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Abstract Activation-induced deaminase (AID) initiates the secondary antibody diversification process in B
lymphocytes. In mammalian B cells, this process includes somatic hypermutation (SHM) and class switch
recombination (CSR), both of which require AID. AID induces U:G mismatch lesions in DNA that are
subsequently converted into point mutations or DNA double stranded breaks during SHM/CSR. In a physiological
context, AID targets immunoglobulin (/g) loci to mediate SHM/CSR. However, recent studies reveal genome-wide
access of AID to numerous non-Ig loci. Thus, AID poses a threat to the genome of B cells if AID-initiated DNA
lesions cannot be properly repaired. In this review, we focus on the molecular mechanisms that regulate the

specificity of AID targeting and the repair pathways responsible for processing AID-initiated DNA lesions.

Keywords class switch recombination; somatic hypermutation; activation-induced deaminase; DNA repair; genomic
instability
Introduction recently reviewed the progress in the AID field, focusing on

In mammalian B cells, immunoglobulin (Ig) genes undergo
two DNA alteration events, somatic hypermutation (SHM)
and class switch recombination (CSR), to enhance antibody
diversity [1-3]. SHM and CSR each require the activation-
induced deaminase (AID) [4]. AID deaminates cytosine (C)
in DNA and converts it into uracil (U), resulting in U:G
mismatch lesions [5]. These AID-initiated DNA lesions are
subsequently converted into point mutations during SHM or
into DNA double-stranded breaks (DSBs) during CSR [6-8].
AID has also been implicated in generating chromosomal
translocations of both Ig and non-Ig loci in leukemia and
lymphoma [3,9-11].

Although AID has the ability to deaminate any transcribed
substrate in vifro and could potentially access the genome
widely to induce genomic instability in B cells, its
physiological targets during SHM and CSR are almost
exclusively restricted to variable (V) or switch (S) regions of
Ig loci. A major unresolved question is how AID-mediated
DNA alterations are specifically targeted to Ig loci, yet refrain
from causing genome-wide damages in B lymphocytes. We
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the specificity of AID targeting and its role in genomic
instability [3]. In this review, we discuss how AID-initiated
lesions are generated and repaired.

Somatic hypermutation and class switch
recombination in B lymphocytes

We encounter millions of different antigens daily, including
infectious pathogens, which are constantly recognized by our
antibody molecules. This tremendous diversity of antibody
molecules is first achieved during B cell development via
V(D)J recombination [12]. Although V(D)J recombination
generates an almost infinite primary repertoire of antibodies, a
secondary diversification process in mature B cells is still
essential for generating antigen-specific high-affinity
switched antibodies [2]. In mammalian B cells, this secondary
diversification process includes SHM and CSR (Fig. 1).
During SHM, point mutations are introduced into V region
exons and immediate downstream intronic J regions, thereby
enhancing DNA sequence diversity and allowing selection of
B cell clones with higher affinity for antigen [5]. During CSR,
the constant regions of the /gh locus are switched and B cells
acquire different effector functions. Newly generated naive B
cells initially express IgM encoded by Cp exons. Upon CSR,
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the assembled V(D)J exon maintains its antigen-specificity
but is juxtaposed next to one of the sets of downstream Cy
exons (referred to as Cy genes) to produce different classes of
antibodies (e.g., IgG, IgE, or IgA), which are encoded by
different Cy genes (e.g., Cy, Cg, and Ca) [7] (Fig. 1). CSRis a
specific DNA recombination process that occurs between
highly repetitive and evolutionarily conserved sequences
termed switch (S) regions [13]. S regions are located at 5’ of
each set of Cy exons except Cd [13] and undergo AID-
mediated DSB generation [14]. The broken upstream donor
Su and downstream acceptor S regions are rejoined via non-
homologous end-joining (NHEJ), while the intervening DNA
sequence is excised as a circle (Fig. 1) [15]. CSR does not
affect antigen specificity of antibody molecules since V
region exons are not altered during CSR, but it generates
different classes of antibodies that interact with different
effector molecules [3].

T cell-dependent antigens induce B cells to form
specialized structures termed germinal centers (GCs) [16].
In GC B cells, robust SHM targets the assembled V region
exons of the Igh and Ig/ loci and S regions of the /gh locus
[17,18]. CSR can be induced by T cell-dependent and
independent antigens in vivo, and thus can occur in both GC
and extra-follicular B cells [19]. In addition, different
combinations of activators and cytokines such as anti-CD40
or bacterial lipopolysaccharide (LPS) and IL-4 can induce
CSR in B cells in vitro by enabling the accessibility of a given
S region for recombination [7,20]. Moreover, the S regions in
the cytokine-activated B cells can also harbor a relatively high
level of point mutations [21,22]. Since B cells activated with
different stimuli undergo distinct differentiation pathways

and display unique gene expression signatures [23], it is likely
that the process that generates AID-mediated point mutations
or DSBs is differentially regulated in distinct B cell
subpopulations.

AlD-initiated DNA lesions and their
processing repair pathways

When AID was originally discovered, it was proposed to
function as an RNA editing enzyme [4]. Although it remains
likely that AID might target cellular or viral RNAs to mediate
deamination [24], convincing genetic and biochemical
evidence has shown that AID functions as a DNA deaminase
during SHM/CSR to convert cytosine (C) to uracil (U) [25],
thus creating U:G mismatch lesions in DNA (Fig. 2).
Furthermore, AID only acts on single-stranded (ss) DNA
and cannot access double-stranded (ds) DNA [26-32].
During SHM, it has been proposed that ssDNA is probably
generated during transcription in the form of transcription
bubbles [27]. During CSR, ssDNA might be generated via a
special structure called an “R-loop” [33,34]. R-loops are
nucleic acid structures in which an RNA strand forms a RNA:
DNA hybrid molecule by displacing one strand of DNA in an
duplex DNA molecule for a limited length. The formation of
R-loop structures is observed at sequences that generate a G-
rich transcript such as prokaryotic origins of replication [35]
or mitochondrial origins of replication [36]. Mammalian S
regions are unusually G-rich on the non-template strand
[7,20], thereby producing G-rich RNA transcripts that can
stably associate with the template strand of the DNA to form
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Fig. 1 SHM and CSR at the /gh locus. The genomic configuration of rearranged mouse /gh locus is shown. AID introduces point mutations into
variable (V) region exon during SHM. During CSR, AID induces DNA double strand breaks (DSBs) to donor Sp and a downstream acceptor S region,
with Syl as an example. Broken S regions are rejoined via NHEJ pathway while intervening DNA is excised as a circle. Transcription is required for
both SHM/CSR with promoters delineated for both V and S regions. Upon CSR, originally expressed Cp exons are replaced by Cyl exons so that
naive IgM ™ B cells switch to antigen experienced IgG1™ B cells. Vertical arrows: point mutations.
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Fig. 2 Processing of AlD-initiated DNA lesions. AID deaminates C
residue and converts it into Uracil (U). AlD-initiated U:G mismatch can
be processed via several different pathways. (1) General replication
machinery can interpret U as T and pair it with A during subsequent
replication. This pathway leads to typical C—T or G—A transition
mutations at C:G base pair. (2) U:G mismatches can be recognized by
UNG, together with error-prone repair, leading to transition or
transversion mutations at C:G base pair. (3) MMR recognition of U:G
mismatches and error-prone repair result in mutations at A:T base pair.
(4) After MMR or UNG recognition, error-free repair can also correct the
U:G mismatch lesions and result in the absence of mutations.

R loops, in which the non-template DNA strand is displaced
and exists as ssDNA [14,33,34]. It has been proposed that
evolutionarily conserved mammalian S regions are prone to
form ssDNA and thus serve as the main targets of AID [7].
AlD-initiated U:G mismatches can be resolved through
several competing pathways (Fig. 2) [5,37-42]: (1) The
general replication machinery can interpret the U as if it were
a thymine (T). One of the daughter cells will acquire a C—T
transition mutation; (2) Uracil glycosylase (UNG) can
remove the U, leaving behind an abasic site. Error-prone
polymerases such as Revl can incorporate any nucleotide in
place of the U, leading to transitions or transversions at C:G
base pairs; (3) MSH2/MSH6 (mutS homolog 2/6), compo-
nents of the mismatch repair (MMR) pathway, can recognize
the U:G mismatch. The U-bearing strand is excised and, at
loci that undergo SHM, error-prone polymerases are recruited
to fill the gap, leading to transition or transversion mutations
at A:T base pairs. Thus, the mutations in the V region are not
directly the result of AID deamination, but rather depend on
the UNG and MMR recognition and processing of the AID-
induced mismatches; (4) After MMR or UNG recognition,
error-free repair could also correct the U:G mismatched DNA
lesions. In the absence of MSH2 and UNG, AID-initiated
U:G mismatches cannot be recognized by either pathway and

are converted to C—T or G— A mutations during replication.
Thus, in MSH2 7 UNG”’ ~ mice, almost all the mutations are
either C—T or G—A transitions that represent the footprint of
AID deamination [39,43].

It is not completely understood how the recognition of
AlD-initiated U:G mismatches results in DSBs. Uracils can
be removed by UNG, which generates abasic sites, and it is
presumed that apurinic/apyrimidinic (AP) endonucleases 1
and 2 (APE1 and APE2) create nicks on the DNA strands at
these abasic sites [5,8,20]. Data from konckout or knockdown
studies have been controversial since it is difficult to directly
assess APE1’s role in CSR [44—46]. This is because APEl
deletion leads to embryonic lethality in mice [47,48].
Recently, it was reported that deletion of the Apel gene in a
mouse B cell line (CH12F3) did not affect cell viability or
growth, yet it dramatically decreased the level of CSR,
thereby proving an essential role for APE1 in DSB generation
and CSR [49]. In addition, it was shown that deletion of Ape2
had no effect on CSR in either APE1-proficient or-deficient
cells [49]. U:G mismatches can also be recognized by the
MMR pathway [5]. MLHI1 is a component of the MMR
pathway with ATPase activity [6]. A recent study showed that
MLH1 may function to regulate whether a U:G mismatch
progresses toward point mutations or DSBs [50]. Mice
deficient in ATPase activity of MLHI show a significant
reduction in CSR, which is mainly caused by decreased DSB
generation; in contrast, these mice have a normal level of
SHM [50]. Therefore, these data demonstrate a specific role
of the ATPase domain of MLH1 in CSR, thereby distinguish-
ing it from other members of the MMR pathway such as
MSh2, in that MLH1’s ATPase activity influences the
processing manner of AlD-initiated lesions and promotes
the generation of DSBs.

The role of target DNA sequences in
regulating AID targeting specificity and
efficiency

A central unresolved question in SHM is how AID
specifically targets to the V region exons of /gh and Ig/
loci. Although AID indeed targets a group of non-Ig genes
during SHM, the mutation frequency of these genes is several
orders of magnitudes lower than that of V regions [5,51-58].
The specificity and efficiency of AID targeting to the V region
may be regulated at multiple levels [8,59], including but not
limited to regulation by specific sequence motifs, cis
regulatory elements, histone modification pattern, and AID-
cofactors. Correlative studies have long suggested that certain
hotspot motifs such as RGYW or AGCT may influence
mutation frequency [5,60,61]. However, it remains unclear
whether and how target DNA sequences regulate mutation
frequency. Prior studies using artificial substrates driven by an
Ig specific promoter and enhancer suggested that nucleotide
sequence context might influence mutation frequency [62—
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64], whereas others showed that sequences might not play an
important role in targeting mutations to V regions since
several tested non-Ig genes mutated at a similar frequency to
the V region exon [65]. However, due to technical limitations
of the transgenic approach employed [66], these studies were,
to some extent, inconclusive and left the role of nucleotide
sequence in SHM unresolved.

Our recent studies attempted to address these fundamental
questions by establishing a knock-in model via a gene-
targeting approach to introduce a core Syl region into the first
intron of Bcl6 [67]. We found that, consistent with previous
analysis of a similar region [68], the mouse Bcl6 first intron
region mutated at a frequency of approximately 2 x 107*
[67]. More importantly, the mutation frequency of the
inserted Syl region was found to be 10-fold higher than
that of the adjacent endogenous Bc/6 sequence [67]. Thus, our
studies demonstrate that S region sequence per se, indepen-
dent of Igh cis regulatory elements, enhances AID targeting
efficiency [67]. We conclude that nucleotide sequence of a
gene locus itself directly influences its mutability. Mechan-
istically, we showed that the enhanced recruitment of RNA
polymerase II (RNAPII) and AID might explain the observed
mutational phenotypes of the inserted S region [67]. More
interestingly, we found that the higher level of RNAPII
accumulation is not only closely correlated with the inserted
Syl region but also detected at both the 5" and 3’ ends of this
region [67]. This would suggest a higher density of RNAPII
across the entire knock-in S region, which appears to be
highly consistent with the previous findings regarding the
endogenous S region in the Igh locus [69]. We propose that
RNAPII pausing at S regions likely facilitates the reposition-
ing of repressive nucleosomes to create a permissive
chromatin architecture that allows AID to access target
DNA sequences [67]. Consistent with our hypothesis, the
occupancies of RNAPII, Spt5, and RPA were enriched at the
Igh locus in cytokine-activated B cells [70]; this was not only
detected in the S regions but also in some of the C regions
such as Cp [70]. Thus, we propose that these AID cofactors
including RNAPII, Spt5, and RPA are more likely to act as
“accessibility factors” that facilitate the establishment of a
permissive chromatin architecture for AID’s access to the Igh
locus [67]. It remains to be addressed whether these factors
are actively bringing AID to the Igh locus. It is possible that
there are unidentified AID targeting factors that might act
more specifically at /g loci since these “accessibility factors”
are prevalently involved in the transcriptional control of many
other loci. Our hypothesis is also in line with involvement of
the histone chaperone “facilitates chromatin transcription”
(FACT) complex [71] and distinct chromatin modifications in
CSR [69,71-73]. Overall, these studies reveal a complex
picture of chromatin modification patterns in the Igh locus
during CSR, with active or repressive histone marks
associated with S or Cy regions [69,71-73]. Thus, we
propose that a specific combination of histone modifications

may be responsible for the observed mutational phenotypes in
the inserted Syl region [67].

Taken together, we propose that nucleotide sequences, as
the targets of AID, function actively to determine their own
mutability, possibly by forming higher-order structures,
recruiting sequence-specific co-factors, altering chromatin
context, and/or regulating the transcriptional process. In
addition, the nucleotide sequence preference may serve as an
additional layer of AID regulation by restricting its mutagenic
activity to specific sequences such as evolutionarily con-
served S regions. This regulatory mechanism may ensure that
AID deamination frequency remains relatively low at most
loci in the genome, below the threshold of repair capacity, so
that these AID-initiated lesions can be efficiently repaired,
thereby protecting the integrity of the B cell genome. Such a
notion is also consistent with the observation that although
AID is recruited to 5910 target genes in in vitro activated B
cells [74], most of these loci would not display mutations in
the presence of a normal repair mechanism.

Cis regulatory elements in SHM targeting

Cis-acting elements of Ig loci have been investigated
extensively for their effects in SHM [52,75-78]. The
transcription of the assembled V region is absolutely required
for SHM since deletion of V region promoter abolishes SHM
[79]. However, the V region promoter could be replaced by a
RNA Pol I dependent promoter, which supported about 60%
of the mutation level induced by the endogenous RNA Pol 11
promoter [79]. These studies imply that transcription driven
by any promoter might support SHM. This notion is
consistent with later studies suggesting that the level of
transcription is not necessarily correlated with the level of
mutations [80,81]. It has been long proposed that the mutator
enzyme (now known as AID) may associate with RNAP II to
mediate SHM [82]. However, it remains unclear which
aspects of transcription regulate SHM and through what
mechanisms. A recent study knocked-in a transcription
terminator into an /g gene V region in the DT40 chicken B
cell line [83]. The knock-in human B-globin terminator
reduced mutations downstream of the poly(A) signal, which
was accompanied by efficient inhibition of downstream
transcription [83]. These data suggest that target DNA
sequences gain better access to AID when RNAP II is in
the elongating rather than terminating mode [83]. Transcrip-
tion may also guide AID in targeting SHM to Ig genes via
regulating histone-exchanging dynamics at these loci [84].
Previously, the FACT complex was shown to be required for a
normal level of CSR [71]. In a more recent study, the FACT
complex was found to promote SHM [84]. In addition, the
most abundant deposition of FACT and H3.3 have been
identified at the assembled V region, the 5’ flanking sequence
of the Sp region, and the light chain Jk5 segment region of the
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Ig loci [84], which are the most efficient targets of SHM.
Therefore, these data suggest an important role for transcrip-
tion in regulating chromatin dynamics in SHM.

Deletion of the Igh Ep intronic enhancer and a portion of
the 3’ Igh regulatory region showed that these elements are
not required for SHM [52,78,85]. However, recent studies
showed that deletion of the 30 kb region encompassing the
entire 3’ Igh regulatory region almost completely abrogated
SHM [86]. Thus, this study clarified a long-standing
controversy over the role of cis elements in targeting SHM
[59]. Furthermore, novel cis-acting elements were identified
in the Ig/ locus of the DT40 chicken B cell line that directly
regulate AID-mediated sequence diversification [87-90]. In
addition, it was shown that the E box motif CAGGTG in the
context of /g enhancers were sufficient and essential to target
mutations to a nearby transcribed gene in transgenic DT40
cell lines [91]. In this regard, it has been reported that the
context sequences of E box motifs play a more important role
in targeting SHM [87]. Overall, these studies highlight an
important role of cis regulatory elements in AID targeting to
Ig loci [77]. Our recent studies also suggest that such elements
might also be important contributors to mutability of other
preferred non-Ig targets of AID, such as Bcl6 [67].

Locus-dependent repair of AlD-initiated
DNA lesions

AID initiates U:G mismatches in DNA, which are converted
into point mutations in the V regions and DSBs in the S
regions of /g loci [5]. In addition, AID can target non-Ig gene
loci to mediate point mutations or DSBs [92]. These AID-
initiated lesions must be processed appropriately to prevent
them from causing genome-wide damage. Prior studies
proposed a differential DNA repair mechanism that protects
non-Ig loci from an excessive amount of mutations [53]. For
example, the mutation frequency of the c-myc locus is much
higher in MSH2 UNG " or UNG '~ Peyer’s patch (PP) GC
B cells than in wildtype (wt) controls [53]. These data suggest
that AID-initiated lesions at certain non-Ig loci such as c-myc
are normally processed by error-free repair and only manifest
in the absence of MSH2 and UNG or UNG alone in GC B
cells [53]. Consistently, mutational analysis of other non-Ig
loci in MSH2 " UNG " or single deficient mice revealed that
error-prone or error-free repair could differentially target to
distinct loci in GC B cells [53]. In particular, AID-initiated
lesions are repaired in an error-free manner in most of the
tested non-Ig loci, including c-myc, whereas a few of them
appear to undergo error-prone repair [53], including Bcl6 and
Cd83, which are among the non-Ig genes initially identified to
undergo SHM. The error-free repair mechanism operating at
most non-Ig loci probably protects the genome of GC B cells.

However, it remains unknown how the differential DNA
repair of AID-initiated U:G lesions is regulated at non-Ig loci.
It has been well documented that B cells activated with

different stimuli (e.g., T cell-dependent or independent
antigens or cytokines) undergo distinct differentiation path-
ways and display unique signatures of gene expression [23].
Thus, we propose that the AID-initiated lesions may be
differentially processed in distinct B cell sub-populations. In
addition, as discussed above, locus-specific regulatory
elements might regulate not only SHM targeting efficiency
but also the repair manner of AID-initiated lesions. Further
investigations of such regulatory mechanisms will certainly
help us better understand how non-Ig loci are targeted for
error-prone repair. Elucidating the locus-dependent repair
mechanism is highly relevant to genomic instability and
lymphomagenesis of B lymphocytes, since many of these loci
such as Bcl6 are frequently targeted by mutations or
translocations in human B cell lymphomas [93].

c-myc is also a frequent translocation partner of Ig loci in
human mature B cell lymphomas [94], the majority of which
are thought to derive from GC B cells [95]. However,
extensive sequencing studies of the c-myc locus in human
memory B cells showed little SHM activity [55,57,96].
Although the mutation frequency is higher in mouse PP GC B
cells and even higher in MSH2"UNG™ GC B cells [53], the
frequency of AID deamination at the c-myc locus is still
several orders of magnitude lower than that at the g/ locus.
Thus, these data suggest that c-myc is not an efficient AID
target in GC B cells, consistent with prior studies [55,57,96].
If so, then how can c-myc become a frequent target of
translocations, and are those translocations truly derived from
GC B cells? Recent studies have shown that c-myc is
expressed in B cell subpopulations in immature and mature
GCs, and genetic deletion of the c-myc gene demonstrated
that it plays essential roles in the formation and maintenance
of GCs [97]. These data suggest that this particular subset of
¢c-MYC* GC B cells might be susceptible to translocation and
subsequent malignant transformation [97]. It is likely that the
DNA repair mechanisms at the c-myc locus become
dysregulated in GC B cells, and instead of error-free repair,
the AID-initiated lesions are repaired in an error-prone way.
Another possibility is that AID-initiated lesions at the c-myc
locus are generated in a sub-population of B cells other than
GC B cells and that these lesions undergo error-prone repair
leading to DSBs/translocations in this particular subset of B
cells.

Extensive studies of the Igh locus demonstrate that AID-
initiated lesions are processed in an error-prone manner that
leads to mutations or DSBs at the Igh locus [3,9]. This error-
prone processing seems to be independent of B cell
populations because both GC and cytokine activated B cells
harbor frequent mutations at the S regions and undergo
efficient CSR that requires DSB generation [39,43]. It has
been shown that the Igh locus DSBs progress into
chromosomal breaks/translocations in the absence of a
normal DSB response using mice deficient for DNA repair
factors (see below). However, almost all of these studies
assess the Igh locus abnormalities in cytokine-activated B
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cells. It remains unknown whether GC B cells indeed harbor
an increased level of Igh locus abnormalities when DSB
responses are defective.

DSB responses during CSR

AlD-initiated lesions can be converted into DSBs at the Igh
locus [20]. These AID-dependent DSBs are the essential
intermediates of CSR and are rapidly sensed and processed by
DNA damage response (DDR) factors [9,10]. One prominent
DDR factor is ATM, a phosphatidylinositol 3-kinase, which
rapidly phosphorylates histone H2AX, MDC1, 53BP1, and
NBS1 [98,99]. Subsequently, these activated DDR factors
form large YH2AX-dependent foci that are potentially
involved in cell cycle checkpoints, recruitment/activation of
repair proteins, and/or tethering broken DNA ends for repair
[9,10,100-102]. The DSB response is required for normal
CSR, as mice deficient for DDR factors are impaired, to
variable extents, in CSR [9,10]. In this regard, more players in
DDR have been found to be essential for a normal level of
CSR, such as Rifl [103—105]. Moreover, in the absence of a
normal DSB response, AlID-dependent S region DSBs
separate and progress into chromosomal breaks and translo-
cations [106,107]. Of note, all present analyses of DSB
formation have been performed in cytokine-activated B cells
in vitro. Whether specific antigen-stimulated GC B cells
harbor increased chromosomal breaks/translocations in the
absence of a normal DSB response remains to be determined.

Among the DDR factors involved in CSR, 53BP1 has
attracted attention because 53BP1 deficient B cells have the
most dramatic reduction in CSR [108,109]. Interestingly, in
the absence of 53BPI, intra-switch recombination (ISR)
within a single S region is preferred over the long-range
joining of two distant S regions, as evidenced by a much
higher level of ISR in 53BP1 deficient B cells compared to wt
B cells or B cells deficient in other DSB repair factors [110].
Although unusual rearrangements (a high level of insertions)
occur in 53BP17" B cells, sequence analysis of endogenous
Su-Syl junctions revealed no significant differences in the
extent of homology employed in the donor and acceptor S
sequences [110]. Based on these data, it was concluded that
absence of 53BP1 favors short-range over long-range
recombination [110], consistent with the dramatic reduction
of CSR in 53BP17" B cells [108,109], whereas end joining of
endogenous S regions seems to be “qualitatively unaffected”
[110]. Later studies employing the I-Scel-based system
suggest a role for S3BP1 in protecting DNA ends against
resection [111,112], a process by which 5'-3" nucleolytic
degradation generates ssDNA overhangs [113], albeit the I-
Scel-mediated switching seems to be much less robust than
the endogenous S region-mediated CSR [111,112]. In the
absence of 53BP1, the extent of end-resection during CSR is
increased [111,112], which depends on CtBP-interacting
protein (CtIP, Rbbp8) and exonuclease 1 [114]. Inhibition of

CtIP by shRNA partially rescues the CSR defect in 53BP1-
deficient B lymphocytes, which, along with other data, leads
to the conclusion that CtIP-mediated DSB resection is in part
responsible for the profound CSR defect in 53BP1-deficient
B cells [114]. However, shRNA knockdown of CtIP has no
effects on CSR level in wt B cells, consistently, genetic
deletion of Ct/P does not affect CSR level or the extent of
microhomology at Su-Sy1 junctions based on analysis of wt
and CD19°®"CtIP*" primary B cells [114]. In addition,
recent studies highlight a role of 53BP1 in recruiting other
DSB response factors such as RIF1 to the broken DNA ends
during CSR [103—105]. Rif1-deficient B cells have a profound
CSR defect due to the inability to prevent end resection [103—
105]. Finally, 53BP1 also plays a critical role in defining DSB
repair pathway choice in G; and S/G; cell-cycle phases [113]
(see below). Of note, in addition to 53BP1 and its interacting
partners, there are components of the MMR pathway that also
contribute to DNA end-processing during CSR, which was
extensively reviewed previously [115].

Non-homologous end joining of DSBs
during CSR

DSBs are the essential intermediates during antigen receptor
diversification, including V(D)J recombination and CSR [9].
DSBs can also be induced by exogenous or endogenous
stimuli such as irradiation or reactive oxygen species. To
minimize the potential deleterious effects of DSBs on genome
integrity, eukaryotic cells have evolved two distinct DSB
repair pathways, non-homologous end joining (NHEJ) [116]
and homologous recombination (HR), to repair DSBs [113].
NHE]J catalyzes direct ligation of minimally processed DNA
ends with little or no homology, thus functioning indepen-
dently of homologous sequence template [113]. NHEJ is
required for immune system development, including V(D)J
recombination and CSR [15]. It is generally thought that
NHE] is inherently error-prone and responsible for generating
chromosomal translocations formed by joining DSBs from
heterologous chromosomes [116-118]. NHEJ can act
throughout the cell cycle but is preferentially active in G;
phase. In contrast, HR requires a homologous sequence as a
repair template, and is thus a more faithful repair mechanism.
HR is mainly active in the S/G, phases of the cell cycle [119].

The choice of DNA repair pathways is critical for the cell
due to the distinct outcomes of NHEJ and HR pathways. End
resection seems to play a critical role in determining the
choice of repair pathway [120]. Since NHEJ only acts on
minimally processed DNA ends that do not harbor long
ssDNA overhangs, NHE] is inhibited by end resection [113].
In contrast, end resection is a prerequisite for HR, which
generates the ssDNA for homology searching. As in the DNA
repair pathway, DSB end resection is also regulated during
the cell cycle [120]. During G, phase of the cell cycle, 53BP1
protects the DNA ends by antagonizing BRCA1, which is
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activated during S/G, phase to mediate end resection
[103,105,121]. Recent studies reveal that 53BP1 recruits
RIF1 to DSBs in a phosphorylation-dependent manner that
suppresses the accumulation of BRCA1 at DSBs; this 53BP1-
RIF1 interaction is required for protecting DNA ends during
G; phase [103-105,121]. During S/G, phase, RIF1 is
prevented from accumulating at DSBs by BRCA1 and its
interacting protein CtIP [103,105,121]. Thus, these studies
suggest a model in which a cell cycle-regulated network
controls the DSB repair pathway choice that is composed of
53BP1-RIF1 and BRCA1-CtIP; the former dominates during
G, and favors NHEJ while the latter is active during S/G, and
stimulates HR [105].

The components of NHEJ include Ku70 (XRCC6), Ku80
(XRCCS5), DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), Artemis, polymerase p, polymerase A, XRCC4-
like factor (XLF, also called Cernunnos), XRCC4, and DNA
ligase IV (Lig 4) [117]. The DNA binding subunits Ku70 and
Ku80, together with DNA-PKcs that form the DNA-PK
holoenzyme (DNA-PK), are responsible for recognizing
DSBs [116,122]. The protected DSBs are eventually ligated
by a complex of XRCC4 and Lig4, probably together with
XLF, which catalyzes end-ligation specifically in NHEJ
[116]. During DNA end resection, Ku proteins are removed
from DNA ends by the CtIP/MRE11-RAD50-NBS1 (MRN)
complex to generate ssDNA overhangs that are refractory to
canonical NHEJ and favor HR [113].

NHE] catalyzes the joining step of CSR [7], which has
been extensively reviewed recently [15]. Classical NHEJ (C-
NHE]J), defined as end-joining dependent on Ku proteins and
the other known NHEJ factors, repairs both programmed
DSBs generated during V(D)J recombination and general
DSBs induced by DNA damaging agents such as ionizing
radiation [123]. In the absence of C-NHEJ factors such as
XRCC4 or Lig4, the level of CSR is reduced in cytokine
activated primary B cells [124]. Furthermore, Xrcc4- or Lig4-
deficient B cells harbor a high level of /gh locus chromosomal
breaks and translocations due to inability to repair AID-
initiated DSBs [124—127]. These data demonstrate that C-
NHEJ is required for a normal level of CSR and for the
maintenance of genomic stability in B cells. Interestingly,
there is still about 209%—50% of the wt level of CSR observed
in Xrcc4- or Lig4-deficient primary B cells; this demonstrates
that, apart from the C-NHEJ pathway, there is an alternative
end-joining (A-EJ) pathway that could catalyze the end-
ligation during CSR [124]. Additionally, in the absence of
both Ku70 and Lig4, primary B cells can undergo CSR at a
level similar to that of Ku70- or Lig4-deficient cells [126].
These data convincingly show that A-EJ is a distinct repair
pathway from C-NHEJ at both stages of DSB recognition and
joining [126].

Consistent with the phenotypes of single deficient C-NHEJ
B cells [124,125], the Ku70 " Ligd4 "~ double deficient B cells
harbor an extremely high level of genomic instability upon in
vitro cytokine activation [127]. Thus, although NHEJ is

inherently error-prone compared to HR, it is also required to
maintain genome stability. Deletion of C-NHEJ factors and
p53 simultaneously in B lymphocytes often leads to B cell
lymphoma development accompanied with clonal transloca-
tions of Ig loci [9,11,128—131]. It has been proposed that the
translocations observed in the NHEJ deficient pro-B [131]
and peripheral B cell lymphomas [130] are catalyzed by the
A-EJ pathway. Apart from functioning in tumor cells, it was
found that the A-EJ pathway can operate in primary non-
transformed B cells to promote translocations of /gh and IgA
loci [125]. Junctions catalyzed by the A-EJ pathway display a
signature of microhomology (MH), therefore, this process is
often referred to as microhomology mediated end-joining
(MMEJ) [132]. However, MH is not a prerequisite for the A-
EJ pathway because not all of the A-EJ catalyzed junctions
have MH and a fraction of them are actually direct joins [124—
127]. The molecular components of the A-EJ pathway remain
incompletely characterized. Several factors have been
reported to function in chromosomal A-EJ, including Nbsl
[133], Mrell [134-136], and CtIP [137,138]. As discussed
above, all of these factors are involved in DNA end resection
to uncover MH, thereby promoting A-EJ. Since A-EJ is not
dependent on Lig4, Lig3 and its co-factor XRCC1 have been
widely assumed to perform the end-ligation during A-EJ
[115,139-141]. XRCC1 and Lig3 form a complex similar to
XRCC4/Lig4, which operates in short-patch base excision
repair and single-strand break repair [142]. Based on analysis
of Xrccl™ heterozygous B cells, it was concluded that
XRCCI1 functions in A-EJ in the context of CSR and
formation of Igh-c-myc translocations [140]. In contrast, a
later study definitively showed that XRCC1 is not essential
for A-EJ repair of I-Scel-induced DSBs in Xrcc4-deficient
pro-B cell lines [143]. Furthermore, conditional inactivation
of Xrccl in Xrec4-deficient primary B cells did not affect the
formation of CSR junctions catalyzed by A-EJ or the
frequency of Igh-c-myc translocations [143]. Thus, XRCC1
is not an indispensable factor for major pathways of
chromosomal A-EJ [143].

AID in human cancers

The primary antibody diversification process, namely V(D)J
recombination, generates an almost infinite repertoire of
antibodies [12,144]. However, B lymphocytes still need to
undergo a secondary diversification process to produce the
high affinity antigen-specific class-switched antibodies that
are essential for battling infectious diseases. In mammalian B
cells, the secondary diversification of antibody is initiated by
AID [4]. In this regard, B cells pay a high price for the
benefits of utilizing AID to generate point mutations or DSBs,
since about 95% of human lymphomas are B cell-derived
[95]. This evolutionarily conserved mechanism is beneficial
because the efficient AID-mediated protection against patho-
gen infection is probably far more important for species
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survival, thereby outweighing its negative impact on the B
cell genome as a mutator. However, dysregulated AID
targeting or imparied DSB responses likely result in cancer
development in individuals.

Human mature B cell lymphomas often harbor clonal
translocations involving /g gene loci and oncogenes such as
c-myc or Bcl6 [93]. Mechanisms promoting such transloca-
tions have been extensively reviewed [9,11,117,145]. AID
has a requisite role in initiating /gh locus breaks/transloca-
tions [125,146]. Many of these translocations are proposed to
occur during the SHM/CSR process [93]; consistently, the
translocation junctions at /gh locus often fall within S regions
[93]. Data from mouse models seem to support this
hypothesis in that the junctions of Igh-c-myc translocations
often occur within or around S regions, such as in the Xrcc4/
p53 deficient peripheral B cell lymphomas [130]. In addition
to Ig loci as the physiological targets of AID, non-Ig loci such
as Bcl6, c-myc, and Piml are targeted by SHM in human B
cell lymphomas [147], which is presumably induced by AID.
In addition, human B cell lymphomas harbor translocations
between non-Ig genes such as Bcl6 with various partners
[148,149]. How AID induces DSBs in non-Ig gene partners is
not completely understood. Prior studies suggest that AID
could target the c-myc locus for somatic mutations [53] and
DSBs at a very low frequency [150]. In addition, over-
expression of AID using an Igk promoter and enhancer leads
to an increased genomic instability in B lymphocytes [151].
Several more recent studies clearly show that AID can access
the genome widely to induce DSBs or translocations in in
vitro cytokine activated B cells [74,152—154]. Taken together,
these data collectively validate a role for AID in compromis-
ing the B cell genome. Although AID may play a critical role
in generating DSBs at these loci, it remains unclear at which
stage of B cell differentiation such translocations originate. In
addition, it is puzzling how AID induces DSBs in non-Ig loci
such as ¢-myc in which the AID-initiated lesions are normally
repaired in an error-free manner in GC B cells [53].

AID expression was originally detected in GC B cells
[155]. Studies using an AID reporter mouse showed that AID
could be expressed at variable levels in different stages of B
cell differentiation, predominantly in activated B cells [156].
More interestingly, AID could be induced in bone marrow
(BM) B cells (specifically pro-to-pre-B cells) by the Abelson
murine leukemia virus (Ab-MLV) [157]. In this context, AID
protects pro-B cells against transformation by Ab-MLV
[157]. The A4bllI (V-abl Abelson murine leukemia viral
oncogene homolog 1) gene encodes a protein tyrosine kinase
[158,159]. The Abll gene can be fused to the Breakpoint
Cluster Region (Bcr) to form a fusion gene Bcr-Abll by the
t(9;22) translocation, present in many cases of chronic
myelogenous leukemia (CML) [160]. The oncogenic BCR-
ABLI kinase induced aberrant AID expression in pre-B acute
lymphoblastic leukemia (ALL) and lymphoid CML blast
crisis [161,162]. Transduction of human CML cell lines with
AID seems to confer Imatinib resistance, which presumably is

caused by AID-mediated mutations in the bcr-abll fusion
gene that render the BCR-ABLI kinase refractory to Imatinib
treatment [162]. Using a murine model of BCR-ABLI-
induced ALL, the same group showed that AID deficiency
prolonged the survival of recipient mice transplanted with
BCR-ABLI-transduced BM cells [163]. This observation is
consistent with AID’s role in promoting genomic instability,
which is further evidenced by a lower frequency of
amplifications/deletions in the genome and mutations in
non-Ig genes of the AID ™~ leukemia cells [163]. Therefore, it
is likely that AID also contributes to leukemogenesis.
However, it is not well understood how aberrant AID
expression is regulated in a pathological context.

It has also been proposed that AID might play a role in the
development of cancers with non-B cell origin. Indeed, AID
is capable of inducing mutations in fibroblasts [164] or
contributing to cancer development in multiple tissue such as
lung when constitutively expressed via chicken p-actin
promoter [165]. However, these studies only show a sufficient
role of exogenous AID in promoting cancers in non-B cells. It
remains less well characterized whether non-B cells express
AID endogenously to a biologically significant level that
executes any functionality. Solid tumors are also found to
harbor cancer type-specific chromosomal translocations, such
as the TMPRSS2-ETS translocation in prostate cancer [166]
and ALK translocations in lung cancer [167]. AID has been
implicated in promoting the TMPRSS?2 translocation in a
prostate cancer cell line [168] and point mutations in 7P53 in
gastric cells in vitro [169]. However, we did not find any
detectable level of AID transcripts in AGS cell lines upon
testing a similar TNF treatment employed previously [169].
Furthermore, we failed to consistently detect AID transcripts
via RT-PCR in a collection of cancer cell lines from NCI60
panels, whose microarray data shows a relatively higher level
of AID expression. Thus, to prove a definitive role of AID in
promoting genomic instability in non-B cells, additional data
are required for supporting this intriguing hypothesis.

AID has also been implicated in reprogramming or
epigenetic regulation of transcription [170—174]. However,
a recent study shows that the transcriptome alterations in AID
deficient mice may not be directly caused by AID deficiency,
but may instead be related to a CBA mouse strain derived
region around the targeted Aicda locus [175]. In addition, it is
likely that deletion of the Aicda locus might affect long-range
enhancers present in this locus that could regulate the
expression of distantly located genes. Thus, these confound-
ing parameters might provide alternative interpretations for
AID’s role in the genotype-phenotype correlations previously
reported in numerous studies using the AID”~ mouse strain.

Recent controversies in the field of AID
targeting

Given the dangerous role of AID as a mutator, its occupancy
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in the B cell genome has always been a critical question in the
AID field. A recent study by Yamane et al. used a ChIP-seq
approach to show that 5910 transcribed genes are targeted by
AID in the in vitro activated B cells [74]. Furthermore, it was
shown that many of these non-Ig loci harbor a high level of
mutations in these in vitro activated B cells [74]. However, a
correspondence published by Hogenbirk ez al. in 2012 [176]
challenged the conclusions drawn by Yamane et al. [74].
According to the response by Yamane ef al., the inconsistency
between the two groups’ findings seems to be related to “the
inappropriate use of linear normalization, which under-
estimates enrichment for AID relative to background and
makes it impossible to measure the binding of AID at genes
encoding immunoglobulins or across the genome” [176].
Since we do not have prior experience with ChIP-seq
experiments and subsequent data analysis, we cannot
comment on which way of normalization (linear vs. library-
size) is more appropriate in this situation. However, we notice
that, with regard to AID recruitments to different genomic
loci, previous studies have shown that AID is enriched in
switch regions at /g loci as evidenced by conventional ChIP
analysis [69,177]. In addition, we found that AID was
enriched at the inserted S region targeted into the first intron
of Bcl6 [67]. Therefore, specific sequences of /g loci such as S
regions likely can enhance AID recruitments. It is agreed on
by both groups that AID probably associates with chromatin
weakly as stated in the author’s reply by Yamane et al., “That
weak association of AID with chromatin was consistent with
measurements obtained through the use of conventional ChIP
analysis of AID with the same or similar antibodies*! and
probably reflected the low concentration of nuclear AID in B
lymphocytes'>” [176]. Therefore, the global assessment of
AID recruitment by ChIP-seq analysis may be helpful to
provide a general landscape of AID occupancy in the genome
on a large scale. However, the situation at specific loci might
differ and require more detailed analysis by independent
methodology.

With regard to SHM at non-Ig loci, the reason for Yamane
et al. to find ample evidence of SHM at these loci is the
employment of Igi-AID Ung ™’ B cells [74]. These mutant B
cells overexpress AID driven by the Igk promoter and
enhancer [151] and are defective in the repair of AID-initiated
lesions due to the absence of Ung. Therefore, the mutation
frequency at the non-Ig loci was found to be dramatically high
in these mutant B cells compared to pure wt B cells (without
any genetic modification). Of course, it can be argued that
ectopically expressed AID might or might not target non-Ig
loci “properly” as the endogenously expressed AID. How-
ever, other independent studies showed that some of the genes
mutated in Igk-AID Ung ™~ cultures (such as Pax5, Mirl42,
Piml, etc.) are also translocated in activated B cells that
express physiological amounts of AID [152], and transloca-
tion frequency seems to correlate to mutation frequency
[153]. Therefore, it is possible that at least a fraction of these
mutated genes in Igk-AID Ung”™ B cells can indeed be

targeted by endogenously expressed AID. Although AID
might display a promiscuous pattern in terms of accessing the
B cell genome, we propose that most of these non-Ig loci
targeted by AID are protected by several layers of regulatory
mechanisms to prevent genome-wide damage in B lympho-
cytes, including DNA repair pathways [53], nucleotide
sequence preference [67], post-translational regulation of
AID [177-179], or other unidentified mechanisms.

One of our previous studies initially proposed that
mechanistic factors including DSB frequency and spatial
proximity play an important role in promoting recurrent
translocations [125]. However, only a few specific loci were
investigated in that particular study [125]. Later studies
address the role of mechanistic factors in translocation
formation at a global level, including Hakim et al. [180]
and Rocha et al. [181], although inconsistent conclusions
were drawn by these two studies. Hakim ez al. concluded that
“In the absence of recurrent DNA damage, translocations
between Igh or Myc and all other genes are directly related to
their contact frequency. Conversely, translocations associated
with recurrent site-directed DNA damage are proportional to
the rate of DNA break formation” [180]. In contrast, Rocha et
al. concluded that “Our studies indicate that the vast majority
of known AID-mediated /gh translocation partners are found
in chromosomal domains that contact this locus during class
switching” [181]. Again, the inconsistency seems to be
related to the analysis of 4C-seq data. The discrepancies were
discussed by Rocha et al., “Hakim et al. used nonoverlapping
200 kb fixed windows to analyze the 4C-seq signal, while we
used a TSS-centric as well as a domain-centric approach”
[181]. As discussed above, we are not in a position to judge
which analysis approach is more appropriate for their 4C-seq
data. However, we did notice that when a TSS-centric
analysis approach was employed, the data only suggest a
relatively weak correlation between proximity and Igh
translocations (Fig. 1D in Ref. [181]), as the authors
concluded “These data indicate a trend linking proximity
with Igh translocations.” Moreover, when the authors focused
specifically on validated AID targets, they “found that only
32%—50% interact significantly with Igh in the nucleus of
class-switching B cells” (Fig. 1E in Ref. [181]). Therefore,
these data do not seem to be contradictory to the data
presented in Hakim et al. [180] since their analysis also
showed that a large fraction of loci carrying /gh translocation
hotspots were involved in frequent long range interactions
with this locus in activated B cells (Fig. 3b, c in Ref. [180]).
However, Hakim et al. also identified “thousands of genes
that interacted repeatedly with Igh but that were not
associated with translocation hotspots” (Fig. 3c in Ref.
[180]). Thus, in order to identify a better predictor for
translocation, the authors suggest an alternative strategy that
uses replication protein A (RPA)-seq as a surrogate to
measure AlD-mediated DNA damage across the B cell
genome [180]. Their data convincingly show that transloca-
tions were significantly more correlated to RPA-seq than Igh
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4C-seq [180]. In the end, one can certainly question whether
RPA accumulation indeed reflects AID-induced DNA
damage in the B cell genome. Nevertheless, it has been
well established that AID plays a critical role in promoting
translocations in B cells [3,9—-11]. In addition, conclusions
drawn by Hakim et al. [180] appear to be consistent with
another independent study [182].

A recent study from Alt’s group revealed the global
landscape of translocation and spatial proximity by employ-
ing elegant experimental systems that allow the well-
controlled induction of DSBs [182]. Consistent with our
previous study [125], DSB frequency and spatial proximity
were both shown to be important in translocation generation.
In particular, DSB frequency was a rate-limiting factor in
promoting translocation. When ample DSBs were induced
randomly by ionizing radiation (IR), the translocation
correlated well to spatial proximity [182]. This conclusion
is in line with the data presented in Hakim ef al. [180] which
showed that, in the absence of AID damage, translocation
correlated well to /gh contact frequency. Taken together, it has
been proven that, when DSB frequency is not rate-limiting
either by generating abundant DSBs at random location via
IR [182] or eliminating DSBs induced by a specific factor
such as AID [180], spatial proximity probably determines the
translocation frequency. However, if AID is still in action,
which can induce DNA lesions at specific loci, it is
conceivable that the translocation landscape likely will be
determined by AlD-initiated lesions in the B cell genome.
This notion is supported by the data shown in Hakim et al.
[180].

In our opinion, the rationale is relatively weak for the
hypothesis that nuclear organization influences the “off-
target” activity of AID. It is unclear to us why the non-Ig loci
targeted by AID need to be close to the Igh locus. Such a
hypothesis would imply that AID accumulated at the Igh
locus could diffuse to other loci in close proximity. As
discussed above, nuclear AID concentration is very low and
AID can access the B cell genome in a rather promiscuous
manner. Thus, it is difficult to conceive that certain sub-
compartment of the nucleus can retain a high local
concentration of AID. Indeed, another independent study
showed that there is no correlation between proximity to Ig
genes and levels of AID targeting or gene mutation; thus, it
was concluded that proximity to /g loci is unlikely to be a
major determinant of AID targeting or mutation of non-Ig
genes [183].

Compliance with ethics guidelines

Zhangguo Chen and Jing H. Wang declare no conflict of
interest. This manuscript is a review article and does not
involve a research protocol requiring approval by the relevant
institutional review board or ethics committee.

References

1. Ganesh K, Neuberger MS. The relationship between hypothesis
and experiment in unveiling the mechanisms of antibody gene
diversification. FASEB J 2011; 25(4): 1123-1132

2. Kato L, Stanlie A, Begum NA, Kobayashi M, Aida M, Honjo T.
An evolutionary view of the mechanism for immune and genome
diversity. J Immunol 2012; 188(8): 3559-3566

3. Wang JH. The role of activation-induced deaminase in antibody
diversification and genomic instability. Immunol Res 2013; 55(1-
3): 287-297

4. Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y,
Honjo T. Class switch recombination and hypermutation require
activation-induced cytidine deaminase (AID), a potential RNA
editing enzyme. Cell 2000; 102(5): 553-563

5. Di Noia JM, Neuberger MS. Molecular mechanisms of antibody
somatic hypermutation. Annu Rev Biochem 2007; 76(1): 1-22

6. Chahwan R, Edelmann W, Scharff MD, Roa S. AIDing antibody
diversity by error-prone mismatch repair. Semin Immunol 2012; 24
(4): 293-300

7. Chaudhuri J, Basu U, Zarrin A, Yan C, Franco S, Perlot T, Vuong
B, Wang J, Phan RT, Datta A, Manis J, Alt FW. Evolution of the
immunoglobulin heavy chain class switch recombination mechan-
ism. Adv Immunol 2007; 94: 157-214

8. Stavnezer J. Complex regulation and function of activation-
induced cytidine deaminase. Trends Immunol 2011; 32(5): 194—
201

9. Alt FW, Zhang Y, Meng FL, Guo C, Schwer B. Mechanisms of
programmed DNA lesions and genomic instability in the immune
system. Cell 2013; 152(3): 417-429

10. Daniel JA, Nussenzweig A. The AID-induced DNA damage
response in chromatin. Mol Cell 2013; 50(3): 309321

11. Nussenzweig A, Nussenzweig MC. Origin of chromosomal
translocations in lymphoid cancer. Cell 2010; 141(1): 27-38

12. Jung D, Alt FW. Unraveling V(D)J recombination; insights into
gene regulation. Cell 2004; 116(2): 299-311

13. Hackney JA, Misaghi S, Senger K, Garris C, Sun Y, Lorenzo MN,
Zarrin AA. DNA targets of AID evolutionary link between
antibody somatic hypermutation and class switch recombination.
Adv Immunol 2009; 101: 163-189

14. Chaudhuri J, Alt FW. Class-switch recombination: interplay of
transcription, DNA deamination and DNA repair. Nat Rev
Immunol 2004; 4(7): 541-552

15. Boboila C, Alt FW, Schwer B. Classical and alternative end-
joining pathways for repair of lymphocyte-specific and general
DNA double-strand breaks. Adv Immunol 2012; 116: 1-49

16. Fu YX, Chaplin DD. Development and maturation of secondary
lymphoid tissues. Annu Rev Immunol 1999; 17(1): 399433

17. Honjo T, Kinoshita K, Muramatsu M. Molecular mechanism of
class switch recombination: linkage with somatic hypermutation.
Annu Rev Immunol 2002; 20(1): 165-196

18. MacLennan IC. Germinal centers. Annu Rev Immunol 1994; 12
(1): 117-139

19. MacLennan IC, Toellner KM, Cunningham AF, Serre K, Sze DM,
Zuniga E, Cook MC, Vinuesa CG. Extrafollicular antibody
responses. Immunol Rev 2003; 194(1): 8-18



Zhangguo Chen and Jing H. Wang

211

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Stavnezer J, Guikema JE, Schrader CE. Mechanism and regulation
of class switch recombination. Annu Rev Immunol 2008; 26(1):
261-292

Nagaoka H, Muramatsu M, Yamamura N, Kinoshita K, Honjo T.
Activation-induced deaminase (AID)-directed hypermutation in
the immunoglobulin Smu region: implication of AID involvement
in a common step of class switch recombination and somatic
hypermutation. J Exp Med 2002; 195(4): 529-534
Reina-San-Martin B, Difilippantonio S, Hanitsch L, Masilamani
RF, Nussenzweig A, Nussenzweig MC. H2AX is required for
recombination between immunoglobulin switch regions but not for
intra-switch region recombination or somatic hypermutation. J Exp
Med 2003; 197(12): 1767-1778

Shaffer AL, Rosenwald A, Hurt EM, Giltnane JM, Lam LT,
Pickeral OK, Staudt LM. Signatures of the immune response.
Immunity 2001; 15(3): 375-385

Liang G, Kitamura K, Wang Z, Liu G, Chowdhury S, Fu W, Koura
M, Wakae K, Honjo T, Muramatsu M. RNA editing of hepatitis B
virus transcripts by activation-induced cytidine deaminase. Proc
Natl Acad Sci USA 2013; 110(6): 22462251

Neuberger MS, Harris RS, Di Noia J, Petersen-Mahrt SK.
Immunity through DNA deamination. Trends Biochem Sci 2003;
28(6): 305-312

Bransteitter R, Pham P, Scharff MD, Goodman MF. Activation-
induced cytidine deaminase deaminates deoxycytidine on single-
stranded DNA but requires the action of RNase. Proc Natl Acad
Sci USA 2003; 100(7): 41024107

Chaudhuri J, Khuong C, Alt FW. Replication protein A interacts
with AID to promote deamination of somatic hypermutation
targets. Nature 2004; 430(7003): 992-998

Chaudhuri J, Tian M, Khuong C, Chua K, Pinaud E, Alt FW.
Transcription-targeted DNA deamination by the AID antibody
diversification enzyme. Nature 2003; 422(6933): 726730
Dickerson SK, Market E, Besmer E, Papavasiliou FN. AID
mediates hypermutation by deaminating single stranded DNA. J
Exp Med 2003; 197(10): 1291-1296

Pham P, Bransteitter R, Petruska J, Goodman MF. Processive AID-
catalysed cytosine deamination on single-stranded DNA simulates
somatic hypermutation. Nature 2003; 424(6944): 103—107
Ramiro AR, Stavropoulos P, Jankovic M, Nussenzweig MC.
Transcription enhances AID-mediated cytidine deamination by
exposing single-stranded DNA on the nontemplate strand. Nat
Immunol 2003; 4(5): 452-456

Sohail A, Klapacz J, Samaranayake M, Ullah A, Bhagwat AS.
Human activation-induced cytidine deaminase causes transcrip-
tion-dependent, strand-biased C to U deaminations. Nucleic Acids
Res 2003; 31(12): 29902994

Tian M, Alt FW. Transcription-induced cleavage of immunoglo-
bulin switch regions by nucleotide excision repair nucleases in
vitro. J Biol Chem 2000; 275(31): 24163-24172

Yu K, Chedin F, Hsieh CL, Wilson TE, Lieber MR. R-loops at
immunoglobulin class switch regions in the chromosomes of
stimulated B cells. Nat Immunol 2003; 4(5): 442-451

Masukata H, Tomizawa J. A mechanism of formation of a
persistent hybrid between elongating RNA and template DNA.
Cell 1990; 62(2): 331-338

Lee DY, Clayton DA. Properties of a primer RNA-DNA hybrid at

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

the mouse mitochondrial DNA leading-strand origin of replication.
J Biol Chem 1996; 271(39): 2426224269

Martomo SA, Yang WW, Gearhart PJ. A role for Msh6 but not
Msh3 in somatic hypermutation and class switch recombination. J
Exp Med 2004; 200(1): 61-68

Neuberger MS, Rada C. Somatic hypermutation: activation-
induced deaminase for C/G followed by polymerase eta for A/T.
J Exp Med 2007; 204(1): 7-10

Rada C, Di Noia JM, Neuberger MS. Mismatch recognition and
uracil excision provide complementary paths to both Ig switching
and the A/T-focused phase of somatic mutation. Mol Cell 2004; 16
(2): 163-171

Rada C, Ehrenstein MR, Neuberger MS, Milstein C. Hot spot
focusing of somatic hypermutation in MSH2-deficient mice
suggests two stages of mutational targeting. Immunity 1998; 9
(1): 135-141

Rada C, Williams GT, Nilsen H, Barnes DE, Lindahl T, Neuberger
MS. Immunoglobulin isotype switching is inhibited and somatic
hypermutation perturbed in UNG-deficient mice. Curr Biol 2002;
12(20): 1748-1755

Shen HM, Tanaka A, Bozek G, Nicolae D, Storb U. Somatic
hypermutation and class switch recombination in Msh6(-/-)Ung
(-/-) double-knockout mice. J Immunol 2006; 177(8): 53865392
Xue K, Rada C, Neuberger MS. The in vivo pattern of AID
targeting to immunoglobulin switch regions deduced from
mutation spectra in msh2'/’ung'/' mice. J Exp Med 2006; 203(9):
2085-2094

Guikema JE, Linehan EK, Tsuchimoto D, Nakabeppu Y, Strauss
PR, Stavnezer J, Schrader CE. APE1- and APE2-dependent DNA
breaks in immunoglobulin class switch recombination. J Exp Med
2007; 204(12): 3017-3026

Sabouri Z, Okazaki IM, Shinkura R, Begum N, Nagaoka H,
Tsuchimoto D, Nakabeppu Y, Honjo T. Apex2 is required for
efficient somatic hypermutation but not for class switch recombi-
nation of immunoglobulin genes. Int Immunol 2009; 21(8): 947—
955

Schrader CE1, Guikema JE, Wu X, Stavnezer J. The roles of
APE1, APE2, DNA polymerase beta and mismatch repair in
creating S region DNA breaks during antibody class switch. Philos
Trans R Soc Lond B Biol Sci, 2009. 364(1517) 645-652

Ludwig DL, Maclnnes MA, Takiguchi Y, Purtymun PE, Henrie M,
Flannery M, Meneses J, Pedersen RA, Chen DJ. A murine AP-
endonuclease gene-targeted deficiency with post-implantation
embryonic progression and ionizing radiation sensitivity. Mutat
Res 1998; 409(1): 17-29

Xanthoudakis S, Smeyne RJ, Wallace JD, Curran T. The redox/
DNA repair protein, Ref-1, is essential for early embryonic
development in mice. Proc Natl Acad Sci USA 1996; 93(17):
8919-8923

Masani S, Han L, Yu K. Apurinic/apyrimidinic endonuclease 1 is
the essential nuclease during immunoglobulin class switch
recombination. Mol Cell Biol 2013; 33(7): 1468-1473

Chahwan R, van Oers JM, Avdievich E, Zhao C, Edelmann W,
Scharff MD, Roa S. The ATPase activity of MLHI1 is required to
orchestrate DNA double-strand breaks and end processing during
class switch recombination. J Exp Med 2012; 209(4): 671-678
Longerich S, Basu U, Alt F, Storb U. AID in somatic



212

Targeting and processing of AlD-initiated lesions

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

hypermutation and class switch recombination. Curr Opin
Immunol 2006; 18(2): 164-174

Odegard VH, Schatz DG. Targeting of somatic hypermutation. Nat
Rev Immunol 2006; 6(8): 573-583

Liu M, Duke JL, Richter DJ, Vinuesa CG, Goodnow CC,
Kleinstein SH, Schatz DG. Two levels of protection for the B
cell genome during somatic hypermutation. Nature 2008; 451
(7180): 841-845

Pasqualucci L, Migliazza A, Fracchiolla N, William C, Neri A,
Baldini L, Chaganti RS, Klein U, Kiippers R, Rajewsky K, Dalla-
Favera R. BCL-6 mutations in normal germinal center B cells:
evidence of somatic hypermutation acting outside Ig loci. Proc Natl
Acad Sci USA 1998; 95(20): 1181611821

Shen HM, Peters A, Baron B, Zhu X, Storb U. Mutation of BCL-6
gene in normal B cells by the process of somatic hypermutation of
Ig genes. Science 1998; 280(5370): 1750-1752

Peng HZ, Du MQ, Koulis A, Aiello A, Dogan A, Pan LX, Isaacson
PG. Nonimmunoglobulin gene hypermutation in germinal center B
cells. Blood 1999; 93(7): 21672172

Storb U, Shen HM, Michael N, Kim N. Somatic hypermutation of
immunoglobulin and non-immunoglobulin genes. Philos Trans R
Soc Lond B Biol Sci 2001; 356(1405): 13-19

Gordon MS, Kanegai CM, Doerr JR, Wall R. Somatic hypermuta-
tion of the B cell receptor genes B29 (Igf, CD79b) and mb! (Igo,
CD79a). Proc Natl Acad Sci USA 2003; 100(7): 4126-4131
Delker RK, Fugmann SD, Papavasiliou FN. A coming-of-age
story: activation-induced cytidine deaminase turns 10. Nat
Immunol 2009; 10(11): 1147-1153

Rogozin IB, Kolchanov NA. Somatic hypermutagenesis in
immunoglobulin genes. II. Influence of neighbouring base
sequences on mutagenesis. Biochim Biophys Acta 1992; 1171
(1): 11-18

Rogozin 1B, Pavlov YI, Bebenek K, Matsuda T, Kunkel TA.
Somatic mutation hotspots correlate with DNA polymerase eta
error spectrum. Nat Immunol 2001; 2(6): 530-536

Klotz EL, Hackett J Jr, Storb U. Somatic hypermutation of an
artificial test substrate within an Igk transgene. J Immunol 1998;
161(2): 782-790

Storb U, Klotz EL, Hackett J Jr, Kage K, Bozek G, Martin TE. A
hypermutable insert in an immunoglobulin transgene contains
hotspots of somatic mutation and sequences predicting highly
stable structures in the RNA transcript. J Exp Med 1998; 188(4):
689-698

Michael N, Martin TE, Nicolae D, Kim N, Padjen K, Zhan P,
Nguyen H, Pinkert C, Storb U. Effects of sequence and structure on
the hypermutability of immunoglobulin genes. Immunity 2002; 16
(1): 123-134

Yélamos J, Klix N, Goyenechea B, Lozano F, Chui YL, Gonzalez
Fernandez A, Pannell R, Neuberger MS, Milstein C. Targeting of
non-Ig sequences in place of the V segment by somatic
hypermutation. Nature 1995; 376(6537): 225-229

Jolly CJ, Neuberger MS. Somatic hypermutation of immunoglo-
bulin k transgenes: association of mutability with demethylation.
Immunol Cell Biol 2001; 79(1): 18-22

Chen Z, Viboolsittiseri SS, O’Connor BP, Wang JH. Target DNA
sequence directly regulates the frequency of activation-induced
deaminase-dependent mutations. J Immunol 2012; 189(8): 3970—

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

3982

Muto T, Okazaki IM, Yamada S, Tanaka Y, Kinoshita K,
Muramatsu M, Nagaoka H, Honjo T. Negative regulation of
activation-induced cytidine deaminase in B cells. Proc Natl Acad
Sci USA 2006; 103(8): 27522757

Wang L, Wuerffel R, Feldman S, Khamlichi AA, Kenter AL. S
region sequence, RNA polymerase II, and histone modifications
create chromatin accessibility during class switch recombination. J
Exp Med 2009; 206(8): 1817-1830

Pavri R, Gazumyan A, Jankovic M, Di Virgilio M, Klein I,
Ansarah-Sobrinho C, Resch W, Yamane A, Reina San-Martin B,
Barreto V, Nieland TJ, Root DE, Casellas R, Nussenzweig MC.
Activation-induced cytidine deaminase targets DNA at sites of
RNA polymerase 1I stalling by interaction with Spt5. Cell 2010;
143(1): 122-133

Stanlie A, Aida M, Muramatsu M, Honjo T, Begum NA. Histone3
lysine4 trimethylation regulated by the facilitates chromatin
transcription complex is critical for DNA cleavage in class switch
recombination. Proc Natl Acad Sci USA 2010; 107(51): 22190
22195

Daniel JA, Santos MA, Wang Z, Zang C, Schwab KR, Jankovic M,
Filsuf D, Chen HT, Gazumyan A, Yamane A, Cho YW, Sun HW,
Ge K, Peng W, Nussenzweig MC, Casellas R, Dressler GR, Zhao
K, Nussenzweig A. PTIP promotes chromatin changes critical for
immunoglobulin class switch recombination. Science 2010; 329
(5994): 917-923

Jeevan-Raj BP, Robert I, Heyer V, Page A, Wang JH, Cammas F,
Alt FW, Losson R, Reina-San-Martin B. Epigenetic tethering of
AID to the donor switch region during immunoglobulin class
switch recombination. J Exp Med 2011; 208(8): 16491660
Yamane A, Resch W, Kuo N, Kuchen S, Li Z, Sun HW, Robbiani
DF, McBride K, Nussenzweig MC, Casellas R. Deep-sequencing
identification of the genomic targets of the cytidine deaminase AID
and its cofactor RPA in B lymphocytes. Nat Immunol 2011; 12(1):
62-69

Betz AG, Milstein C, Gonzalez-Fernandez A, Pannell R, Larson T,
Neuberger MS. Elements regulating somatic hypermutation of an
immunoglobulin kappa gene: critical role for the intron enhancer/
matrix attachment region. Cell 1994; 77(2): 239-248

Inlay MA, Gao HH, Odegard VH, Lin T, Schatz DG, Xu Y. Roles
of the Igk light chain intronic and 3’ enhancers in Igk somatic
hypermutation. J Immunol 2006; 177(2): 11461151

Kothapalli NR, Fugmann SD. Targeting of AID-mediated
sequence diversification to immunoglobulin genes. Curr Opin
Immunol 2011; 23(2): 184—-189

Perlot T, Alt FW, Bassing CH, Suh H, Pinaud E. Elucidation of
IgH intronic enhancer functions via germ-line deletion. Proc Natl
Acad Sci USA 2005; 102(40): 14362-14367

Fukita Y, Jacobs H, Rajewsky K. Somatic hypermutation in the
heavy chain locus correlates with transcription. Immunity 1998; 9
(1): 105-114

Kothapalli NR, Collura KM, Norton DD, Fugmann SD. Separation
of mutational and transcriptional enhancers in Ig genes. J Immunol
2011; 187(6): 3247-3255

Kothapalli NR, Norton DD, Fugmann SD. Classical Mus musculus
Igk enhancers support transcription but not high level somatic
hypermutation from a V-lambda promoter in chicken DT40 cells.



Zhangguo Chen and Jing H. Wang

213

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

PLoS ONE 2011; 6(4): 18955

Storb U, Peters A, Klotz E, Kim N, Shen HM, Hackett J, Rogerson
B, Martin TE. Cis-acting sequences that affect somatic hypermuta-
tion of Ig genes. Immunol Rev 1998; 162(1): 153—-160

Kodgire P, Mukkawar P, Ratnam S, Martin TE, Storb U. Changes
in RNA polymerase II progression influence somatic hypermuta-
tion of Ig-related genes by AID. J Exp Med 2013; 210(7): 1481—
1492

Aida M, Hamad N, Stanlie A, Begum NA, Honjo T. Accumulation
of the FACT complex, as well as histone H3.3, serves as a target
marker for somatic hypermutation. Proc Natl Acad Sci USA 2013;
110(19): 7784-7789

Morvan CL, Pinaud E, Decourt C, Cuvillier A, Cogné M. The
immunoglobulin heavy-chain locus hs3b and hs4 3’ enhancers are
dispensable for VDJ assembly and somatic hypermutation. Blood
2003; 102(4): 1421-1427

Rouaud P, Vincent-Fabert C, Saintamand A, Fiancette R, Marquet
M, Robert I, Reina-San-Martin B, Pinaud E, Cogné M, Denizot Y.
The IgH 3’ regulatory region controls somatic hypermutation in
germinal center B cells. J Exp Med 2013; 210(8): 1501-1507
McDonald J1J, Alinikula J, Buerstedde JM, Schatz DG. A critical
context-dependent role for E boxes in the targeting of somatic
hypermutation. J Immunol 2013; 191(4): 1556-1566

Kohler KM, McDonald JJ, Duke JL, Arakawa H, Tan S, Kleinstein
SH, Buerstedde JM, Schatz DG. Identification of core DNA
elements that target somatic hypermutation. J Immunol 2012; 189
(11): 5314-5326

Blagodatski A, Batrak V, Schmidl S, Schoetz U, Caldwell RB,
Arakawa H, Buerstedde JM. A cis-acting diversification activator
both necessary and sufficient for AID-mediated hypermutation.
PLoS Genet 2009; 5(1): e1000332

Kothapalli N, Norton DD, Fugmann SD. Cutting edge: a cis-acting
DNA element targets AID-mediated sequence diversification to the
chicken Ig light chain gene locus. J Immunol 2008; 180(4): 2019—
2023

Tanaka A, Shen HM, Ratnam S, Kodgire P, Storb U. Attracting
AID to targets of somatic hypermutation. J Exp Med 2010; 207(2):
405-415

Gazumyan A, Bothmer A, Klein IA, Nussenzweig MC, McBride
KM. Activation-induced cytidine deaminase in antibody diversi-
fication and chromosome translocation. Adv Cancer Res 2012;
113: 167-190

Kiippers R, Dalla-Favera R. Mechanisms of chromosomal
translocations in B cell lymphomas. Oncogene 2001; 20(40):
5580-5594

Janz S. Myc translocations in B cell and plasma cell neoplasms.
DNA Repair (Amst) 2006; 5(9-10): 1213-1224

Kiippers R. Mechanisms of B-cell lymphoma pathogenesis. Nat
Rev Cancer 2005; 5(4): 251-262

Shen HM, Michael N, Kim N, Storb U. The TATA binding protein,
c-Myc and survivin genes are not somatically hypermutated, while
Ig and BCL6 genes are hypermutated in human memory B cells.
Int Immunol 2000; 12(7): 1085-1093

Calado DP, Sasaki Y, Godinho SA, Pellerin A, Kochert K,
Sleckman BP, de Alboran IM, Janz M, Rodig S, Rajewsky K. The
cell-cycle regulator c-Myc is essential for the formation and
maintenance of germinal centers. Nat Immunol 2012; 13(11):

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

10921100

Shiloh Y. ATM and related protein kinases: safeguarding genome
integrity. Nat Rev Cancer 2003; 3(3): 155-168

Shiloh Y, Ziv Y. The ATM protein kinase: regulating the cellular
response to genotoxic stress, and more. Nat Rev Mol Cell Biol
2013; 14(4): 197-210

Bassing CH, Alt FW. H2AX may function as an anchor to hold
broken chromosomal DNA ends in close proximity. Cell Cycle
2004; 3(2): 149-153

Franco S, Alt FW, Manis JP. Pathways that suppress programmed
DNA breaks from progressing to chromosomal breaks and
translocations. DNA Repair (Amst) 2006; 5(9-10): 1030-1041
Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA
double-stranded breaks induce histone H2AX phosphorylation on
serine 139. J Biol Chem 1998; 273(10): 5858-5868

Chapman JR, Barral P, Vannier JB, Borel V, Steger M, Tomas-
Loba A, Sartori AA, Adams IR, Batista FD, Boulton SJ. RIF1 is
essential for 53BP1-dependent nonhomologous end joining and
suppression of DNA double-strand break resection. Mol Cell 2013;
49(5): 858-871

Di Virgilio M, Callen E, Yamane A, Zhang W, Jankovic M, Gitlin
AD, Feldhahn N, Resch W, Oliveira TY, Chait BT, Nussenzweig
A, Casellas R, Robbiani DF, Nussenzweig MC. Rifl prevents
resection of DNA breaks and promotes immunoglobulin class
switching. Science 2013; 339(6120): 711-715

Escribano-Diaz C, Orthwein A, Fradet-Turcotte A, Xing M, Young
JT, Tka¢ J, Cook MA, Rosebrock AP, Munro M, Canny MD, Xu
D, Durocher D. A cell cycle-dependent regulatory circuit
composed of 53BP1-RIF1 and BRCA1-CtIP controls DNA repair
pathway choice. Mol Cell 2013; 49(5): 872883

Franco S, Gostissa M, Zha S, Lombard DB, Murphy MM, Zarrin
AA, Yan C, Tepsuporn S, Morales JC, Adams MM, Lou Z, Bassing
CH, Manis JP, Chen J, Carpenter PB, Alt FW. H2AX prevents
DNA breaks from progressing to chromosome breaks and
translocations. Mol Cell 2006; 21(2): 201-214

Ramiro AR, Jankovic M, Callen E, Difilippantonio S, Chen HT,
McBride KM, Eisenreich TR, Chen J, Dickins RA, Lowe SW,
Nussenzweig A, Nussenzweig MC. Role of genomic instability
and p53 in AID-induced c-myc-Igh translocations. Nature 2006;
440(7080): 105-109

Manis JP, Morales JC, Xia Z, Kutok JL, Alt FW, Carpenter PB.
53BP1 links DNA damage-response pathways to immunoglobulin
heavy chain class-switch recombination. Nat Immunol 2004; 5(5):
481-487

Ward IM, Reina-San-Martin B, Olaru A, Minn K, Tamada K, Lau
JS, Cascalho M, Chen L, Nussenzweig A, Livak F, Nussenzweig
MC, Chen J. 53BP1 is required for class switch recombination. J
Cell Biol 2004; 165(4): 459464

Reina-San-Martin B, Chen J, Nussenzweig A, Nussenzweig MC.
Enhanced intra-switch region recombination during immunoglo-
bulin class switch recombination in 53BP1”" B cells. Eur J
Immunol 2007; 37(1): 235239

Bothmer A, Robbiani DF, Di Virgilio M, Bunting SF, Klein IA,
Feldhahn N, Barlow J, Chen HT, Bosque D, Callen E,
Nussenzweig A, Nussenzweig MC. Regulation of DNA end
joining, resection, and immunoglobulin class switch recombination
by 53BP1. Mol Cell 2011; 42(3): 319-329



214

Targeting and processing of AlD-initiated lesions

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Bothmer A, Robbiani DF, Feldhahn N, Gazumyan A, Nussenz-
weig A, Nussenzweig MC. 53BP1 regulates DNA resection and
the choice between classical and alternative end joining during
class switch recombination. J Exp Med 2010; 207(4): 855-865
Chapman JR, Taylor MR, Boulton SJ. Playing the end game: DNA
double-strand break repair pathway choice. Mol Cell 2012; 47(4):
497-510

Bothmer A, Rommel PC, Gazumyan A, Polato F, Reczek CR,
Muellenbeck MF, Schaetzlein S, Edelmann W, Chen PL, Brosh
RM Jr, Casellas R, Ludwig T, Baer R, Nussenzweig A,
Nussenzweig MC, Robbiani DF. Mechanism of DNA resection
during intrachromosomal recombination and immunoglobulin
class switching. J Exp Med 2013; 210(1): 115-123

Stavnezer J, Bjorkman A, Du L, Cagigi A, Pan-Hammarstrom Q.
Mapping of switch recombination junctions, a tool for studying
DNA repair pathways during immunoglobulin class switching.
Adv Immunol 2010; 108: 45-109

Lieber MR. The mechanism of double-strand DNA break repair by
the nonhomologous DNA end-joining pathway. Annu Rev
Biochem 2010; 79(1): 181-211

Lieber MR, Gu J, Lu H, Shimazaki N, Tsai AG. Nonhomologous
DNA end joining (NHEJ) and chromosomal translocations in
humans. Subcell Biochem 2010; 50: 279-296

Weinstock DM, Richardson CA, Elliott B, Jasin M. Modeling
oncogenic translocations: distinct roles for double-strand break
repair pathways in translocation formation in mammalian cells.
DNA Repair (Amst) 2006; 5(9-10): 1065-1074

West SC. Molecular views of recombination proteins and their
control. Nat Rev Mol Cell Biol 2003; 4(6): 435445

Symington LS, Gautier J. Double-strand break end resection and
repair pathway choice. Annu Rev Genet 2011; 45(1): 247271
Callen E, Di Virgilio M, Kruhlak MJ, Nieto-Soler M, Wong N,
Chen HT, Faryabi RB, Polato F, Santos M, Starnes LM,
Wesemann DR, Lee JE, Tubbs A, Sleckman BP, Daniel JA, Ge
K, Alt FW, Fernandez-Capetillo O, Nussenzweig MC, Nussenz-
weig A. 53BP1 mediates productive and mutagenic DNA repair
through distinct phosphoprotein interactions. Cell 2013; 153(6):
1266-1280

Rooney S, Chaudhuri J, Alt FW. The role of the non-homologous
end-joining pathway in lymphocyte development. Immunol Rev
2004; 200(1): 115-131

Roth DB. Restraining the V(D)J recombinase. Nat Rev Immunol
2003; 3(8): 656666

Yan CT, Boboila C, Souza EK, Franco S, Hickernell TR, Murphy
M, Gumaste S, Geyer M, Zarrin AA, Manis JP, Rajewsky K, Alt
FW. IgH class switching and translocations use a robust non-
classical end-joining pathway. Nature 2007; 449(7161): 478482
Wang JH, Gostissa M, Yan CT, Goff P, Hickernell T, Hansen E,
Difilippantonio S, Wesemann DR, Zarrin AA, Rajewsky K,
Nussenzweig A, Alt FW. Mechanisms promoting translocations
in editing and switching peripheral B cells. Nature 2009; 460
(7252): 231-236

Boboila C, Yan C, Wesemann DR, Jankovic M, Wang JH, Manis J,
Nussenzweig A, Nussenzweig M, Alt FW. Alternative end-joining
catalyzes class switch recombination in the absence of both Ku70
and DNA ligase 4. J Exp Med 2010; 207(2): 417427

Boboila C, Jankovic M, Yan CT, Wang JH, Wesemann DR, Zhang

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

T, Fazeli A, Feldman L, Nussenzweig A, Nussenzweig M, Alt FW.
Alternative end-joining catalyzes robust IgH locus deletions and
translocations in the combined absence of ligase 4 and Ku70. Proc
Natl Acad Sci USA 2010; 107(7): 3034-3039

Difilippantonio MJ, Petersen S, Chen HT, Johnson R, Jasin M,
Kanaar R, Ried T, Nussenzweig A. Evidence for replicative repair
of DNA double-strand breaks leading to oncogenic translocation
and gene amplification. J Exp Med 2002; 196(4): 469—480
Rooney S, Sekiguchi J, Whitlow S, Eckersdorff M, Manis JP, Lee
C, Ferguson DO, Alt FW. Artemis and p53 cooperate to suppress
oncogenic N-myc amplification in progenitor B cells. Proc Natl
Acad Sci USA 2004; 101(8): 2410-2415

Wang JH, Alt FW, Gostissa M, Datta A, Murphy M, Alimzhanov
MB, Coakley KM, Rajewsky K, Manis JP, Yan CT. Oncogenic
transformation in the absence of Xrcc4 targets peripheral B cells
that have undergone editing and switching. J Exp Med 2008; 205
(13): 3079-3090

Zhu C, Mills KD, Ferguson DO, Lee C, Manis J, Fleming J, Gao Y,
Morton CC, Alt FW. Unrepaired DNA breaks in p53-deficient cells
lead to oncogenic gene amplification subsequent to translocations.
Cell 2002; 109(7): 811-821

McVey M, Lee SE. MMEIJ repair of double-strand breaks
(director’s cut): deleted sequences and alternative endings. Trends
Genet 2008; 24(11): 529-538

Deriano L, Stracker TH, Baker A, Petrini JH, Roth DB. Roles for
NBS1 in alternative nonhomologous end-joining of V(D)J
recombination intermediates. Mol Cell 2009; 34(1): 13-25
Dinkelmann M, Spehalski E, Stoneham T, Buis J, Wu Y,
Sekiguchi JM, Ferguson DO. Multiple functions of MRN in end-
joining pathways during isotype class switching. Nat Struct Mol
Biol 2009; 16(8): 808-813

Rass E, Grabarz A, Plo I, Gautier J, Bertrand P, Lopez BS. Role of
Mrell in chromosomal nonhomologous end joining in mammalian
cells. Nat Struct Mol Biol 2009; 16(8): 819-824

Xie A, Kwok A, Scully R. Role of mammalian Mrel1 in classical
and alternative nonhomologous end joining. Nat Struct Mol Biol
2009; 16(8): 814-818

Lee-Theilen M, Matthews AJ, Kelly D, Zheng S, Chaudhuri J.
CtIP promotes microhomology-mediated alternative end joining
during class-switch recombination. Nat Struct Mol Biol 2011; 18
(1): 75-79

Zhang Y, Jasin M. An essential role for CtIP in chromosomal
translocation formation through an alternative end-joining path-
way. Nat Struct Mol Biol 2011; 18(1): 80-84

Della-Maria J, Zhou Y, Tsai MS, Kuhnlein J, Carney JP, Paull TT,
Tomkinson AE. Human Mrell/human Rad50/Nbsl and DNA
ligase Illalpha/XRCCI1 protein complexes act together in an
alternative nonhomologous end joining pathway. J Biol Chem
2011; 286(39): 33845-33853

Saribasak H, Maul RW, Cao Z, McClure RL, Yang W, McNeill
DR, Wilson DM 3rd, Gearhart PJ. XRCC1 suppresses somatic
hypermutation and promotes alternative nonhomologous end
joining in Igh genes. J Exp Med 2011; 208(11): 2209-2216
Simsek D, Brunet E, Wong SY, Katyal S, Gao Y, McKinnon PJ,
Lou J, Zhang L, Li J, Rebar EJ, Gregory PD, Holmes MC, Jasin M.
DNA ligase III promotes alternative nonhomologous end-joining
during chromosomal translocation formation. PLoS Genet 2011; 7



Zhangguo Chen and Jing H. Wang

215

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

(6): 1002080

Caldecott KW. XRCC1 and DNA strand break repair. DNA Repair
(Amst) 2003; 2(9): 955-969

Boboila C, Oksenych V, Gostissa M, Wang JH, Zha S, Zhang Y,
Chai H, Lee CS, Jankovic M, Saez LM, Nussenzweig MC,
McKinnon PJ, Alt FW, Schwer B. Robust chromosomal DNA
repair via alternative end-joining in the absence of X-ray repair
cross-complementing protein 1 (XRCC1). Proc Natl Acad Sci
USA 2012; 109(7): 24732478

Jung D, Giallourakis C, Mostoslavsky R, Alt FW. Mechanism and
control of V(D)J recombination at the immunoglobulin heavy
chain locus. Annu Rev Immunol 2006; 24(1): 541-570

Wang JH. Mechanisms and impacts of chromosomal translocations
in cancers. Front Med 2012; 6(3): 263-274

Ramiro AR, Jankovic M, Eisenreich T, Difilippantonio S, Chen-
Kiang S, Muramatsu M, Honjo T, Nussenzweig A, Nussenzweig
MC. AID is required for c-myc/IgH chromosome translocations in
vivo. Cell 2004; 118(4): 431438

Pasqualucci L, Neumeister P, Goossens T, Nanjangud G, Chaganti
RS, Kiippers R, Dalla-Favera R. Hypermutation of multiple proto-
oncogenes in B-cell diffuse large-cell lymphomas. Nature 2001;
412(6844): 341-346

Ohno H. Pathogenetic and clinical implications of non-immuno-
globulin; BCL6 translocations in B-cell non-Hodgkin’s lym-
phoma. J Clin Exp Hematop 2006; 46(2): 43-53

Bertrand P, Bastard C, Maingonnat C, Jardin F, Maisonneuve C,
Courel MN, Ruminy P, Picquenot JM, Tilly H. Mapping of MYC
breakpoints in 8q24 rearrangements involving non-immunoglobu-
lin partners in B-cell lymphomas. Leukemia 2007; 21(3): 515-523
Robbiani DF, Bothmer A, Callen E, Reina-San-Martin B, Dorsett
Y, Difilippantonio S, Bolland DJ, Chen HT, Corcoran AE,
Nussenzweig A, Nussenzweig MC. AID is required for the
chromosomal breaks in c-myc that lead to c-myc/IgH transloca-
tions. Cell 2008; 135(6): 1028-1038

Robbiani DF, Bunting S, Feldhahn N, Bothmer A, Camps J,
Deroubaix S, McBride KM, Klein IA, Stone G, Eisenreich TR,
Ried T, Nussenzweig A, Nussenzweig MC. AID produces DNA
double-strand breaks in non-Ig genes and mature B cell
lymphomas with reciprocal chromosome translocations. Mol Cell
2009; 36(4): 631-641

Chiarle R, Zhang Y, Frock RL, Lewis SM, Molinie B, Ho YJ,
Myers DR, Choi VW, Compagno M, Malkin DJ, Neuberg D,
Monti S, Giallourakis CC, Gostissa M, Alt FW. Genome-wide
translocation sequencing reveals mechanisms of chromosome
breaks and rearrangements in B cells. Cell 2011; 147(1): 107-119
Klein IA, Resch W, Jankovic M, Oliveira T, Yamane A, Nakahashi
H, Di Virgilio M, Bothmer A, Nussenzweig A, Robbiani DF,
Casellas R, Nussenzweig MC. Translocation-capture sequencing
reveals the extent and nature of chromosomal rearrangements in B
lymphocytes. Cell 2011; 147(1): 95-106

Staszewski O, Baker RE, Ucher AJ, Martier R, Stavnezer J,
Guikema JE. Activation-induced cytidine deaminase induces
reproducible DNA breaks at many non-Ig Loci in activated B
cells. Mol Cell 2011; 41(2): 232242

Muramatsu M, Sankaranand VS, Anant S, Sugai M, Kinoshita K,
Davidson NO, Honjo T. Specific expression of activation-induced
cytidine deaminase (AID), a novel member of the RNA-editing

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

deaminase family in germinal center B cells. J Biol Chem 1999;
274(26): 18470-18476

Crouch EE, Li Z, Takizawa M, Fichtner-Feigl S, Gourzi P,
Montafio C, Feigenbaum L, Wilson P, Janz S, Papavasiliou FN,
Casellas R. Regulation of AID expression in the immune response.
J Exp Med 2007; 204(5): 1145-1156

Gourzi P, Leonova T, Papavasiliou FN. A role for activation-
induced cytidine deaminase in the host response against a
transforming retrovirus. Immunity 2006; 24(6): 779-786
Szczylik C, Skorski T, Nicolaides NC, Manzella L, Malaguarnera
L, Venturelli D, Gewirtz AM, Calabretta B. Selective inhibition of
leukemia cell proliferation by BCR-ABL antisense oligodeoxynu-
cleotides. Science 1991; 253(5019): 562—-565

Van Etten RA, Jackson P, Baltimore D. The mouse type IV c-abl
gene product is a nuclear protein, and activation of transforming
ability is associated with cytoplasmic localization. Cell 1989; 58
(4): 669678

Quintas-Cardama A, Cortes J. Molecular biology of bcr-abll-
positive chronic myeloid leukemia. Blood 2009; 113(8): 1619—
1630

Feldhahn N, Henke N, Melchior K, Duy C, Soh BN, Klein F, von
Levetzow G, Giebel B, Li A, Hofmann WK, Jumaa H, Miischen
M. Activation-induced cytidine deaminase acts as a mutator in
BCR-ABLI-transformed acute lymphoblastic leukemia cells. J
Exp Med 2007; 204(5): 1157-1166

Klemm L, Duy C, Iacobucci I, Kuchen S, von Levetzow G,
Feldhahn N, Henke N, Li Z, Hoffmann TK, Kim YM, Hofmann
WK, Jumaa H, Groffen J, Heisterkamp N, Martinelli G, Lieber
MR, Casellas R, Miischen M. The B cell mutator AID promotes B
lymphoid blast crisis and drug resistance in chronic myeloid
leukemia. Cancer Cell 2009; 16(3): 232-245

Gruber TA, Chang MS, Sposto R, Miischen M. Activation-induced
cytidine deaminase accelerates clonal evolution in BCR-ABLI1-
driven B-cell lineage acute lymphoblastic leukemia. Cancer Res
2010; 70(19): 7411-7420

Yoshikawa K, Okazaki IM, Eto T, Kinoshita K, Muramatsu M,
Nagaoka H, Honjo T. AID enzyme-induced hypermutation in an
actively transcribed gene in fibroblasts. Science 2002; 296(5575):
2033-2036

Okazaki IM, Hiai H, Kakazu N, Yamada S, Muramatsu M,
Kinoshita K, Honjo T. Constitutive expression of AID leads to
tumorigenesis. J Exp Med 2003; 197(9): 1173-1181

Morris DS, Tomlins SA, Montie JE, Chinnaiyan AM. The
discovery and application of gene fusions in prostate cancer.
BJU Int 2008; 102(3): 276-282

Mano H. Non-solid oncogenes in solid tumors: EML4-ALK fusion
genes in lung cancer. Cancer Sci 2008; 99(12): 2349-2355

Lin C, Yang L, Tanasa B, Hutt K, Ju BG, Ohgi K, Zhang J, Rose
DW, Fu XD, Glass CK, Rosenfeld MG. Nuclear receptor-induced
chromosomal proximity and DNA breaks underlie specific
translocations in cancer. Cell 2009; 139(6): 1069-1083
Matsumoto Y, Marusawa H, Kinoshita K, Endo Y, Kou T,
Morisawa T, Azuma T, Okazaki IM, Honjo T, Chiba T.
Helicobacter pylori infection triggers aberrant expression of
activation-induced cytidine deaminase in gastric epithelium. Nat
Med 2007; 13(4): 470476

Muiloz DP, Lee EL, Takayama S, Coppé JP, Heo SJ, Boffelli D, Di



216

Targeting and processing of AlD-initiated lesions

171.

172.

173.

174.

175.

176.

177.

Noia JM, Martin DI. Activation-induced cytidine deaminase (AID)
is necessary for the epithelial-mesenchymal transition in mammary
epithelial cells. Proc Natl Acad Sci USA 2013; 110(32): E2977—
E2986

Kumar R, DiMenna L, Schrode N, Liu TC, Franck P, Mufioz-
Descalzo S, Hadjantonakis AK, Zarrin AA, Chaudhuri J, Elemento
O, Evans T. AID stabilizes stem-cell phenotype by removing
epigenetic memory of pluripotency genes. Nature 2013; 500
(7460): 89-92

Bhutani N, Decker MN, Brady JJ, Bussat RT, Burns DM, Corbel
SY, Blau HM. A critical role for AID in the initiation of
reprogramming to induced pluripotent stem cells. FASEB J 2013;
27(3): 1107-1113

Popp C, Dean W, Feng S, Cokus SJ, Andrews S, Pellegrini M,
Jacobsen SE, Reik W. Genome-wide erasure of DNA methylation
in mouse primordial germ cells is affected by AID deficiency.
Nature 2010; 463(7284): 1101-1105

Bhutani N, Brady JJ, Damian M, Sacco A, Corbel SY, Blau HM.
Reprogramming towards pluripotency requires AID-dependent
DNA demethylation. Nature 2010; 463(7284): 1042—-1047
Hogenbirk MA, Heideman MR, Velds A, van den Berk PC,
Kerkhoven RM, van Steensel B, Jacobs H. Differential program-
ming of B cells in AID deficient mice. PLoS ONE 2013; 8(7):
e69815

Hogenbirk MA, Velds A, Kerkhoven RM, Jacobs H. Reassessing
genomic targeting of AID. Nat Immunol 2012; 13(9): 797-798,
author reply 798-800

Vuong BQ, Lee M, Kabir S, Irimia C, Macchiarulo S, McKnight
GS, Chaudhuri J. Specific recruitment of protein kinase A to the

178.

179.

180.

181.

182.

183.

immunoglobulin locus regulates class-switch recombination. Nat
Immunol 2009; 10(4): 420-426

Basu U, Chaudhuri J, Alpert C, Dutt S, Ranganath S, Li G, Schrum
JP, Manis JP, Alt FW. The AID antibody diversification enzyme is
regulated by protein kinase A phosphorylation. Nature 2005; 438
(7067): 508-511

Cheng HL, Vuong BQ, Basu U, Franklin A, Schwer B, Astarita J,
Phan RT, Datta A, Manis J, Alt FW, Chaudhuri J. Integrity of the
AID serine-38 phosphorylation site is critical for class switch
recombination and somatic hypermutation in mice. Proc Natl Acad
Sci USA 2009; 106(8): 2717-2722

Hakim O, Resch W, Yamane A, Klein I, Kieffer-Kwon KR,
Jankovic M, Oliveira T, Bothmer A, Voss TC, Ansarah-Sobrinho
C, Mathe E, Liang G, Cobell J, Nakahashi H, Robbiani DF,
Nussenzweig A, Hager GL, Nussenzweig MC, Casellas R. DNA
damage defines sites of recurrent chromosomal translocations in B
lymphocytes. Nature 2012; 484(7392): 69-74

Rocha PP, Micsinai M, Kim JR, Hewitt SL, Souza PP, Trimarchi
T, Strino F, Parisi F, Kluger Y, Skok JA. Close proximity to Igh is
a contributing factor to AID-mediated translocations. Mol Cell
2012; 47(6): 873885

Zhang Y, McCord RP, Ho YJ, Lajoie BR, Hildebrand DG, Simon
AC, Becker MS, Alt FW, Dekker J. Spatial organization of the
mouse genome and its role in recurrent chromosomal transloca-
tions. Cell 2012; 148(5): 908-921

Gramlich HS, Reisbig T, Schatz DG. AlD-targeting and
hypermutation of non-immunoglobulin genes does not correlate
with proximity to immunoglobulin genes in germinal center B
cells. PLoS ONE 2012; 7(6): 39601



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64
	bmkcit65
	bmkcit66
	bmkcit67
	bmkcit68
	bmkcit69
	bmkcit70
	bmkcit71
	bmkcit72
	bmkcit73
	bmkcit74
	bmkcit75
	bmkcit76
	bmkcit77
	bmkcit78
	bmkcit79
	bmkcit80
	bmkcit81
	bmkcit82
	bmkcit83
	bmkcit84
	bmkcit85
	bmkcit86
	bmkcit87
	bmkcit88
	bmkcit89
	bmkcit90
	bmkcit91
	bmkcit92
	bmkcit93
	bmkcit94
	bmkcit95
	bmkcit96
	bmkcit97
	bmkcit98
	bmkcit99
	bmkcit100
	bmkcit101
	bmkcit102
	bmkcit103
	bmkcit104
	bmkcit105
	bmkcit106
	bmkcit107
	bmkcit108
	bmkcit109
	bmkcit110
	bmkcit111
	bmkcit112
	bmkcit113
	bmkcit114
	bmkcit115
	bmkcit116
	bmkcit117
	bmkcit118
	bmkcit119
	bmkcit120
	bmkcit121
	bmkcit122
	bmkcit123
	bmkcit124
	bmkcit125
	bmkcit126
	bmkcit127
	bmkcit128
	bmkcit129
	bmkcit130
	bmkcit131
	bmkcit132
	bmkcit133
	bmkcit134
	bmkcit135
	bmkcit136
	bmkcit137
	bmkcit138
	bmkcit139
	bmkcit140
	bmkcit141
	bmkcit142
	bmkcit143
	bmkcit144
	bmkcit145
	bmkcit146
	bmkcit147
	bmkcit148
	bmkcit149
	bmkcit150
	bmkcit151
	bmkcit152
	bmkcit153
	bmkcit154
	bmkcit155
	bmkcit156
	bmkcit157
	bmkcit158
	bmkcit159
	bmkcit160
	bmkcit161
	bmkcit162
	bmkcit163
	bmkcit164
	bmkcit165
	bmkcit166
	bmkcit167
	bmkcit168
	bmkcit169
	bmkcit170
	bmkcit171
	bmkcit172
	bmkcit173
	bmkcit174
	bmkcit175
	bmkcit176
	bmkcit177
	bmkcit178
	bmkcit179
	bmkcit180
	bmkcit181
	bmkcit182
	bmkcit183


