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Abstract

Activation-induced cytidine deaminase (AID) is a key enzyme for antibody-mediated immune
responses. Antibodies are encoded by the immunoglobulin genes and AID acts as a transcription-
dependent DNA mutator on these genes to improve antibody affinity and effector functions. An
emerging theme in field is that many transcribed genes are potential targets of AID, presenting an
obvious danger to genomic integrity. Thus there are mechanisms in place to ensure that mutagenic
outcomes of AID activity are specifically restricted to the immunoglobulin loci. Cis-regulatory
targeting elements mediate this effect and their mode of action is likely a combination of
immunoglobulin gene specific activation of AID and a perversion of faithful DNA repair towards
error-prone outcomes.

Introduction

Activation-induced cytidine deaminase (AID) is a DNA mutator enzyme that initiates
somatic hypermutation (SHM), immunoglobulin gene conversion (GCV), and class switch
recombination (CSR) [1-3]. These processes are critical for an efficient immune response as
they drive the generation of high-affinity antibodies, mediated by SHM and GCV, and
optimal effector function in the case of CSR. The cognate substrates of AID are the
immunoglobulin (Ig) genes, but there is an increasing body of evidence that AID on rare
occasions drives the generation of mutations and translocations of non-Ig genes [4]. Such
misdirected AID activity leads to deleterious outcomes like lymphomas, and thus
understanding how beneficial mutagenesis is largely targeted to Ig loci is a key question in
the field. Here we review recent progress over the last two years towards addressing this
question, in particular the identification of cis-regulatory “targeting” elements that are
critical for SHM and GCV. We also briefly discuss similar findings for CSR. Lastly, we
present revised models for targeting of SHM, GCV, and CSR, incorporating most of the
recent reports in this area.
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The basic mechanism of AID dependent sequence diversification

Upon encountering antigen, B cells activate the secondary Ig gene diversification processes
SHM, GCV, and CSR. Al three processes are initiated by AID, which introduces U:G
mismatches within the variable region or the switch repeats of Ig genes, in the case of SHM
and GCV, or CSR, respectively. During SHM this U:G mismatch is repaired by direct
replication or by error-prone base excision repair (BER) and mismatch repair (MMR)
pathways involving low fidelity DNA polymerases [5]. The outcomes are point mutations or
small insertions and deletions, all of which can alter the affinity of the encoded antibody.
Repeated cycles of hypermutation and selection in the germinal center are referred to as
“affinity maturation”. In contrast, during GCV the U:G mismatches are subject to
homology-based repair involving upstream pseudo V genes resulting in multiple
“templated” mutations in a single event [6]. GCV occurs only in a subset of jawed
vertebrates, including chicken and rabbits, and is also thought to contribute to the generation
of the pre-immune Ig repertoire in these species. Lastly, CSR requires the conversion of U:G
mismatches to DNA double-strand breaks by components of BER and MMR pathways
[7,8]. The DNA fragment in between Sy and downstream Sy, Sa, or Sg switch repeats is
excised, and the subsequent ligation of the chromosomal DNA ends by non-homologous
end-joining replaces the IgM constant region exons with those encoding the 1gG, IgA, or
IgE isotypes.

Biochemical studies demonstrated that the substrates of AID are cytidines presented in the
context of single-stranded DNA [9-11]. In vitro, U:G mismatches within double-stranded
DNA are only generated in the context of transcription, which transiently exposes unpaired
bases in the transcription bubble [11,12]. This requirement holds true for all AID-mediated
sequence diversification processes in vivo. Transcription by itself, however, is not sufficient
to recruit AID activity to a gene locus in vivo, as promoters [13] and cis-regulatory targeting
elements (see sections “Targeting of SHM and GCV” and “Targeting of CSR”) impose a
critical additional layer of regulation.

Amongst the three AID-mediated processes, CSR stands out based on its unique DNA
substrate, the switch repeats, and its reaction intermediates, double-strand breaks. SHM and
GCV, however, are thought to be closely related, and hence will largely be discussed
together throughout this review. Interestingly, the deletion of all pseudo V segments and the
deletion of factors involved in homology-based DNA repair in chicken B cells both abolish
GCV and in turn increase the number of non-templated mutation events reminiscent of SHM
[14,15]. This suggests that SHM is the default pathway to resolve U:G mismatches in the
variable genes in Ig loci, and that GCV is an add-on in the presence of homologous repair
templates. But it is important to note that the pattern of point mutations in murine B cells
and pseudo V-deficient chicken B cells differs [14]. Hence it is possible that distinct
targeting mechanisms exist for the unique DNA repair factor requirements of each of these
three processes, SHM, GCV, and CSR.

Genome-wide mutagenesis by AID

SHM was originally described as a process unique to 1g genes, and is essential for affinity
maturation and highly effective humoral immune responses. It is, however, becoming
increasingly apparent that AID-dependent mutagenesis occurs on a far wider range of genes.
Strikingly, AID activity on non-lg genes contributes to B cell lymphomagenesis, with
mutations in the BCL-6 regulatory region and c-myc/IgH translocations being prime
examples of the underlying molecular events [16-19]. A recent study by the Schatz lab
convincingly showed that AID introduces mutations in a large number of genes in activated
B cells albeit at very low levels, and that error-free DNA repair further reduced potentially
deleterious outcomes in many of these genes [20]. Similarly, homologous recombination
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prevents widely-spread DNA breaks and translocations in this scenario [21]. A common
denominator of all mutated genes was active transcription [20], consistent with in vitro
studies using recombinant AID. In addition, a recent chromatin immunoprecipitation
sequencing (ChlPseq) study provided evidence that AID is indeed physically present and
widely distributed across almost all transcribed genes in activated B cells [22]. In this
context, the association of AID with RNA polymerase 11 (polll) complexes is mediated by
Sptb, a transcription elongation factor, which recruits AID to stalled polymerase complexes
[23].

In summary, two patterns of AID-dependent mutagenesis are present in activated B cells:
widely distributed basal levels that contribute to lymphomagenesis, and narrowly localized
high levels (at least 20- to 50-fold higher than the basal) in the Ig genes required for
antibody diversity. The former are suppressed by error-free DNA repair while the latter are
exacerbated by error-prone DNA repair. The specific recruitment of high-levels of
mutagenic activity is referred to as “targeting”, and this topic is the focus of the next
sections of this review.

Targeting of SHM and GCV

Early transgenic studies, in particular of the murine Igk gene, implicated transcriptional
enhancers as important elements for recruiting the SHM machinery to the 1g loci [24]. But
the individual deletion of these enhancers, the intronic enhancer and its associated matrix
attachment region (ie/MAR), the 3’ enhancer (3'kE), and the distal enhancer (Ed) in
respective knock-out mice showed surprisingly little effects on SHM [25,26]. Importantly,
the modest reductions in SHM could readily be explained by concomitant decreases in
transcription. Redundancy of these enhancers with respect to targeting SHM remains a
plausible explanation, but the importance of these elements for early B cell development
provides a challenging hurdle for experimental testing [27]. Thus, the identity of targeting
elements in murine 1g genes remains elusive, and the experimental challenges prompted the
search for a better suited model system.

The IGL gene in the chicken DT40 B cell line is constitutively subjected to SHM and GCV,
and the genome of these cells can be manipulated by standard gene-targeting strategies.
Thus this cell line emerged as an attractive widely used model system to identify cis-
regulatory elements required for AID-mediated sequence diversification. Using DT40 cells,
we provided the very first experimental evidence for the existence of such targeting
elements for SHM/GCV within an endogenous Ig locus [28], and these findings were later
confirmed by others [29,30]. We now narrowed the location of one of these elements to
within 650 bp, and showed that it is evolutionarily conserved in terms of sequence and
function (Kothapalli et al., unpublished data). In contrast to a prevailing model in the field,
these targeting elements are distinct from classic transcription enhancers (Kothapalli et al.,
unpublished data), and importantly are also active when transferred to non-Ig loci [29,30].
Therefore these elements constitute a novel class of cis-regulatory elements, defined by their
ability to influence local genome stability.

The trans-acting factors binding to these regulatory DNA elements and mediating targeting
remain elusive. E-box transcription factors (likely E2A) emerged as important candidates
[31-34][35], but the importance of their binding sites within endogenous Ig loci has not yet
been demonstrated. Additional transcription factors including NFxB have been implicated
[30], but the broad role of all these transcription factors in gene expression in B lymphocytes
and other cell types argues against a unique role in targeting of SHM and GCV. In summary,
despite the recent progress, the identities of individual binding sites critical for targeting and
their corresponding trans-acting factors are still the biggest mysteries in the field.
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Targeting of CSR

The DNA sequence of the switch repeat regions in the Igh locus promotes the transcription-
dependent formation of stable R-loops [36], and the unpaired DNA strand of such structures
provides a perfect substrate for AID. It is unclear, however, whether these R-loops by
themselves are sufficient to sequester AID to achieve efficient CSR. Notably, the switch
repeats in the igh locus of Xenopus laevis do not form R-loops, but readily serve as AID
substrates during CSR [37].

In addition to the nucleotide sequences of the AID substrates themselves, targeting of CSR
to the murine Igh locus has also long been thought to involve the 3’ regulatory region, which
consists of four DNasel hypersensitive sites HS1, HS2, HS3A/B, and HS4. The deletion of
these hypersensitive sites individually had little effect on CSR [38-40] suggesting
redundancy of these elements. The combined deletion of all four sites, however, resulted in a
dramatic reduction of CSR to all isotypes, but also in a simultaneous reduction in the levels
of CSR-associated transcription of switch repeats [41,42]. Thus it is still unclear whether
these hypersensitive sites control CSR by virtue of being enhancers of transcription [43], or
also by recruitment of factors critical for AID-initiated DNA recombination. The fine-
mapping and subsequent deletion of important binding sites and cross-complementation
studies with non-Ig transcription enhancers will likely provide a conclusive answer to this
question.

The mechanism of targeting

The molecular mechanism that underlies the targeting of mutagenic AID activity to Ig gene
loci remains still elusive. The importance of cis-regulatory elements indicates that critical
components of the mutator machinery are recruited to the Ig loci, or, alternatively that these
loci are recruited to sub-nuclear compartments that could be simplistically labeled as
“mutator factories” (Fig. 1). Such a factory model has been invoked for transcription [44]
and V(D)J recombination [45] ; but whether the Ig loci are moving to distinct areas of the
nucleus or important factors move to Ig loci, in each case a unique micro-environment is
created that supports mutagenesis of 1g gene sequences. As AID is physically present on a
large number of transcribed genes, the most parsimonious model stating that AID is
specifically recruited to Ig loci is likely invalid. A revised model for targeting now proposes
that AID is rendered highly active by post-translational modifications and/or interactions
with other proteins (Fig. 2A). This activation would be 1g gene specific and mediated
directly (or indirectly) by the trans-acting factors binding to the targeting elements. The
recruitment of PKA to phosphorylate AID in the context of CSR might be one example of
such regulation [46]. An alternative, but not mutually exclusive model proposes that DNA
repair at 1g loci is particularly error-prone (Fig. 2B). This is consistent with the observations
that error-free repair is prevalent throughout the genome, thereby protecting non-1g genes
from AID-dependent mutagenesis [20,21]. The recruitment of such error-prone repair to (or
the exclusion of error-free repair from) Ig loci in activated B cells could be mediated by
distinct chromatin states that are non-permissive for the respective undesired mode of DNA
repair. Localized recruitment of error-prone repair would also be an interesting general
concept to explain restricted islands of genomic instability including recurrent translocations
and DNA recombination breakpoints.

Conclusions

The emerging picture in the field is that cis-regulatory elements are critical to direct the
AID-mediated sequence diversification processes to the Ig loci. This targeting likely
involves the recruitment of AID co-factors or modifying enzymes that activate AID
specifically on Ig genes. A two-pronged approach, the generation of systematic deletions in
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non-coding regions of Ig loci and studies of proteins interacting with AID, will likely bring
dramatic advances towards this decades old question of SHM, GCV, and CSR targeting in
the near future. Lastly, we hope such studies will also provide new insights into the
molecular basis of mis-directed AID activity that causes B cell lymphomas, and towards
understanding general principles that govern genomic instability.
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Figure 1. Mutator factories and targeting of AID-mediated mutagenesis

Schematic representation of the B cell nucleus including a mutator factory (yellow), and a
step-by-step depiction of the targeting process. In this model, the cis-regulatory targeting
element (TE, grey oval) associated with the Ig gene (blue) is recognized by a targeting factor
(TF), and upon binding this factor repositions the Ig gene to the mutator factory. A non-Ig
locus (green) lacks such control sequences and remains at its original location. Within the
mutator factory, AID deaminates individual cytidines (C), and subsequent error-prone DNA
repair introduces a point mutation at or around this site (N). C:G base pairs in the context of
the non 1g gene remain unaltered.
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targeted AID recruitment of
activation error-prone DNA repair

Figure 2. Immunoglobulin gene specific activation of AID or recruitment of error-prone repair
Two models are widely entertained to explain the mechanism of targeting of AID-mediated
mutagenesis to Ig loci, and it is important to point out that these are not mutually exclusive.
(A) AID is physically present on a large number of transcribed genes, including Ig genes
(blue). The binding of a targeting factor (TF) to a cis-regulatory targeting element (TE, grey
oval) initiates a post-translational modification of AID that dramatically increases its
activity. This introduces a level of U:G mismatches in Ig genes that is much higher than that
observed in the rest of the genome, and the resolution of these lesion results in SHM, GCV,
and CSR. Note, within the limits of this model it also is possible that a cofactor of AID is
uniquely recruited, or that the modification does not occur on AID but rather on such
cofactor of AID. (B) AID is physically present and active as a deaminase on a large set of
genes, including Ig genes (blue). The cognate interaction between the cis-regulatory
targeting element and its corresponding trans-acting targeting factor activates (or recruits)
error-prone DNA processes. These convert the U:G mismatches to random point mutations
within the Ig loci, and such lesions in non-1g genes are fixed by faithful repair.
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