complex for ligation, to form junctions either with short
microhomologies or no homologies. Previous work has shown that in the absence of core
NHEJ components such as Ku70/Ku86, XRCC4 or Lig IV, substantial CSR occurs albeit
generating largely microhomology-mediated end joins. The mechanisms underlying
NHEJ-independent S region DSB repair remain to be fully understood. In this study, we
show that the DNA repair protein Rad52, which binds single-stranded DNA ends, and
mediates the DNA-DNA interaction necessary for the annealing of complementary DNA
strands, plays an important role in repairing S region DSBs. As with Ku70/Ku86 (10),
Rad52 binds to DNA with DSB ends in the upstream and downstream S regions that are
involved in CSR. Deficiency of Rad52 resulted in an increased recruitment of
Ku70/Ku86 to S region DSBs, thereby leading to increased CSR. This was accompanied
by decreased microhomologies in the S-S junctions and decreased inter-chromosomal c-
Myc/IgH translocations in Rad52” B cells in vivo and in vitro which is inversely
consistent with that in Ku-deficient B cells (11,12). Our findings demonstrate that Rad52
competes with Ku70/Ku86 in binding to S region DSBs, facilitating a Ku-independent
repair pathway for AID-mediated S region DSBs and mediates CSR at a much-reduced

level (Figure 3.12).
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Figure 3.12. Schematic representation to show that Rad52 competes with Ku70/Ku86 for
binding to S region DNA ends to modulate class switch DNA recombination. AID mediated
S region breaks can be processed in a Ku70/Ku86 dependent manner leading to efficient CSR.
Rad52 can also bind to S region DSBs ends to facilitate a Ku-independent process which favors
intra-S region rejoining and does not lead to CSR, or can repair these ends through a
microhomology mediated end joining process, which can resolve DSBs through inter-S region

rejoining, possibly as part of an alternative NHEJ pathway.
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The resolution of S region DSBs in CSR is a highly coordinated process that uses the
DNA repair machinery to maintain genomic integrity. As mentioned previously, there
are two well-characterized DSB repair pathways in mammalian cells. HR accurately
repairs post-replicative DSBs via a long, homologous template from a sister chromatid,
while NHEJ fuses DSB ends that lack substantial junctional homology to form mainly
“direct” joins. It is suggested by our results that the increase in CSR in Rad527" B cells
may be due to an increase of Ku70/Ku86 recruitment to the S region DSBs, as NHEJ
repairs paired DSBs in heterologous S regions yields predominantly productive
recombination between two switch regions, resulting in CSR. The increase in CSR and
translocations appear to be the result of defects in nonhomologous recombination
pathways, as evidenced by the increase in microhomology lengths in Rad52"" B cells
compared to their Rad527" littermates. It is suggested that on considerable occasion,
productive recombination fails mainly during alternative, or microhomology-mediated,
end-joining, which is often associated with intraswitch recombination within an S region,
thereby producing no CSR (13-16). In B cell activation for CSR, multiple DSBs are
introduced into each S region that are involved in CSR, with some being rejoined or
joined to each other to generate intra-S region deletions (11). The greatly increased intra-
S region deletions in B cells lacking Ku and/or Lig IV (11,12) strongly suggest that the
Ku-dependent NHEJ lead to effective CSR, while a Rad52-dependent end-joining
process may be prone to introduce intra-S region deletions, which does not lead to

productive CSR (Figure 3.10).

In the absence of the core NHEJ components, such as Ku70, XRCC4 or Lig IV, a

majority of S-S junctions contain microhomologies, which are, on average, longer than
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those observed in normal S-S junctions (11,12,17). Thus, the Ku- (or XRCC4-/Lig 1V-)
independent end joining process can be characterized as microhomology-mediated end
joining, which likely involve protruding DSB ends and utilize a mechanism that share
features of both NHEJ and HR. The reduced number and length of microhomologies in
the S-S junctions in the Rad527" B cells strongly suggest an important role of Rad52 in
the Ku- (or XRCC4-/Lig IV-) independent end joining process. Rad52 functions as a
recombination mediator that is involved in the maintenance of genomic integrity. It binds
and wraps ssDNA and promotes annealing of complementary DNA strands as well as
annealing between ssDNA-RPA complexes (18). Both Ku and Rad52 bind to DNA ends
and facilitate end-to-end interactions (19). It has been suggested that Rad52 and Ku bind
to different DNA structures produced early in DSB repair, and lead to different DSB
repair processes. Rad52 binds more effectively to long ssDNA (20). Ku protein that
binds to the DSB ends may block the access of terminal deoxynucleotidyl transferase
(TdT) to the DSB ends, and the amount of Ku that binds to DSB could be even higher
than what is detected. Similar to Ku70/Ku86, Rad52 can also bind to blunt or short
protruding DNA ends (20). In our study, competition for binding to DNA ends by Ku
and Rad52 was demonstrated by an increased recruitment of Ku to S region DNA
asymmetric around DSB ends in Rad52”" B cells as measured by DNA end labeling with

bio-dUTP using TdT.

By employing competing but overlapping repair pathways, eukaryotic cells ensure a
level of redundancy for DSB repair, which allow one repair pathway to compensate for
loss of the other which is beneficial to the cell. The effect of the competition is likely to

be influenced by a number of factors, such as the affinities of Rad52 or Ku for binding

96



DNA ends, and the relative abundance of these proteins in B cells (21). Although NHEJ
1s most important during G1 or early S phase when no homologous template for
recombination is available, it is active throughout the cell cycle. Given the important role
of Rad52 in HR in yeast, it is, in general, recruited to DSB sites and readily form Rad52
foci in response to DNA damage during S and G2/M phase when a sister chromatid
become available (22). Nevertheless, Rad52 can be accumulated at DNA damage sites
immediately after DSB-induction (23). It has been recently suggested that AID-mediated
DNA damage can lead to intra- and inter-genic deletions through HR-like recombination
of sequence repeats in the same or different S region(s) (24). This recombination occurs
in the same chromatin and is apparently independent of DNA replication and can

function throughout the cell cycle.

It has been suggested that the mechanism leading to intra-S region deletion is
mediated by S region microhomology uncovered by DNA-end resection and RPA
recruitment (14,15,25). When Rad52 binds to DSB ends, this could lead to an intra-S
region deletion, which does not result in productive CSR, owing to homologous
recombination of sequence repeats (24). In the absence of Rad52, the DSB ends which
are suppose to be bound by Rad52 could be bound by Ku70/Ku86 directly, if they are
blunt or possess short overhangs, or after processing (removal of overhangs or fill-in by
polymerases), and lead to a NHEJ process that can result in a productive CSR. This is
consistent with the robust intra-S region recombination occurring in Ku70- and Ku70/Lig

[V-deficient B-cell (11) and would explain the increased CSR in Rad52” B cells.

A number of studies suggest that AID-mediated DSBs could be repaired by HR

without introducing productive CSR (15,24). Inhibition of HR reduced the viability of B
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cells that express AID and induced widespread DSBs (26,27). The AID co-factor RPA,
another ssDNA-binding DSB repair protein that associates with resected DSBs, can also
be recruited to the sites of AID-mediated damage in S regions (15). RPA can interact
with AID and promotes the deamination of transcribed substrates by AID by stabilizing
its interaction with ssDNA. It has been suggested that RPA can associate with and
stabilize resected DSBs that cannot easily be repaired by classical NHEJ, by facilitating
salvage by homology-mediated repair pathways (15). It is known that Rad52 associates
with DNA-bound RPA and contributes to the recombination mediator activity.
Additionally, it has been shown that the RPA that accumulated at AID-mediated DNA
damage sites is associated with the Rad51. The interaction between Rad52 and RPA
produces a Rad52-RPA—ssDNA complex, which recruits Rad51 into ssDNA and is
important for the enhancement of annealing of complementary ssDNAs. We speculate
that RPA may facilitate Rad52 binding to AlD-mediated DSBs and lead to
microhomology-mediated end joining, HR-like repeat recombination, which can result in
inter-S recombination or a low frequency of CSR, or error-free HR, which do not

introduce CSR.

Although Rad52 preferentially binds ssDNA or DNA ends with a long single-strand
overhang, it can also bind blunt or small overhang DSBs more efficiently than Ku (20).
It has been suggested that the structure of the DSB end will direct the substrate into
differential use of end-processing factors, and that Ku and Rad52 direct the choice of
DSB repair through two different repair pathways (41), (19), (20). Specifically, Rad52
accumulates on the DNA ends of single and double strand breaks to protect end

degradation from exonucleases (19,28-30). Ku can bind to viral long terminal repeat
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(LTR) DNA and plays an important role in the post-integration repair and circularization
of viral cDNA during retroviral infection (31). Rad52 has been shown to compete with
Ku for binding to HIV LTR DNA and suppress retroviral infection (32). Repair can also

occur through gene conversion, although this may lead to chromosome rearrangements.

In addition, the Ku70/Ku86- and Lig IV-independent DSB repair mechanism also
generates substantial levels of chromosomal /gH translocations in activated B cells in
response to AID-induced DNA breaks (17,33). The greatly reduced AID-dependent c-
Myc/IgH translocation in B cells in the absence of Ku70, XRCC4 or Lig IV (34), suggest
an important role for the Ku- (or XRCC4-/Lig IV-) independent end joining process in
mediating inter-chromosomal translocation. We reason here that if Rad52 is important
for the DNA end joining process independent of the core NHEJ factors, deficiency of
Rad52 would result in the reduction of c-Myc/IgH translocations. The greatly reduced c-
Myc/IgH translocations in LPS and IL-4 stimulated B cells from p53” Rad52” mice
compared to the B cells from their p537 Rad52”" littermates strongly support the role for
Rad52 in the Ku-independent end joining. These inter-chromosomal translocations, for
instance in this case, c-Myc/IgH translocations result from the misjoining of DSBs caused
by AID-mediated DNA lesions and can lead to tumorigenesis in humans and mice.
Identification of the DSB repair factors and pathways required for translocation
formation is important for understanding tumor formation and developing strategies for

tumor prevention (35).
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4.1 Future directions

AID-mediated resections of DSBs generate blunt ends and ends with short hangovers.
DSBs that are blunt ended are typically repaired through NHEJ, as indicated by the
recruitment of Ku70/Ku86 and other elements of the MRN complex. It has been shown
in early studies in yeast and our studies in mouse and in human cell lines, that resected
ends including 3’-protruding ends, recruit Rad52 to bind and protect the end. The
resulting complex directs the terminal 3” sequences on a local complementarity search,
beginning from the opposing end of the DSB. Since Rad52 is important an single strand
binding protein, it initiates the single strand annealing of short homologous sequences
(1). To test whether Rad52 preferentially binds to blunt or staggered ends, one future
experiment we intend to perform are EMSAs incubating single purified protein
components of human recombinant Ku70/Ku86 and Rad52 with a biotinylated Su DNA
probe designed to contain blunt and staggered ends and determine if there is indeed
preferential binding of Ku70/Ku86 to blunt ends and Rad52 to staggered ends, fitting and
more specifically defining our hypothesis that though Rad52 competes with Ku70/Ku86
for binding to S region DSB ends, Rad52 preferentially binds to staggered ends to
promote single strand annealing, leading to a microhomology mediated end-joining
process. At the same time, it has been shown that Rad52 can also bind to blunt ends (),
most likely those containing homology, thereby leading to intra-S region recombination

as an alternative mechanism for repair.
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Since HR requires a homologous template from a sister chromatid, it occurs mainly
during the S and G2/M phases of the cell cycle, however it has been shown that Rad52
can be recruited to the DNA damage site right after DSB induction. However it has been
shown by us and others that AID-mediated DNA damage can lead to intra-S region
recombination through HR-like recombination of sequence repeats independent of DNA
replication (2,3). Therefore with the need for DNA replication, HR can occur throughout
the cell cycle. NHEJ occurs mainly in the G1 and S phases of the cell cycle, as no
homologous template for recombination is required, although it is active throughout the
cell cycle. This provides a basis for the competition between Rad52 and Ku70/Ku86 in
binding to S region DSBs to modulate CSR.

To determine whether or not Rad52 is involved in an HR mediated repair process, a
future experiment that could be performed is a ChIP experiment using anti-Rad52 Ab
followed by cell cycle analysis to determine which phase of the cell cycle Rad52 is
recruited in during S region DSB. This experiment would allow us to determine whether
Rad52 repairs DSB through HR, which predominates in the S and G2 phases of the cell
cycle or throughout- indicating that it may not require DNA replication, suggesting an
alternative mechanism of repair.

Our data show that in the absence of Rad52, CSR increases which we contend is due
to the recruitment of Ku70/Ku86 to S region DSBs. To definitely define the role of each
crucial element in CSR, one essential experiment to further assess the efficiency of
Ku70/Ku86 and Rad52 in resolving DSBs involves inhibiting Ku70/Ku86 (by short
hairpin RNA) in Rad52""" and Rad52" B cells during CSR. It is anticipated that CSR

+/+

may occur in Rad52"" B cells, albeit at an even lower frequency than observed by
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Boboila et al., (4) based on our conclusion that Rad52 can mediate DSBs in CSR at a
lower efficiency owing to utilization of intra-S region recombination. The combined
inhibition of Ku70/Ku86 and Rad52 should completely abolish CSR in B cells and
strengthen our contention that Rad52 competes with Ku70/Ku86 in binding to S region
DSBs ends and validate that Rad52 plays a significant role in immunoglobulin class
switch DNA recombination.

Our findings suggest that Rad52 plays a potential role in A-NHEJ, a pathway that is
still poorly characterized. If substantial CSR activity occurs in the absence of these two
critical components, this would suggest that other DSB repair factors are involved. These
future experiments would provide further insights into potential upstream and
downstream interaction partners of Rad52 and elucidate their involvement in A-NHEJ to

provide a clearer understanding of the mechanism at hand.
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4.2. The significance of Rad52 mediated repair in CSR

Historically, Rad52 was first discovered in S. cerevisiae and its’ function was absolutely
indispensible for DNA repair. Although the Ku70 complex has been shown to play an
important role in telomerase regulation and protection in C. albicans, alluding to its role
eventual role in end joining, early studies centering on Ku70 reveal interesting
similarities and differences in the mechanism of the Ku complex in disparate systems (5).
Seminal findings suggesting the importance of the Ku (Ku70/Ku86) heterodimer was first
noted in the auto-antigens of patients with autoimmune disorders (6).

Therefore, the absence of Ku70/Ku86 could lead to autoimmune disorders such as
lupus and genomic instability due to the inability to support V(D)J recombination as
witnessed in Ku70"" mice (7). Though Ku70/Ku86 eventually displaced Rad52 as an
essential DNA repair factor in the mammalian system, the absence of Ku results in
residual CSR activity. With respect to our findings, we have demonstrated that Rad52 is
still functionally significant and repairs DSBs leading to CSR. We have redefined the
role of Rad52 in an A-NHEJ pathway mediated by microhomologies, given the lack of a
safer means to repair breaks. Although this may lead to some level of genomic instability
given the chromosomal translocations associated with microhomology mediated repair,
effective repair is more tolerable to the cell.

This suggests an important role of Rad52 in the resolution of these DSBs in A-NHEJ,
which functions as a backup choice for DSB repair when a core C-NHEJ factor in absent.
The maintenance of genomic integrity is essential as AID can off target a large number of
non-/g genes, leading to chromosomal translocations, lymphomagenesis and

autoimmunity (8-10).
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4.3. Implications for Rad52 in human health and disease

In humans, DNA-PK activity and increased expression of Ku70 and Ku86 have been
shown to correlate with resistance to therapeutic molecules notably in the context of
chronic lymphoblastic leukemia (CLL) (11). Minor defects in the NHEJ pathway have
been shown to confer predisposition to leukemia (12). Immunodeficiencies with
abnormal DNA repair and genetic polymorphisms of NHEJ components (13) have been
associated with the increased susceptibility to the development of lymphoid
malignancies, suggesting that an aberrant NHEJ pathway could lead to lymphomagenesis.
Acute lymphoblastic leukemia (ALL) cells were found to express high levels of DNA-
PKcs, Ku70 and Ku86 protein, whereas CLL cells displayed a lower expression of DNA-
PKcs and Ku86 but not Ku70 (14). As has been shown by qRT-PCR in several
lymphoproliferative disorders (LPD), a lower expression of Ku70-encoding XRCC6 gene

was observed compared with reactive lymph nodes.

Similarly, data harvested from a human database (Zan et al., unpublished data)
suggests a decrease in Rad52 expression in patients with active system lupus
erythematous (SLE). Lupus is a systemic autoimmune disease caused by genetic and
environmental factors, which drive the development of multi-organ damage such as tissue
damage in the kidney, skin, joints, brain, blood cells, lung and heart due to the emergence
of pathogenic autoantibodies (15). These pathogenic autoantibodies are heavily mutated
(16-22) emerging from unmutated V(D)J templates of naturally autoantibody-producing
cell precursors in the primary repertoire (23,24). Reversion of hypermutated V(D)J
sequences of anti-double strand DNA (dsDNA) autoantibodies to germline sequences

result in the loss of dsSDNA binding, suggesting that SHM is an important driver in the
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generation of autoantibodies. In healthy individuals, tolerance mechanisms prevent the
generation of autoantibodies, which are highly specific to double-strand DNA (25,26).
Lupus is tightly associated with an increased risk for certain cancers. For example, lupus
patients display a higher frequency of B cell lymphomas (27-30). These malignancies are
derived from GC B cells, where AID is upregulated (9,31,32). As AID expression is
important in the generation of interchromosomal translocations, the role of Rad52 can be
explored for their potential in preventing B cell neoplasias and lymphomagenesis. As
decreased expression of Ku70 is associated with autoantibody production LPD,
particularly CLL, this may suggest a role for Rad52 in leukemia and B cell lymphoma.
One finding suggested that myeloproliferative disorders (MPD), or stem cell derived
clonal diseases arise as a consequence of chromosomal aberrations between oncogenic
fusion proteins such as BCR/ABL. Single strand annealing (SSA) can greatly attribute to
these chromosomal aberrations, as this DSB repair mechanism is highly error-prone.
BCR/ABL stimulates SSA activity, and such activity was accompanied by enhanced
nuclear localization of RAD52 and ERCC1, which play a key role in DNA repair (33).
These findings suggest that BCR/ABL and other fusion tyrosine kinases (FTKs) can
cause disease progression in MPDs by inducing chromosomal instability through the
production of DSBs and stimulation of SSA repair, which include factors such as RADS2
in hematopoietic cell lines and leukemic stem/progenitor cells from patients with chronic

myelogenous leukemia (CML).
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Our study suggests an important role of Rad52 in an alternative end joining
pathway to mediate AID induced lesions in CSR to maintain genomic stability and can be
applied in a broader context to B cell related diseases and cancers, such as B cell

lymphoma and CML.
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