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Abstract

Chemical modifications to the DNA and histone protein components of chromatin can modulate
gene expression and genome stability. Understanding the physiological impact of changes in
chromatin structure remains an important question in biology. As one example, in order to
generate antibody diversity with somatic hypermutation and class switch recombination,
chromatin must be made accessible for Activation-induced cytidine deaminase (AlD)-mediated
deamination of cytosines in DNA. These lesions are recognized and removed by various DNA
repair pathways, but if not handled properly, can lead to formation of oncogenic chromosomal
translocations. In this review, we focus the discussion on how chromatin-modifying activities and
-binding proteins contribute to the native chromatin environment for which AID-induced DNA
damage is targeted and repaired. Outstanding questions remain regarding the direct roles of
histone post-translational modifications and the significance of AID function outside of antibody
diversity.

Introduction

Chromatin is the platform for transcription, DNA repair, and recombination. Post-
translational modifications (PTMs) of the histone H3, H2B, H2A, and H4 components of
chromatin regulate DNA-mediated processes by altering chromatin structure and generating
recognition sites for mediating effector protein stabilization (Downs et al., 2007; Felsenfeld
and Groudine, 2003; Jenuwein and Allis, 2001; Suganuma and Workman, 2011). The
“histone code hypothesis' that a particular histone post-translational modification (PTM) or
combination thereof can constitute a code for a cellular action or biological function
continues to be tested and has permeated far across the field of DNA repair, from its
inception in relation to gene regulation (Downs et al., 2007; Jenuwein and Allis, 2001). The
first and still most striking and clear example of how a particular histone modification
promotes genome stability came from the observations that mice deficient in the histone
variant H2AX, which becomes phosphorylated at serine 139 seconds after ionizing radiation
(IR)-induced DNA damage (Bonner et al., 2008), accumulate spontaneous DNA double-
strand breaks (DSBs) and develop tumors more rapidly when cell cycle checkpoints are
compromised (Bassing et al., 2003; Celeste et al., 2003). In this review, we describe our
current understanding of how histone PTMs function in a physiological setting with
immunoglobulin class-switch recombination (CSR) as a model. The CSR reaction at the
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immunolglobulin heavy-chain (/g/) locus can be divided into three general temporal stages
including the so-called germ-line transcription step that mediates chromatin accessibility, the
targeting and generation of AID-induced DNA damage, and the subsequent repair of CSR-
associated DSBs (Figure 1). The two main focus points of this review are to discuss our
understanding of how chromatin PTMs function in the accessibility phase as well as in the
repair phase of AlD-induced DNA damage.

Initiating the second wave of antibody diversity with AID

B lymphocytes undergo physiological DNA damage to produce large numbers of antibody
molecules that are poised to associate with foreign antigens. This antigen/antibody
interaction will subsequently activate pathways for the removal and clearance of pathogens
from our body, as part of the adaptive immune response. Each B lymphocyte expresses a
single B cell receptor (BCR) that has been assembled by RAG1/2-dependent VV(D)J
recombination during early B cell development in the bone marrow. When mature naive
IgM-expressing B cells in peripheral lymphoid organs recognize antigen through their BCR
and become activated within germinal center structures, they undergo clonal expansion and
further diversify their antigen receptors with somatic hypermutation (SHM) and isotype
class-switching. The introduction of mutations in rapidly proliferating B cells during SHM
ultimately culminates in the production of thousands of B cells expressing slightly different
receptors with varying specificity for an antigen, from which the B cell with highest affinity
for the antigen can be selected. Isotype class-switching alters antibody effector function,
whereby activated B cells swap constant region gene segments of the antibody without
altering variable region specificity. This CSR event requires DNA DSB formation and DNA
end-joining (Figure 1). Expression of a successfully recombined class-switched /g/ gene can
help eliminate particular pathogens by activating, for example, phagocytic immune cells
(Boboila et al., 2012; Stavnezer et al., 2008).

AID has taken center stage as a B cell-specific factor required both for SHM and CSR. It
was first identified as being differentially expressed in a murine B lymphocyte cell line after
stimulation to undergo antibody class-switching and was shown to be highly expressed in
primary human and murine germinal center B cells from tonsil, lymph node, and spleen
(Muramatsu et al., 2007). In addition to expression in germinal center B cells, there are
reports that AID is also expressed in oocytes and, albeit at far lower levels, in embryonic
stem cells, early embryos, primordial germ cells, testes, and B cell progenitors (Orthwein
and Di Noia, 2012). Mutations in the gene encoding AID, Aicaa, were found to cause the
rare autosomal recessive hyper-lgM syndrome type 2 (HIGM2) that is characterized by the
absence of immunoglobulin CSR and somatic hypermutation (Revy et al., 2000).
Subsequently, AID—/- mice recapitulated this B cell disease without showing any other
noticeable developmental phenotypes (Muramatsu et al., 2000). Interestingly, in an artificial
system in which AID is not normally present, expression of AID and a class-switching DNA
substrate was shown to be sufficient for class-switch recombination in fibroblasts,
suggesting that AID may be the sole B cell specific factor required for initiating CSR
(Muramatsu et al., 2007).

During an immune response, peripheral B cells stimulated by antigen and the cytokine
milieu become activated and enter the cell cycle; shortly thereafter, the cells begin to express
AID and concentrate in germinal center structures of lymph nodes and the spleen (Victora
and Nussenzweig, 2012). For SHM, AID is targeted to the variable VV(D)J gene segments of
the immunoglobulin heavy and light chains and catalyzes cytosine deamination events that
lead to increased mutations as a result of error-prone translesion DNA polymerase activity
and DNA replication (Di Noia and Neuberger, 2007; Liu and Schatz, 2009). To initiate the
CSR reaction, AID gets targeted to the /g/ locus downstream of the V(D)J gene segment
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and initiates DNA lesions that, here, lead to DNA DSB formation (Boboila et al., 2012;
Nussenzweig and Nussenzweig, 2010; Stavnezer et al., 2008). For productive CSR, AID-
induced DSBs must occur at two switch (S) repeat regions (i.e. Sp, Sy3, Sy1, Sy2b, Sy2a,
Se, or Sa in the mouse) that precede participating constant region gene segments (Stavnezer
et al., 2008) (Figure 1). Synapsis and DNA repair of the two broken DNA ends are then
mediated by protein factors of the DNA damage response (DDR) and the non-homologous
end-joining (NHEJ) pathways. This DNA rearrangement process resulting in an orchestrated
switch from IgM expression to expression of 1gG, IgE, or IgA must be carefully controlled
and coordinated in the context of chromatin.

The "accessibility hypothesis' for AID targeting

The lineage specificity of CSR can be explained by AID expression being largely restricted
to germinal center B cells. To explain how DNA rearrangements in lymphocytes occur
specifically at antigen receptor gene loci, Yancopoulos and Alt put forth the “accessibility
hypothesis' in 1985 after observing sterile germ-line transcript initiation only at gene
segments undergoing recombination (Yancopoulos and Alt, 1985). Since then, germ-line
transcripts coinciding with recombination at a particular gene segment have been observed
at all antigen receptor loci and many lines of evidence now support the conclusion that
germ-line transcription of an antigen receptor gene segment is an essential feature of the
targeting mechanism both for RAG1/2-mediated V(D)J recombination in early developing
lymphocytes (Cobb et al., 2006; Krangel, 2009) and for AlD-dependent CSR and SHM in
mature B cells (Stavnezer et al., 2008). In addition to germ-line expression of sterile non-
coding transcripts, the accessibility hypothesis has expanded to encompass the spatial
organization and nuclear positioning of antigen receptor loci (Alt et al., 2013; Hewitt et al.,
2010; Jhunjhunwala et al., 2009; Johnson et al., 2009). For the purposes of our discussion,
we define accessibility as a localized alteration of chromatin structure that facilitates
recombination at the locus, and we focus our discussion to how germ-line transcription and
histone modifications target AID for CSR.

The importance of transcription in targeting the somatic hypermutation activity first came
from a genetics experiment showing that insertion of the variable region promoter to a
location upstream of the constant region at the Igx locus promoted hypermutation at the
constant region where it normally does not occur (Peters and Storb, 1996). At the /g/ locus,
all germ-line switch transcripts have the same overall structure with an intronic (1) promoter
exon followed by a switch (S) region and a constant (C) region gene segment (Stavnezer et
al., 2008) (Figure 2). Activation signals during an immune response direct promoter-driven
germ-line transcription and DSB formation to particular switch regions at the /g/ locus
(Boboila et al., 2012; Stavnezer et al., 2008). Indeed, mouse genetic studies revealed that
deletion of I-y1 abolished CSR to 1gG1 (Jung et al., 1993) and that replacement of the Iy2b
promoter and | exon with a neomycin-resistance gene transcribed in the antisense direction
abolished CSR to 1gG2b (Zhang et al., 1993). The conserved structure of the germ-line
transcripts between the different immunoglobulin isotypes suggests that these non-coding
RNAs may have a common function in CSR, and elegant mouse genetic studies have
suggested that splicing of the | and C exons is required for CSR (Harriman et al., 1996; Hein
etal., 1998; Lorenz et al., 1995); nevertheless, the role of the germ-line transcripts and their
splicing is still poorly understood.

The mechanism for targeting AID to immunoglobulin loci is of great interest given its role
in inducing DNA mutations and tumorigenesis (Di Noia and Neuberger, 2007; Pavri and
Nussenzweig, 2011; Vuong and Chaudhuri, 2012). Germ-line transcription of
immunoglobulin genes paves the way for AID to act on sSDNA, such that AID can induce
mutations on both the template and non-template strands, as evidenced from sequencing
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genomic DNA from B cells undergoing SHM and CSR (Liu and Schatz, 2009; Petersen et
al., 2001). The C-terminus of AID appears to be required for CSR while the N-terminus of
AID is required for SHM, suggesting that specific interactions may modulate the targeting
and/or function of AID (Di Noia and Neuberger, 2007; Xu et al., 2012). In B cells
stimulated to undergo CSR, AID physically associates with RNA Pol Il (Nambu et al.,
2003). Under similar conditions, RNA Pol Il localizes at /g/ in a special way accumulating
from the intronic promoter, through the switch region, and into the constant region for both
Sm and the downstream Sg3 switch region (Daniel et al., 2010; Rajagopal et al., 2009;
Wang et al., 2009a). This 5' end build up of RNA Pol Il at switch regions is independent of
AID (Rajagopal et al., 2009; Wang et al., 2009a) and suggests that RNA Pol |1 stalling may
be an intrinsic feature of transcription through the switch regions.

Recent advances have provided additional evidence for how AID activity is linked to
transcription by showing that AID directly interacts with Spt5, the RNA exosome, and the
PAF elongation complex. RNAi knock-down of any of these factors in the CH12 B cell line
leads to reduced chromatin association of AID to /g/and impairs CSR, without affecting
germ-line transcription at the switch region (Basu et al., 2011; Pavri and Nussenzweig,
2011; Stanlie et al., 2012; Willmann et al., 2012). Together, these studies lead to a model
whereby RNA Pol 11 stalling facilitates AID recruitment through Spt5 and the RNA
exosome, which promotes subsequent targeting of mutations on both DNA strands (Basu et
al., 2011; Pavri and Nussenzweig, 2011; Willmann et al., 2012; Yamane et al., 2011). Thus,
the process of transcription, or even the transcript itself, may play a direct role in AID
targeting, and the function of germ-line transcription may not be limited to simply rendering
the target DNA accessible to AID.

Correlating histone modifications with AID localization

Alterations in chromatin structure that are specific consequences of germ-line transcription
at /ghmay also play a role in promoting and/or stabilizing AID targeting. Using /n vitro
systems, AID can efficiently target DNA in nucleosomes undergoing transcription and there
is evidence that nucleosome stability and positioning can significantly influence AID
targeting (Kodgire et al., 2012; Shen et al., 2009). Looking more closely at particular aspects
of chromatin structure, multiple studies have correlated localized changes in histone
modifications with accessibility for antigen receptor gene recombination. Histone marks
including acetylation of H3 and H4 occur at the /g/ switch regions in B cells actively
undergoing CSR (Chowdhury et al., 2008; Daniel et al., 2010; Kuang et al., 2009; Li et al.,
2004; Nambu et al., 2003; Wang et al., 2006; Wang et al., 2009a) but the most clear and
direct link has come from the interaction between H3K4me3 and RAG1/2 during V(D)J
recombination. The transcription initiation-associated histone H3K4me3 mark (Ruthenburg
et al., 2007) can be directly recognized by a PHD domain in RAG2 and this interaction
appears to help target and stimulate RAG1/2 activity (Schatz and Swanson, 2011). Indeed,
decreases in H3K4me3 result in defective RAG1/2-mediated recombination (Matthews et
al., 2007).

Additional clues about the relation between histone marks and accessibility during CSR
come from comparison of histone modification profiles of resting and stimulated B cells.
The histone modifications and chromatin structure at Sy, for example, which are present in
resting B cells, are sufficient to target AID activity. This was shown by measuring AID-
induced mutations at Sp. in resting B cells from mice constitutively expressing AID in B cell
progenitors, when it is not normally present (Robbiani et al., 2009) (Figure 2). These data
are consistent with H3K4me3 and the transcription elongation-associated H3K36me3 mark
at Sp. being detectable and remaining unchanged after stimulation to undergo CSR (Balter et
al., 2012; Daniel et al., 2010; Dayal et al., 2011; Wang et al., 2009a). Furthermore, a study
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from mice lacking the Sp. tandem repeat sequences showed that a shift in H3K4me3 and H3
acetylation patterns correlated with accessibility to the switch regions and suggested that
chromatin accessibility is not strictly dependent on the underlying DNA sequence but may
instead be controlled by a combination of promoter location, the extent of RNA Pol Il
association, and histone modifications (Balter et al., 2012; Min et al., 2005).

In contrast to S, H3K4me3, H3K36me3, and RNA Pol 11 are found at the downstream /gh
switch regions only after B cell stimulation (Daniel et al., 2010; Wang et al., 2009a). In
activated B cells, these histone marks at the /g/ locus are independent of AID (Daniel et al.,
2010; Wang et al., 2009a), consistent with their association with transcription rather than
with DNA DSBs (Ruthenburg et al., 2007). One particular feature of H3K4me3 at Sp. and
the downstream switch regions is that the peak is localized from the promoter-proximal
initiator exon to the end of the switch region, although not accumulating as significantly as
RNA Pol Il (Daniel et al., 2010; Wang et al., 2009a). This is in contrast to the localization
pattern genome-wide studies have shown for H3K4me3, with the profile generally being
restricted to within 2kb of the TSS (Wang et al., 2009b). Indeed, the peak of H3K4me3 at
Igh-y3 is among the most broad of all H3K4me3 peaks in LPS-stimulated B cells
demarcating near 7kb of DNA (Daniel et al., 2010).

Analogous to the RAG2/H3K4me3 co-localization at many sites in the genome of
developing lymphocytes undergoing V(D)J recombination (Schatz and Swanson, 2011),
AID surprisingly also localizes at many sites in the genome of activated mature B cells, as
demonstrated by ChlP-Seq analyses (Yamane et al., 2011). In this report, AID was found to
associate with chromatin in the vicinity of nearly 6,000 genes, raising questions as to
whether AID has off-target activity or additional functions beyond antibody diversification.
Interestingly, histone acetylation and H3K4me marks were significantly enriched at sites of
AID localization, as was RNA Pol 11 and transcriptional activity (Pavri and Nussenzweig,
2011; Yamane et al., 2011). There is also evidence from other groups that SUV39H1-
mediated H3K9me3, which normally is associated with gene repression, may function in
AID targeting to the /g/ locus (Bradley et al., 2006; Chowdhury et al., 2008; Jeevan-Raj et
al., 2011; Kuang et al., 2009). Nevertheless, as demonstrated by the widespread AID-
induced DNA damage in mice lacking the chromatin-associated DDR factor 53BP1 (as
discussed later in the review) (Klein et al., 2011; Yamane et al., 2011), AID activity
correlates with an accessible chromatin configuration.

Chromatin modifying activities promoting accessibility for AID

One insight into how chromatin modifying activities may promote accessibility for AID
stems from the study of the PTIP protein (Pax transactivation domain-interacting protein),
which harbors six BRCT domains and is implicated in both gene expression and the DDR
(Daniel and Nussenzweig, 2012; Munoz and Rouse, 2009). The PTIP component of an
MLL-like H3K4 methyltransferase complex was shown to be critical for promoting
H3K4me3, histone acetylation, and germ-line transcription at /g/ switch regions, leading to
CSR of multiple isotypes (Daniel et al., 2010). Specifically, primary B cells from B
lymphocyte-specific PTIP conditional deletion mice displayed defects in 19G3, 1gG2b, and
IgG1 class-switching concomitant with loss of RNA Pol 1l association and initiating
transcripts at the 3, -y2b, and -y1 downstream switch regions, respectively (Daniel et al.,
2010). As PTIP stably associates with a subset of MLL-like complexes that contain the
MLL3/KMT2C and MLL4/KMT2B methyltransferases and display activity for histone
H3K4 (Munoz and Rouse, 2009), the study established that specific chromatin changes may
in fact control the accessibility of the /g/ locus for CSR (Daniel et al., 2010; Schwab et al.,
2011). Moreover, it was recently shown that PTIP also controls accessibility of the T cell
receptor a locus during V(D)J recombination (Callen et al., 2012). In both cases, it remains
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to be determined whether H3K4me3 precedes transcription or vice versa. Thus, the
clustered, highly repetitive, and tightly repressed gene segments within the /ghand Tcra
loci, which normally lack RNA Pol Il and H3K4me3, require PTIP to promote the needed
DSB targeting of the locus.

A different study using the CH12 B cell line provided genetic evidence using RNAi knock-
down that MLL-like methyltransferase activities are dispensable for /gh germ-line
transcription at the a switch region, but are required for H3K4me3, DSB formation, and
CSR at the Sa. (Begum et al., 2012; Stanlie et al., 2010). From this study, H3K4me3 was
proposed to serve as a mark for recruiting the recombinase machinery for CSR
independently of its function in transcription (Stanlie et al., 2010). Thus, further
investigation is needed to clarify the role(s) of H3K4me3 in CSR.

Processing of AID-induced DNA mutations and DSB formation

As a cytosine deaminase, multiple laboratories have established that AID acts on sSDNA
and has an activity about 8-fold higher for cytosine compared to 5-methylcytosine (5mC),
with no activity for 5-hydroxymethylcytosine (5hmC) (Di Noia and Neuberger, 2007;
Franchini et al., 2012; Nabel et al., 2012). As an epigenetic mark on DNA as opposed to
histones, 5mC accounts for about 4% of cytosine bases in the mammalian genome and
typically occurs as CpG dinucleotides that can stably silence expression of a gene (Law and
Jacobsen, 2010). A potential role for AID in DNA demethylation has been proposed
although the biological significance of this activity for B lymphocytes or other cell types
remains to be established (Fritz and Papavasiliou, 2010). Furthermore, it remains unclear
how methylated CpG motifs in genomic DNA might be sufficiently targeted by deaminases
that prefer sSDNA. The available data currently support a model in which AID deaminates
cytosine bases in DNA to generate uracil and deaminates 5mC at low levels to generate
thymine, both of which lead to dT/dA transitions from dC/dG (Figure 3).

Great progress has been made to understand the mechanisms explaining how AlD-mediated
cytosine deamination leads to SHM or CSR (Di Noia and Neuberger, 2007). Powerful
genetic evidence for the role of the base excision repair (BER) machinery in processing of
AID-induced DNA lesions stems from the identification of mutations in the gene encoding
uracil DNA glycosylase, UNG, from a subset of hyper-IgM syndrome patients (Imai et al.,
2003). Furthermore, genetic ablation of UNG in mice leads to the detection of uracil in the
DNA of immunoglobulin genes, a significant increase in transition mutations at dC/dG pairs
without affecting dA/dT pairs, and reduced SHM and CSR (Maul et al., 2011; Rada et al.,
2002). These data suggest that uracil excision at /g/+V and switch regions is inhibited by
UNG deficiency and that replication over increased dU/dG lesions leads to dT/dA mutations
(Figure 3). Mice and cells deficient in the Apel apurinic/apyrimidinic endonuclease of the
BER pathway have also been shown to display reduced CSR, suggesting that abasic sites on
opposite strands may cause single-strand breaks that, when sufficiently close, lead to DSBs
(Masani et al., 2013; Stavnezer et al., 2008). In addition, there is evidence from mouse
models deficient in MSH2, MSH6, MLH1, MLH3, PMS1, PMS2, or EXOL1 that the
mismatch repair (MMR) machinery also functions to promote CSR and dA/dT mutations
during SHM (Di Noia and Neuberger, 2007; Stavnezer et al., 2008).

Overlapping roles for the BER and MMR pathways in generating antibody diversity were
demonstrated by showing that a combined deficiency in both pathways, as shown by Ung-/
—Msh2-/- and Ung—/-Msh6—/- mice, leads to a complete ablation of CSR and a complete
loss of mutations at dA/dT during /g/+V SHM (Rada et al., 2004; Shen et al., 2006). The
mutation spectra observed in Ung—/-Msh2-/- B cells stimulated ex vivo established that
AID targets both strands of DNA subsequent to initiation of cytokine-directed germ-line
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transcription at switch regions (Xue et al., 2006). Moreover, while so-called R loop
secondary structures of G-rich sequences in the non-template strands of the switch repeats
may enhance CSR as proposed (Yu et al., 2003), they do not appear to be strictly required
for AID targeting since V gene segments mutated during SHM are not GC-rich nor were R
loops detected at this region in primary B cells (Pavri and Nussenzweig, 2011). These data
support the model in which AID-mediated dU/dG mismatches can cause strand-symmetric
mutations either by being replicated over during S phase (Figure 3) or by being substrates
for BER and MMR pathways. Abasic sites and stretches of sSDNA caused by EXO1-
mediated resection around the abasic site could be repaired by low fidelity trans-lesion
polymerases creating mutations at both dC/dG and dA/dT pairs leading to the observed
SHM spectra or cause staggered single-strand breaks within switch regions that lead to the
DSBs required for CSR (Stavnezer et al., 2008). DSBs at /g/ are dependent on AID and
generated during the G1 phase of the cell cycle, as demonstrated both by
immunocytochemistry-FISH analyses of y-H2AX or Nbs1 foci co-localizing with the /gh
locus in B cells actively undergoing CSR (Petersen et al., 2001). However, since AID is
expressed throughout the cell cycle and could presumably generate DNA damage in both G1
and S/G2, it remains unclear why the generation of AlD-dependent DSBs is restricted to the
G1 phase. Moreover, there is no clear evidence whether chromatin modifications are
involved in the processing of AlD-induced lesions; for example, neither H2AX nor 53BP1 is
required for SHM (Nussenzweig and Nussenzweig, 2010).

Repairing AID-induced DNA breaks in the context of chromatin

Once an AID-mediated break is generated during CSR, the joining of a DSB from one
switch region, for example Sy, to a DSB within a downstream switch region requires the
NHEJ pathway. How directional joining for productive CSR is imposed, instead of non-
physiological inversional rearrangements, remains an open question (Boboila et al., 2012; de
Villartay et al., 2003; Nussenzweig and Nussenzweig, 2010). Much of our understanding of
the NHEJ pathway stems from its function in V(D)J and class switch recombination. It is
now clear that the so-called “classical' NHEJ pathway (C-NHEJ) involving KU70, KU80,
DNAPKCcs, Artemis, XRCC4, and DNA Ligase 1V acts throughout the cell cycle and is
essential for completion of V(D)J recombination, as single knock-out mice for these factors
display complete blocks in early B and T lymphocyte development (Boboila et al., 2012).
This pathway also plays a significant role in CSR, although residual class-switching is
observed with genetic deficiency in any of the C-NHEJ factors (Boboila et al., 2012). These
and other observations have revealed the existence of “alternative' end-joining (A-EJ)
mechanisms (Boboila et al., 2012). While the C-NHEJ pathway typically joins two DSBs
together with minimal processing, joins formed in the absence of C-NHEJ usually display
short microhomologies that may have guided repair of a DSB after resection of the DNA
end by 5-25 nucleotides (Figure 4). Further elucidation of these A-EJ mechanisms clearly
warrants additional investigation, particularly since A-EJ has been implicated in the
formation of oncogenic translocations found in lymphoid cancer (Gostissa et al., 2011;
Zhang and Jasin, 2011). Unlike the error-prone NHEJ pathways, an error-free pathway for
DNA repair is homologous recombination (HR), which occurs only in the S/G2 phases of
the cell cycle when there exists a sister chromatid or homologous chromosome to use as a
template for repair.

Upon DSB formation, the DDR involves PTMs of many proteins to signal for the repair of
the DSB; thus far, these include phosphorylation, methylation, acetylation, ubiquitination,
sumoylation, and poly(ADP)-ribosylation (Ciccia and Elledge, 2010; Lukas et al., 2011;
Polo and Jackson, 2011). For example, the RNF8 and RNF168 ubiquitin ligases initiate a
cascade of ubiquitination at sites of DSBs that functions, at least in part, to accumulate
53BP1 and BRCAL to DNA breaks (Jackson and Durocher, 2013). In addition, while
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poly(ADP)-ribosylation catalyzed by poly(ADP)-ribosylation polymerases (PARPS)
functions in single-strand break repair, this PTM may facilitate DSB repair by
transcriptional silencing of the chromatin flanking the damaged sites (Lukas et al., 2011).
Protein modules that recognize PTMs can help to target a protein to sites of DNA damage.
For example, the BRCT and FHA domains found in several DNA repair proteins are
phospho-protein recognition domains (Polo and Jackson, 2011), while the Tudor domain is a
methyl-lysine recognition domain (Daniel et al., 2005).

To date, there are two well-established direct protein interactions important for DNA repair
during CSR that involve recognition of histone PTMs. The MDC1 protein contains a BRCT
domain that associates with the histone variant H2AX phosphorylated at S139 (y-H2AX)
and the tandem Tudor domains of 53BP1 recognize histone H4K20mel and me2 (Downs et
al., 2007). y-H2AX is a hallmark of DSBs, becoming phosphorylated seconds after IR or
laser-induced DNA damage (Bonner et al., 2008). As an integral nucleosomal component of
chromatin, y-H2AX functions as a haploinsufficient tumor suppressor, at least in part, by
promoting the accumulation of many DDR factors to sites of DNA damage (Bassing et al.,
2003; Celeste et al., 2003). Cells and mice lacking H2AX display general and /g/-associated
genomic instability and a mild defect in CSR (Celeste et al., 2002; Franco et al., 2006).
53BP1 also functions as a haploinsufficient tumor suppressor, whose disruption causes a
profound defect in CSR (Manis et al., 2004; Reina-San-Martin et al., 2007; Ward et al.,
2005; Ward et al., 2004), and strikingly rescues HR, PARP inhibitor sensitivity, and early
embryonic lethality of Brcal nullizygous cells and mice (Bouwman et al., 2010; Bunting et
al., 2012; Bunting et al., 2010; Cao et al., 2009). A Tudor domain point mutation that
disrupts H4K20 methyl-lysine recognition abrogates chromatin association of 53BP1 and
phenocopies complete 53BP1 deletion with respect to all phenotypes tested including CSR
(Bothmer et al., 2011). Accumulation of 53BP1 at sites of DNA damage is dependent on the
H2AX/MDC1/RNF8/RNF168-mediated ubiquitination pathway; nevertheless, these
upstream mediators only display mild defects in CSR (Jackson and Durocher, 2013). These
results suggest that the critical function of 53BP1 in CSR is mediated independently from its
IR-induced accumulation at DNA breaks; however, this interpretation may not be
straightforward since RNF8/RNF168 also mediate the recruitment of BRCA1, which can
potentially antagonize and oppose 53BP1.

Current data suggest that the functions of the y-H2AX/MDC1 and H4K20me/53BP1
interactions during CSR serve at least two similar purposes (Figure 4). As the deficiency of
either factor leads to recombination defects between different switch regions without a so-
called intra-switch recombination defect between the same switch region, one similar
function is to mediate long-range switch recombination of DSBs, which can be nearly
100kbp apart from each other (Bassing et al., 2003; Reina-San-Martin et al., 2007; Reina-
San-Martin et al., 2003). Interestingly, while 53BP1 is nearly essential for CSR under
normal AID-dependent conditions, only a subtle defect in CSR is observed in 53BP1-/- B
cells when DNA breaks at S and Sy1 are generated with gene-targeted knock-in loxp or I-
Scel restriction sites near both switch regions in the absence of AID (Bothmer et al., 2010).
This result is consistent with 53BP1—/- cells showing very little evidence of spontaneous
genomic instability outside of the /g/ locus (Difilippantonio et al., 2008; Franco et al., 2006;
Ward et al., 2004) and support the notion that 53BP1 function is not an inherent aspect of
repairing a DSB but is instead important for carrying out the CSR reaction with DNA breaks
incurred from AlID-induced damage. Thus, for productive CSR, long-range recombination
between two switch regions must be favored over intra-switch recombination; however, with
the exception of involving H2AX and 53BP1, the mechanistic basis remains largely
unanswered.
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Another function for the chromatin-associated -y-H2AX/MDCL1 and H4K20me/53BP1
interactions is to limit exonuclease-mediated DNA end resection of CSR-associated breaks,
which suppresses DNA repair both by homologous recombination and by alternative end-
joining pathways characterized by increased junctional microhomology and formation of
chromosomal translocations (Bothmer et al., 2010; Bunting et al., 2010; Gostissa et al.,
2011; Helmink et al., 2011). The suppression of DNA end resection by H2AX or 53BP1 has
been shown by comparing the number of resected nucleotides observed in CSR-associated
joins from mutant and control stimulated B cells, at both the endogenous /g/ locus and at an
integrated site-specific DNA break (Bothmer et al., 2010; Bunting et al., 2010). Consistent
with these data, G1 arrested developing lymphocytes from H2AX or 53BP1 deficient mice
have been shown to display increased exonucleolytic processing at V(D)J-associated DNA
breaks (Difilippantonio et al., 2008; Helmink et al., 2011). Moreover, inhibition of ATM or
CtlIP can partially rescue the resection and class-switching defects in H2AX or 53BP1
deficient cells, an activity that appears most apparent in G1 phase cells (Bothmer et al.,
2010; Bothmer et al., 2013; Helmink et al., 2011; Yamane et al., 2013). Even more
convincing is the dramatic association of the RPA ssDNA-binding protein observed by
ChlIP-Seq at /gh switch regions undergoing CSR in the absence of H2AX or 53BP1
(Bunting et al., 2012; Yamane et al., 2011; Yamane et al., 2013). While robust yH2AX
accumulation can be found at the /g/ locus in normal G1 phase B cells undergoing CSR
(Petersen et al., 2001), the majority of RPA is recruited to the /g/ locus in the S and G2/M
phases of the cell cycle (Yamane et al., 2013). Importantly, the extensive DNA end resection
observed in H2AX or 53BP1 deficient B cells is not a general phenomenon with all NHEJ
mutants, as KU70 deficiency shows only a subtle increase in RPA association at switch
regions (Bunting et al., 2012). Thus, unrepaired CSR-associated DSBs in H2AX-/- or
53BP1-/- B cells persist into S phase and their increased exonucleolytic processing appears
to contribute, at least to some extent, to the CSR defect. As resection progresses, DSBs may
then be repaired by A-EJ for a non-productive intra-switch recombination (also called an
internal switch deletion) or by HR from an undamaged homologous template to try CSR in
the subsequent G1 phase (Figure 4).

Even though both H2AX or 53BP1 deficiencies show evidence of increased DNA end
resection, only 53BP1 deletion can rescue the PARP inhibitor sensitivity observed with
Brcal deficiency (Bothmer et al., 2011). One recent clue as to why deletion of 53BP1, but
not H2AX, rescues Brcal deficiency and displays a much more severe CSR phenotype
comes from the finding that phosphorylation of 53BP1 is critical for CSR and blocking
resection (Bothmer et al., 2011; Di Virgilio et al., 2013). Phosphorylated 53BP1 stabilizes
RIF1 to DSBs, which appears to help ensure that NHEJ predominates over HR (Chapman et
al., 2013; Di Virgilio et al., 2013; Escribano-Diaz et al., 2013; Zimmermann et al., 2013).
Even so, it still remains largely a mystery why 53BP1 is so important for CSR, when its
deficiency only shows a subtle defect in the repair of IR-induced DNA breaks. Knowledge
gained from a better understanding of 53BP1 and H2AX in CSR will provide additional
insight to their general functions as chromatin-binding factors that maintain genome
stability.

A factor that directly interacts with both y-H2AX and phosphorylated 53BP1 is the 6 BRCT
domain-containing PTIP protein (Munoz and Rouse, 2009; Williams et al., 2010; Yan et al.,
2011). One of its tandem BRCT domains (BRCT5/6) interacts directly with y-H2AX (Yan
et al., 2011), while the folding of both BRCT3/4 and BRCT5/6 tandom BRCT domains
appear to direct interaction with phosphorylated 53BP1 (Gong et al., 2009; Manke et al.,
2003; Munoz et al., 2007). IR-induced foci formation of PTIP is dependent on the y-H2AX/
MDC1/RNF8 pathway and is completely abrogated by a single point mutation in BRCT3 of
PTIP (Daniel et al., 2010; Gong et al., 2009; Munoz et al., 2007). In stimulated B cells, PTIP
accumulation at DSBs was found to contribute to CSR and genome stability independently
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of its aforementioned role in promoting /g/ germ-line transcription at switch regions (Daniel
et al., 2010). As such, PTIP is a rare example of a protein that functions both in the
transcription and DSB repair phase of a single recombination event (Callen et al., 2012;
Daniel et al., 2010). While interaction with -y-H2AX may stabilize PTIP to DNA breaks
under conditions still to be determined, RNF8-mediated ubiquitin conjugates appear to
amplify 53BP1 which, together with other phosphorylated proteins, accumulate PTIP to sites
of DNA damage (Gong et al., 2009; Munoz et al., 2007). As the radiosensitivity phenotype
of PTIP-deficient cells is mild, additional elucidation of its potential functions in
maintaining genome stability and the significance of its direct interactions with y-H2AX
and phosphorylated 53BP1 warrant further investigation.

Widespread AlD-induced breaks and tumorigenesis

Uncontrolled AID activity has been shown to cause genomic instability and tumorigenesis
with studies employing genetic disruption or over-expression of AID (Muramatsu et al.,
2007; Robbiani and Nussenzweig, 2012). Increased AID expression also correlates with
higher levels of autoantibodies in several mouse models of lupus and rheumatoid arthritis
(Xu et al., 2012). The data support a model in which B cells incurring AID-induced
formation of oncogenic chromosomal translocations do not normally survive unless a DNA
damage checkpoint pathway that normally eliminates cells with unrepaired DSBs and
oncogenic translocations is impaired (Nussenzweig and Nussenzweig, 2010). Consistent
with this model, the genomic instability in H2AX-/— mice does not lead to cancer unless a
copy of the p53 apoptotic checkpoint tumor suppressor is disrupted (Bassing et al., 2003;
Celeste et al., 2003). Similarly, survival of 53BP1—/- mice is greatly compromised upon
p53 deficiency (Nussenzweig and Nussenzweig, 2010). Outside of these H2AX and 53BP1
studies, strong evidence for how chromatin structure or regulators thereof may affect the
formation of chromosomal translocations is lacking.

Recent work has explored the extent and nature of AID-induced mutations and DSBs at
genes outside of the /g/ locus. Genetic experiments with knock-in mice have demonstrated
that AID is required for the DSB at ¢c-mycthat leads to the c-myc/Igh chromosomal
translocation found in Burkitt's lymphoma (Robbiani and Nussenzweig, 2012). In addition
to MYC, many other genes have been found to be mutated by AID from analysis of genomic
DNA sequences from Ung—/—Msh2-/- B cells (Liu et al., 2008; Pavri and Nussenzweig,
2011; Robbiani and Nussenzweig, 2012; Yamane et al., 2011). Deep sequencing analyses of
AID localization in stimulated B cells have also provided unmatched views of AID-induced
DNA damage at non-/gh loci (Yamane et al., 2011). It has proposed that off-target AID sites
are repaired by HR (Hasham et al., 2010); however, significant association of RPA and
RAD51, as markers of HR-mediated repair, were only found at the /g/ switch regions
undergoing class-switching and not other loci, suggesting that AID recruitment is not
sufficient for AID-induced DSB resection (Yamane et al., 2011; Yamane et al., 2013). Thus,
while AID promotes somatic hypermutation at many genes (Liu et al., 2008; Muramatsu et
al., 2007; Robbiani et al., 2009; Yamane et al., 2011), AID-induced DSBs do not appear to
occur frequently or to load significant levels of RPA (Petersen et al., 2001; Yamane et al.,
2011). Low levels of AID-induced DNA damage at non-/g/ loci have been proposed to be
protected from mutations and genomic instability by high fidelity error-free repair
mechanisms (Liu et al., 2008; Yamane et al., 2011) and additional investigation is needed to
understand how error-prone and error-free DNA repair pathways are targeted to /g/and
non-/gh loci, respectively.

While AID-induced DSBs at non-/g/ loci do not appear to occur frequently in normal
dividing B cells, widespread DSBs caused by AlD-induced DNA damage have recently
been visualized with certain genetic manipulations. By increasing the mutation load with
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AID over-expression and increasing DNA end resection with 53BP1 deficiency, AID-
induced DNA damage was observed in AIDtg53BP1-/- mice using RPA or RAD51 ChlP-
Seq at about 150 genes (Hakim et al., 2012; Yamane et al., 2013). Using deep sequencing
technologies, approaches to isolate junctions between a chromosomal DSB introduced at a
fixed site and other sequences in primary B cells have revealed that DSBs translocate widely
across the B cell genome and prefer to be resolved to a break on the same chromosome.
Moreover, translocations were preferentially targeted to transcribed regions, most
significantly at 2kb around TSSs (Chiarle et al., 2011; Klein et al., 2011; Zhang et al., 2012),
demonstrating that the chromatin environment and/or transcriptional activity are key factors
influencing the ability of two DSBs to translocate. Even though AlID-dependent SHM at the
immunoglobulin variable regions has not been previously detected from B cells stimulated
ex vivo (Liu and Schatz, 2009), likely from the result of error-free repair activity (Liu et al.,
2008), the sensitivity of translocation sequencing methods has revealed translocation
partners fused to the /g/ variable region, although their dependency on AID was not
investigated (Klein et al., 2011). These sequencing experiments also revealed the surprising
identification of translocations, albeit at low levels, at Sp. and Sy1 in AID—/- B cells,
indicating that DSBs at /g/ can occur at a low frequency in the absence of AID (Chiarle et
al., 2011). Among the translocation “hotspots' to the /g/ locus, the number of translocations
per hotspot was directly proportional to the amount of chromatin-associated RPA or RAD51
at these regions (Hakim et al., 2012; Yamane et al., 2013). These results not only suggest
that /gh translocates to many sites in the genome that incur DSBs but also that, in addition to
proximity, frequent DSBs drive recurrent translocations. All together, the data provide
indisputable evidence that AlD-induced mutation can lead to widespread DSBs and
formation of chromosomal translocations and begin to address how the chromatin
environment impacts aberrant resolution of DNA breaks.

Other implications for chromatin in AID-independent replication stress

CSR-associated DNA breaks are normally resolved in the G1 phase of the cell cycle, but can
persist into the S and G2/M phases and be visualized cytogenetically in metaphase spreads
upon disruption of one of a number of DDR or C-NHEJ factors (Boboila et al., 2012;
Nussenzweig and Nussenzweig, 2010). A recent study visualized the persistence of the
CSR-associated breaks in each cell cycle phase by employing ChlP-Seq of y-H2AX and
RPA from stimulated B cells sorted based on their DNA content (Yamane et al., 2013). The
persistence of AID-mediated DNA breaks into S phase allows the possibility of these breaks
to aberrantly join with DSBs generated as a result of replication stress. Indeed, many
recurrent mutations in B cell lymphoma are not associated with AID activity (Robbiani and
Nussenzweig, 2012; Rui et al., 2011); however, genes that are large and highly transcribed
are thought to cause problems for the replication machinery and be a source of DSBs that
must be properly cared for to suppress tumorigenesis (Helmrich et al., 2011; Prado and
Aguilera, 2005). Using an unbiased approach to discover sites of recurrent DNA lesions
during early replication through analyses of y-H2AX, RPA, BRCA1, and SMC5 ChIP-Seq
localization data, a new class of early replication fragile sites (ERFS) was recently identified
in stimulated B cells (Barlow et al., 2013). ERFS break spontaneously at a low frequency,
but are acutely induced upon treatment with hydroxyurea, ATR inhibition, or in response to
oncogenic stress (Barlow et al., 2013). While common fragile sites are characterized by
being late replicating and within a condensed chromatin structure marked by histone
hypoacetylation (Ozeri-Galai et al., 2012), ERFS replicate early, show hallmarks of open
chromatin structure, and are gene-rich (Barlow et al., 2013). Although ERFS breakage is
AID-independent, some of the regions that are sensitive to replication stress encompass
hotspots for AlD-induced damage. Cytogenetic examination of metaphase spreads from
stimulated AIDtg53BP1-/- B cells, which allow /g/ breaks generated in G1 to persist into S
phase, led to the identification of a chromosomal translocation between /g and an ERFS in
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primary cells (Barlow et al., 2013). Importantly, greater than 50% of common
amplifications/deletions observed in human diffuse large B cell lymphoma map to ERFS
(Barlow et al., 2013), suggesting that ERFS may be a significant source of genomic
instability that act together with AID-induced DNA damage to promote lymphomagenesis.

One ERFS identified using this approach was Bcl-2 (Barlow et al., 2013), an apoptotic
regulator located within the so-called major breakpoint region (Mbr) that contains clusters of
CpG dinucleotides, adopts a single-stranded non-B-DNA structure, and is translocated to /gh
in 70-95% of follicular lymphomas and in 20-30% of diffuse large B cell lymphomas
(Raghavan et al., 2004; Tomita, 2011). The observation that CpG dinucleotides can be found
within 40-70% of breakpoints at chromosomal translocations in immature human B cell
lymphomas recently led to a proposal that DSBs at Bcl-2 and other genes may arise from
sequential action of AID and the structure specific nicking activity of the RAG1/2 complex
during early B lymphocyte development (Tsai et al., 2008). Similar to Bcl-2, other ERFS are
also enriched for CpG dinucleotides (Barlow et al., 2013). As such, it is possible that
replication stress further stabilizes the single stranded conformation of the Bcl-2 Mbr (Tsai
et al., 2008), which may subsequently be more prone to slippage and collapse during DNA
replication.

Thus, AID-induced DNA damage and replication stress can both lead to widespread DSBs
that, if not repaired by the NHEJ or HR pathways, can become partners for chromosomal
translocations. While chromosomal translocations occur regularly in primary dividing cells,
only upon deregulation of cell growth or survival will the translocation lead to
tumorigenesis. It is clear that highly transcribed genes displaying H3K4me3, H3ac, and
H3K36me3 are prone to breakage and forming translocations (Barlow et al., 2013; Klein et
al., 2011), but whether or not the histone marks directly aid in DSB formation or aberrant
repair remains unclear. Thus, future work will determine the mechanisms for how chromatin
regulates the repair of AID-induced and replication-induced DNA damage.

Concluding remarks

Chromatin biology touches on all facets of developmental and disease biology and the DNA
repair field is no exception. The ever-increasing number of proteins implicated in the DNA
damage response continues to call for detailed genetic studies to clearly determine which
proteins and PTMs are physiologically relevant and which may potentially be targeted for
therapeutics. With respect to accessibility for AID, whether a specific chromatin-mediated
activity is required for this DNA rearrangement event remains to be clarified. Moreover,
whether or not germ-line transcripts are the cause or the effect of chromatin changes at
antigen receptor loci remains unclear. With respect to recombination and repair of /g/-
associated DNA breaks, it is clear that histone H2AX and methyl-lysine recognition by
53BP1 play critical roles within the context of chromatin; however, we have only scratched
the surface with much still to be learned. For example, we understand next to nothing about
the roles of so many of the other myriad histone PTMs (Tan et al., 2011). Since multiple
genes encode most histones, generating useful mammalian models with a single amino acid
point mutation in a histone has not been feasible. Instead, we have the technological means
now to explore this exciting avenue of research with detailed mechanistic studies in
physiologically relevant model systems using deep sequencing and proteomics, which
promise to reveal new insight. Along the way, we will also find out whether AID has
additional functions beyond antibody diversification.
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Figure 1. Thetranscription, DNA damage, and DNA repair phases of CSR

(A) Organization of the /g/locus in mice, including the antigen recognition V/(D)J gene
segment in black, the switch (S) regions in blue, the constant (C) region exon segments in
green, and the enhancers in orange. The p, §, y3, 1, y2b, y2a, e and a isotypes
correspond to immunoglobulins M, D, G3, G1, G2b, G2a, E, and A. (B) In resting B cells,
transcription initiating upstream of the V(D)J gene segment leads to a full-length /gh
transcript and initiates from 5'Ei to generate the i germ-line noncoding sterile switch
transcript. However, transcription is completely absent from the downstream cluster of
switch regions and constant gene segments. Upon B cell activation during an immune
response (or by LPS stimulation in cell culture), germ-line transcription initiates from a
switch promoter region. Accessibility of AID to transcribed switch region chromatin targets
AID activity to /gh, leading to DSB formation. Synapsis of the two broken switch regions
and their repair, mediated by the DNA damage response and NHEJ machineries, promote
efficient CSR (to 1gG3 in this example) and suppress genomic instability.
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Figure 2. Transcription-linked histone PTMsand PTIP promote accessibility for AID targeting
PTMs of active chromatin are found at the . region of /g/1in resting B cells and help to
establish a chromatin environment that is permissive for AlID targeting. Upon B cell
activation, transcription-linked histone PTMs become detectable at downstream switch
regions that have been induced to undergo CSR. These inducible histone PTMs at
downstream switch regions are dependent on PTIP, at least at the y3, y1, and -y2ab regions.
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Figure 3. M utagenic consequences of Al D-mediated deamination of cytosine and 5mC if not
excised during subsequent cell cycles
AID catalyzes the deamination of cytosine nearly 10-fold higher than 5mC. Deamination
events catalyzed by AID would normally be recognized and excised by the BER and/or
MMR machinery, and either repaired in an error-free manner, repaired in an error-prone
manner with translesion polymerases, or left unrepaired as a single-strand break. Base pairs
shaded in pink are mispaired and would be recognized by repair machineries. Shaded in
green to the right are the consequences of an initial DNA lesion that failed to be excised and

was transmitted to daughter cells. Note that the consequences are nearly identical.
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Figure4. The yH2AX/MDC1 and H4K 20me/53BP1 inter actions suppress DNA end resection
and promoterepair of CSR-associated breaks by NHEJ

Under normal conditions, these chromatin-mediated interactions facilitate synapsis and
repair of two different broken switch regions. These CSR joins mediated by the C-NHEJ
pathway show little evidence of resected DSB ends and constitute the majority of successful
CSR. In the absence of C-NHEJ, A-EJ mediates some level of CSR but also mediates
aberrant joining in the form of chromosomal translocations. In the absence of either H2AX
or 53BP1, extensive resection occurs on unrepaired DSBs, thereby inhibiting NHEJ
pathways, and ultimately leading to repair of the DSB by HR without class-switching.
Orange arrows indicate 5' to 3' DNA end resection of a DSB incurred within an /gh switch

region.
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