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AID Targeting: Old Mysteries and New Challenges

Vivek Chandra, Alexandra Bortnick, and Cornelis Murre
Department of Molecular Biology Division of Biological Sciences University of California, San 
Diego La Jolla, CA 92093-0377 USA

Abstract

Activation-induced cytidine deaminase (AID) mediates cytosine deamination and underlies two 

central processes in antibody diversification: somatic hypermutation and class-switch 

recombination. AID deamination is not exclusive to immunoglobulin loci; it can instigate DNA 

lesions in non-immunoglobulin genes and thus, stringent checks are in place to constrain and 

restrict its activity. Recent findings have provided new insights into the mechanisms that target 

AID activity to specific genomic regions, revealing an involvement for non-coding RNAs 

associated with polymerase pausing and with enhancer transcription as well as genomic 

architecture. We review these findings and integrate them into a model for multi-level regulation 

of AID expression and targeting in immunoglobulin and non-immunoglobulin loci. Within this 

framework we discuss gaps in understanding, and outline important areas of further research.
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AID AND ANTIBODY MATURATION

Millions of antigens, some innocuous others infectious, challenge the mammalian immune 

system daily. Adaptive immune responses to these challenges depend on B and T 

lymphocytes, which express specialized cell-surface receptors. Membrane-bound antigen 

receptors on B-lymphocytes recognize specific, pathogen-derived determinants. The B cell 

repertoire contains a tremendous diversity of antibody molecules, exceeding 109 

specificities, first achieved during B cell development via V(D)J recombination. This 

process assembles unique combinations of exons encoding the amino-terminal variable 

regions of immunoglobulin heavy (IgH) and light chains (IgL) from component variable 

(V), diversity (D), and joining (J) segments [1-3]. Recombination yields mature but antigen-

inexperienced naïve IgM+ B cells, which exit the bone marrow to secondary lymphoid 

organs such as the spleen and lymph nodes. Although V(D)J recombination generates a 

diverse primary repertoire of antibodies, immunoglobulin (Ig) genes undergo two additional 
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DNA alteration events to enhance the specificity and functionality of antibodies: somatic 

hypermutation (SHM) and class-switch recombination (CSR). Together, these processes 

generate antigen-specific, high-affinity, switched B cells that secrete antibodies with unique 

effector functions [4-6].

Both SHM and CSR require the enzyme activation-induced cytidine deaminase (AID). In 

addition to immunity enhancing antibody-diversification processes, AID promotes cancer-

causing chromosomal translocations within both Ig and non-Ig loci [7, 8]. AID deaminates 

cytosine (C) in DNA and converts it to uracil (U), resulting in U:G mismatch lesions. These 

DNA lesions are then converted into point mutations during SHM and into DNA double-

stranded breaks (DSBs) during CSR or aberrant chromosomal translocations. AID shows 

selectivity and deaminates single-stranded DNA (ssDNA) or supercoiled DNA that creates 

single-stranded patches of DNA [9, 10], but does not deaminate double-stranded DNA 

(dsDNA) or DNA:RNA hybrids [11, 12]. During SHM, point mutations and sometimes 

insertions and deletions, are introduced at a very high rate into the recombined variable 

region exons encoding IgH and IgL, which in some instances will generate B cells with 

increased antigen affinity. SHM requires transcription and occurs primarily, but not 

exclusively, at RGYW “hot-spot” motifs present in variable region exons (where R = purine 

base, Y = pyrimidine base, and W = A or T nucleotide). It has been proposed that AID-

target ssDNA is generated as transcription bubbles or due to supercoilicity during 

transcription at the immunoglobulin locus [6, 13] (Figure 1B).

CSR preferentially occurs in germinal centers, microanatomical structures within secondary 

lymphoid organs where mature B cells encounter antigen presented on helper T cells [14]. 

The mouse IgH locus is comprised of eight constant region (CH) exons, with Cμ most 

proximal to the variable region segments. Newly generated naïve B cells initially express 

IgM encoded by Cμ exons. Upon CSR, the default Cμ exchanges for an alternative set of 

downstream CH exons. During this process, B cells switch from expressing IgM to 

producing different classes of antibodies (e.g., IgG, IgE, or IgA), which are encoded by 

unique CH genes (e.g., Cγ, Cε, and Cα) (Figure 1A). CSR occurs between highly repetitive 

and evolutionarily conserved sequences termed switch (S) regions that precede each set of 

CH exons. Transcription through S regions appears to promote formation of DNA:RNA 

hybrid structures such as R-loops. These structures create ssDNA substrates for AID-

mediated cytidine deamination followed by repair of DNA double-strand breaks by 

components of the base-excision repair (BER) and mismatch repair (MMR) pathways. End-

joining of DSBs between two S regions via nonhomologous end-joining (NHEJ) excises the 

intervening DNA sequence. This process juxtaposes the rearranged V(D)J segment with a 

new set of constant region exons, generating different classes of antibodies that retain their 

original specificity but acquire new effector functions (Figure 1C).

The discovery of AID by subtractive cDNA hybridization from the mouse CH12F3 B 

lymphoma cells and its essential role in SHM and CSR has propelled efforts to characterize 

its function for over a decade [15-17]. Despite considerable progress in our understanding of 

AID activity, how AID selects its genomic targets remains unclear. Earlier models 

suggesting specific and exclusive AID recruitment to the Ig locus have been revised in light 

of several findings demonstrating the broad nature of AID targeting. Still, mutation rates at 
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the Ig locus are orders of magnitude greater than at non-Ig loci [18, 19]. This bias, which 

appears even in mice over-expressing AID, suggests that AID is targeted by tightly 

regulated mechanisms [20]. Recent findings point to a role for genomic architecture and 

non-coding RNA in AID targeting, involving mechanisms that include switch RNA, 

divergent transcription, polymerase pausing and the action of the RNA exosome complex at 

certain loci, notably at enhancers [21-24]. We review these findings here, integrating these 

new insights into earlier findings on AID targeting. From this discussion we present a 

framework summarizing the current understanding of the multi-level mechanisms that 

regulate AID expression and targeting in Ig and non-Ig loci.

REGULATION OF AID

While the primary and physiological role of AID is to drive antibody diversification by 

introducing DNA lesions at the Ig loci, AID also poses a threat to genomic integrity. 

Mistargeted AID activity is known to be a major underlying cause of oncogenic 

translocations, which are hallmarks of many B cell malignancies [7, 8]. Ectopic expression 

of AID leads to mutation even in non-B cells [25, 26], therefore, regulation of AID 

expression and function is important for the development of an efficient immune system and 

maintenance of genomic integrity (Figure 2).

The Aicda gene codes for AID and is located on chromosome 6 and 12 in mice and humans, 

respectively. Early studies identified members of the E-protein family as the key regulators 

of CSR [27]. Specifically, it was demonstrated that E-protein levels increase in activated B-

lineage cells and that interfering with E-protein expression blocked CSR. Subsequently, 

Sayegh and colleagues showed that members of the E-protein family directly activated AID 

expression to induce CSR [28]. More recent studies have demonstrated that four distinct and 

conserved DNA regions (regions I to IV) regulate the expression of AID in activated B-

lineage cells (Fig.2). Region I functions as a TATA-less promoter containing the binding 

sites for HoxC4/Oct and NF-kB/Sp1/Sp3 [29]. This region is responsible for estrogen-

mediated activation and progesterone-mediated repression of AID [30]. Silencer elements in 

region II bind the repressor proteins E2f and c-Myb to counter the activity of nearby 

transcriptional activators in a fashion unrestricted to B cells [31]. This region also includes 

binding sites for B-cell-specific transcription factors Pax5 and E-protein family members, 

linking E-proteins and cis-regulatory elements into a common framework [29]. Region 3, 

which has a BATF-binding site, is required to sustain physiological levels of AID 

expression [32]. Enhancer-containing region 4 binds to factors whose expression is up 

regulated during B cell activation, including NF-κB, STAT6, and SMAD3/4. c-Myc is also 

reported to bind this region and regulate AID expression [29, 31]. Recently, using ChIA-

PET, Kieffer-Kwon et al. identified three additional enhancers tethered at a long distance 

(up to 50 kb) to the AID gene promoter [33]. An additional layer of regulation, microRNAs 

miR-155 and miR-181b were shown to regulate Aidca abundance by specifically binding to 

the conserved target sites on the 3′ UTR of Aicda mRNA [34, 35] (Figure 2B). Interestingly, 

mice with a mutation in the putative miR-155 binding site in the Aicda gene had higher AID 

mRNA and protein amounts resulting in Myc-Igh translocations [36]. How all these various 

factors act in concert to induce AID expression remains to be determined, but it seems clear 

that E-protein activity plays a critical part in this process (Figure 2A).
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As AID is a mutator protein, its presence in the nucleus is tightly regulated by active nuclear 

import, cytoplasmic retention, and efficient nuclear export. The majority of AID is 

sequestered to the cytoplasm. Nuclear entry of AID depends on importin-3 and a 

conformational nuclear localization signal (NLS) at the C-terminus generated upon protein 

folding [37]. Ubiquitin-dependent and independent pathways target the vast majority of 

nuclear AID to proteasomes for degradation [38, 39] (Figure 2C).

Several phosphorylation sites of AID affect CSR, SHM and translocations without 

perturbing AID stability or deamination potential. These sites include serine-3 (S3), 

threonine-140 (T140), and serine-38 [40]. Phosphorylation of AID at serine-38 has been 

extensively characterized. Phosphorylation of serine-38, mediated by protein kinase A 

(PKA), is critical for AID to interact with AP endonuclease, which actively generates a high 

density of breaks required for CSR [41] (Figure 2C).

AID TARGETING

S regions and R loops

S regions are 1–12 kb repetitive sequences enriched with AID “hot-spot” 5′-RGYW-3′ 

motifs. Mammalian S regions are G-rich on the non-template strand and capable of forming 

secondary structures like R-loops. Evidence suggesting the role of S regions in CSR came 

from studies where deletion of Sμ impaired CSR to all isotypes while deletion of Sγ1 

specifically impaired switching to IgG1[42]. S regions are also hyper accessible, compared 

to CH regions as evident by the epigenetic marks. Both donor and acceptor S regions are 

specifically enriched for acetylation and methylation marks generally associated with open 

chromatin, for example, H3K9/K14ac, H3K27ac, H4K8ac, and H3K4me3 [43-45]. The S 

regions undergo high levels of transcription linked with their ability to serve as 

recombination targets. This transcription is thought to promote the formation of R-loops by 

hybridizing the template strand of the switch region with the nascent RNA, ultimately 

leading to the looping out of the non-template strand as ssDNA (Figure 1C). Early studies in 

in vitro systems demonstrated that a transcribed, synthetic S region DNA fragment in its 

physiological orientation supported AID deamination and CSR in B cells whereas the 

reverse orientation, unable to form R-loops, supported neither AID-mediated deamination 

nor CSR [46, 47]. Later studies using bisulfite modification and sequencing confirmed the 

involvement of R-loops in AID targeting and the importance of the Sγ3 and Sγ2b regions in 

promoting CSR [48]. However, other studies in UNG−/−Msh2−/− mice did not show any 

preference for or unique mutational features in R-loops. Thus, it has been suggested that 

although R-loops enhance CSR, they may not be necessary for AID targeting [49, 50]. This 

observation is also consistent with AID targeting to non-R loop regions.

Trans-acting factors and AID targeting

E-proteins are among the best characterized factors that may promote AID targeting [51-53]. 

The first report implicating E2A in AID targeting overexpressed the E2A isoform E47 in the 

DT40 B cell line, which resulted in enhanced gene conversion; conversely, deletion of E2A 

in DT40 cells resulted in defective SHM [54, 55]. Two copies of the E2A recognition motif 

was sufficient to enhance SHM of an artificial hypermutable insert within an Igk transgene 

Chandra et al. Page 4

Trends Immunol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



without affecting the expression of the transgene [53]. Later, it was shown that an artificial 

GFP-expressing transgene containing just three E2A binding motifs in the context of both 

Igk enhancers acquired a spectrum of mutations [52]. Furthermore, it was noted that non-Ig 

genes mistargeted by AID tend to be linked to cis-regulatory elements that contain E-box 

sites. Surprisingly, conditional E2A ablation in mature B cells and germinal center B cells in 

transgenic mice did not show defects in CSR or SHM, although germinal center 

development was affected [56]. Given that forced expression of Id-proteins, E-protein 

antagonists, completely blocked CSR, we suggest that multiple E-proteins control CSR and 

SHM.

Transcription and Targeting of AID to DNA

Sequencing of rearranged Ig loci encoding antibodies to the hapten phosphocholine showed 

that mutations were only present within V regions, and no mutations were detected upstream 

of the promoters or in downstream constant regions [57, 58]. Finer sequencing analysis 

revealed that mutations were infrequent in the early transcribed region, downstream of C 

exons and 5′ of the promoter, but instead were mainly concentrated in a 1–1.5 kb region 

from the 3′ region of the rearranged V(D)J promoter [59]. In 1996, Peters and Storb 

proposed a connection between transcription and SHM. They found that the normally 

unmutated Ck exon in an Igκ transgene would mutate when the Vk promoter was placed just 

5′ from the Ck exon [60]. This study strongly supported the notion that transcription 

regulates SHM targeting. Peters and Storb also hypothesized that a mutator, now known to 

be AID, associated with the transcription initiation apparatus to induce the mutations they 

observed.

During CSR, DNA mutations also occur in S region recombination junctions; but unlike 

SHM, where mutations are comprised primarily of nucleotide substitutions, the S regions 

show substitutions as well as deletions, inversions, and insertions. Analysis of S region 

mutations in mice deficient for DNA-repair proteins UNG and Msh2 revealed that mutations 

begin 150 bp after the TSS of the S region intronic promoter [50], suggesting that here too, 

the promoter defines the 5′ boundary of mutation. Other ex vivo studies in cultured splenic 

B cells revealed that bacterial lipopolysaccharide (LPS) induced germ-line transcription 

through Cγ2b and Cγ3, allowing CSR to IgG2b and IgG3, whereas LPS together with 

interleukin-4 induced Cγ1 and Cε transcription and CSR to IgG1 and IgE [61-63]. TGFβ 

was also found to stimulate Igα non-coding transcripts and subsequent CSR to IgA [64]. 

Alteration or deletion of the I-exon promoter was also found to affect CSR [14]. Altogether, 

these studies demonstrated that cytokine signaling activated germ line transcription 

associated with CSR.

It is now well established that the primary sequence of S regions, R-loops and transcription 

establish a permissive environment for AID activity in B cells. However, more regulatory 

steps appear to be involved. Studies of the distribution of Pol II across the Igh locus have 

helped to elucidate how transcription helps AID targeting. Using chromatin 

immunoprecipitation (ChIP), several groups observed an increase in Pol II occupancy at Sμ 

and Sγ3 regions in activated B cells, extending from the intronic promoter to the S region 

boundary [45, 65].
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Early elongating Pol II moves through the promoter to the promoter proximal pause site as 

phosphorylated Pol II at serine 5 (ser5) on its C-terminal domain (CTD). Once Pol II 

escapes, productive elongation of transcription leads to the loss of p-ser5 and enrichment of 

p-ser2 at the CTD [66, 67]. The distribution of Pol II at the Ig locus was consistent with Pol 

II stalling and an elongation barrier in the S regions, and also tightly correlated with the 

observed distribution of mutations [60, 65]. This observation supports the model initially 

proposed by Peters and Storb that associated Pol II stalling with SHM [60]. Stalling has also 

been reported for non-immunoglobulin targets (c-myc, c-myb and Pim-1) of AID [68-71]. 

So it appears that Pol II stalling is important for AID targeting. An shRNA screen in the 

CH12F3 B cell lymphoma line provided the first direct evidence for a role of Pol II stalling 

in SHM and CSR. A Pol II elongation and stalling factor, Suppressor of Ty5 homolog 

(Spt5), was also found to be required for CSR [72]. Spt5 directly associated with AID, and 

its depletion reduced AID recruitment to Ig and non-Ig loci [72]. Moreover, ChIP-seq 

studies of AID showed that AID occupancy was associated with stalled Pol II in promoter-

proximal regions [73, 74]. Later studies showed that several other transcription elongation 

factors like Pol II-associated factor 1 (Paf1) complex, histone chaperone suppressor of Ty6 

(Spt6) and histone chaperone FACT complex could promote antibody diversification by 

regulating the association of AID with Pol II [75, 76]. Adaptor proteins 14-3-3 were also 

found to recruit AID to DNA through their interaction with RGYW sequences [77]. Finally, 

recent studies found that polypyrimidine-tract-binding protein-2 (PTBP2) promoted the 

targeting of AID to S regions by interacting with both sense and anti-sense S region 

transcripts [78]. A recent study found that G-quadruplexes formed by the intronic switch 

RNA recruit AID to the S region DNA. Splicing of primary switch region transcript resulted 

in an intronic lariat structure. Debranching enzyme (DBR1) converted the lariat to a linear 

exon-free switch transcript that guided AID to the complementary S region DNA by forming 

G-quadruplex or G-quadruplex-like structures [21]. Two hyper-IgM syndrome patients 

having the G133V mutation in the putative G-quadruplex RNA-binding domain of AID, 

increases the relevance of the switch RNA - AID interaction in CSR [79]. Altogether, these 

studies establish RNA as a cofactor in AID targeting to S regions. RNA-mediated 

recruitment of AID to DNA may enhance AID specificity for the Ig locus and have 

implications for the aberrant targeting of AID to non-Ig loci. In fact G-quadruplex structures 

were found in the first exon and intron of c-Myc corresponding to common AID-mediated 

breakpoints in c-Myc/IgH translocations. Recent studies (described in detail below) found 

that anti-sense and convergent transcription at super-enhancers facilitate mistargeting of 

AID to non-Ig locius; so there is possibility that RNA-mediated recruitment of AID is 

reason for the higher specificity and mutation rate observed at the immunoglobulin locus. 

But a detailed more careful study is required to reach any conclusion. Next generation 

sequencing based approach to find out the transcripts associated with AID can give us more 

clear picture about it but it requires better antibodies as well as better bioinformatics 

approaches to map repetitive sequences.

The RNA exosome complex and AID targeting

Non-template strands liberated during transcription are predictable AID substrates. 

However, how AID accesses DNA templates associated with ongoing nascent RNA 

transcription is less obvious. Both strands are similarly targeted by AID: Mice deficient for 
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DNA-repair proteins UNG and Msh2 revealed no marked preference for targeting of the 

transcribed versus non-transcribed strand [50]. Anti-sense transcription across the IgH locus 

has been proposed to facilitate the interaction of AID with the template strand [80] but was 

not found to be essential for CSR [40, 81]. Intriguing, recent findings indicate that the RNA 

exosome complex is involved. In these studies it was shown that the RNA exosome 

promoted access of AID to the target DNA template strand by degrading associated 

transcripts. Furthermore, they found that the RNA exosome complex promotes AID 

deamination of both template and non-template strands of in vitro transcribed SHM 

substrates. They also found that the the RNA exosome complex associates with AID and 

accumulates on S regions in an AID-dependent manner in B cells activated for CSR. These 

studies suggest that the RNA exosome acts as a cofactor for AID targeting to both template 

and non-template strands [82].

The RNA exosome is a macromolecular complex containing 3′–5′ exoribonuclease 

properties required for the processing of structural RNAs and the degradation of improperly 

processed premRNA [83]. The exosome can only load onto RNA species associated with an 

accessible 3′ region, consistent with stalled Pol II sites that exhibit nascent RNA molecules 

with exposed 3′ ends due to Pol II backtracking [82, 84, 85]. This feature allows the 

exosome access to the AIDSpt5-Pol II complex present at stalled loci. Once the exosome 

accesses the loci, it generates ssDNA on the template strand by displacing and/or degrading 

the nascent RNA [82].

Since immunoglobulin locus is the primary target of AID mutagenic reactions so its activity 

is tightly regulated here. Remarkable advancement of this field now established that 

successful AID activity in Ig locus require initiation of transcription, pausing of the 

polymerase, RNA exosome mediated accessibility and complementary guide RNA 

associated AID mediated hypermutation and recombination. To increase its targeting 

specificity AID involves several complementary and multilayered regulatory mechanisms. 

But compared to relatively small size of this protein for which conformational domains are 

not clear, the number of proposed cofactors is surprisingly high and certainly require further 

study to determine the relative contributions of these co-factors.

AID TARGETING AT NON-IMMUNOGLOBULIN LOCI

While preferentially targeting V region exons and S region DNA, AID also acts across 

genomic regions that are not associated with the Ig loci. These off-target effects of AID have 

pathological consequences like the development of B-cell lymphomas [8, 19, 20]. Indeed 

aberrant AID activity induces aberrant genomic lesions as well as SHM-like activity at non-

immunoglobulin loci [8, 19, 20]. Specifically, AID was found to be associated with 

mutations across the c-Myc, Pim1, Jund, Bcl2, Cd79b, RhoH and Pax5 loci, promoting the 

development of diffuse large B cell lymphoma [19, 20, 86-88]. Conspicuous among 

chromosomal translocations associated with AID are those that involve the c-Myc and IgH 

loci in Burkitt′s lymphoma [8]. Another AID target, Bcl6, is also mutated in B cell 

lymphomas, normal human tonsillar germinal center B cells and memory B cells [18, 

89-91]. An increase in AID expression correlates with the transition from the chronic stage 

of chronic myeloid leukemia to fatal B lymphoid blast crisis [92]. Mutation analysis in 
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diffuse large-cell lymphomas also revealed several AID-linked mutated non-Ig genes absent 

in normal B cells [93]. Recent study using improved replication protein A chromatin 

immunoprecipitation (RPA-ChIP) that detects asymmetric RPA recruitment with high 

precision 236 total targets in 53BP1−/−IgkAID B cells [94]. Non-Ig AID targets mimic the 

mutation profiles at V genes. Like Ig targets, the mutations at non-Ig targets were also 

focused on RGYW hotspots and localized in promoter-proximal regions [6, 19, 95-97]. 

Transcription was also found to be associated with non-Ig targets but transcription alone 

cannot explain why only some transcribed non-Ig genes are targeted by AID. However, it is 

important to note that the mutation rates on non-Ig sites are 10 to 100-fold lower than that at 

V genes [19]. This preferential targeting to Ig loci has been studied and debated for over 20 

years. A recent study using the chicken B cell line DT40 found that the Ig enhancers 

strongly activated SH in neighboring genes [98]. Using their highly sensitive GFP-based 

reporter assay termed the DIVAC assay, authors demonstrated that chicken, mouse, and 

human Ig locus enhancers and enhancer-like elements were core diversification activator 

(DIVAC) sequences that worked together to target SH. They also found that these elements 

relied on a common set of well-characterized transcription factor binding motifs (three E-

boxes and three other putative sites: CBF, C/EBP and PU.1). On the basis of these findings, 

they proposed two plausible models for how SH could be targeted to Ig genes: 1) DIVAC-

bound factor(s), actively recruit AID; or, 2) DIVACs induce changes in the Pol II 

transcription initiation or elongation complex, making the transcribed DNA more accessible 

to AID.

To find out how AID selects its targets in non-Ig region, Wang et al. compared AID-

mediated translocations in two different cell types, B cells and mouse embryonic fibroblasts 

(MEFs). They found distinct sets of hotspot in each cell type concentrated in highly 

transcribed but stalled genes. They also found that transcription alone was insufficient to 

recruit AID activity. Instead, target genes in both fibroblasts and B cells were also enriched 

with chromatin modifications typical of active enhancers (H3K27Ac) and active 

transcription (H3K36me3). They proposed that the combination of both transcription and 

chromatin modification could direct the AID hotspot [99]. Another study using next 

generation sequencing, identified three transcription factor binding sites (E-box motifs, YY1 

and C/EBP-β) common to 83 genes expressed in Ung−/− Msh2−/− mice that may work 

together to recruit AID [100]. Two other recent studies identified AID off-target DNA 

double-strand break (DSB) sites in the activated B cells genome and analyzed these data 

with an extensive array of epigenetic, nuclear architecture, and transcriptional data sets. 

They found that most of non-Ig targets of AID lie within active gene bodies and super-

enhancers [22, 94]. These studies also revealed that the majority of AID-mediated lesions 

were found near TSS, which are topologically highly interconnected with multiple 

promoters and enhancers. AID-mediated DSBs correlated well with strong convergent 

transcription, in which normal sense transcription of the gene overlapped with super-

enhancer-derived antisense enhancer RNA (eRNA) transcription. These studies also 

proposed that collision of two RNA polymerases moving in opposite directions could result 

in stalling, serving to recruit AID. Together, these properties are thought to create a nuclear 

microenvironment suitable for AID-mediated deamination (Figure 3). Additional regulatory 

mechanisms like requirements for specific transcription factors [98] and RNA processing by 
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the exosome complex [23] also seems to play a role, as not all super-enhancers loci having 

convergent transcription are AID targets [94].

A recent study linked the divergent antisense transcription upstream of transcription start 

sites to the genome stability and targeting of AID [23]. Pefanis and colleagues used a mouse 

model (Exosc3COIN/+ and Exosc3COIN/COIN mice) in which the essential subunit of the RNA 

exosome complex Exosc3 can be conditionally deleted. They identified RNA exosome 

substrate non-coding RNAs (ncRNA) including TSS RNAs (xTSS-RNA) that were 

transcribed divergently from cognate coding gene transcripts. xTSS-RNA were highly 

expressed at genes targeted by AID-mediated mutation or chromosomal translocations in B 

cells. The RNA exosome was revealed to regulate ncRNA-recruited AID to single-strand 

DNA-forming sites of antisense and divergent transcription in the B-cell genome. In a 

follow-up study, using mouse ablated for the cellular RNA degradation machinery the 

authors showed that genes or canonical enhancers near super-enhancers expressed high 

levels of RNA exosome-regulated anti-sense RNAs around their TSSs or within gene bodies 

(x-asRNAs). These x-asRNAs appeared to regulate the interaction between super-enhancers 

and their target promoters/genes. This feature may provide a mode of long-range chromatin 

regulation [24]. Pefanis et al. also proposed that divergent transcription generates positive 

DNA supercoiling ahead of RNA polymerase complexes thus negatively supercoiling the 

intervening DNA that is divergently transcribing RNA polymerases. This configuration 

would favor R-loop formation, transcriptional stalling and RNA exosome recruitment [101]. 

These studies support a model in which RNA exosome-mediated RNA processing events 

recruit AID to arrested noncoding transcription complexes resulting in mutations or breaks 

[101].

Since divergently transcribed TSS at promoters and intragenic enhancers can create 

“convergent/overlapping” transcription that leads to head-to-head collisions between 

oncoming RNA polymerases, as converging RNA polymerases cannot bypass one another 

and result into RNA exosome-coupled premature transcription termination. Alternatively, 

positive supercoiling of the DNA ahead of each RNA polymerase would create an area of 

extensive positive supercoiling lying between the two RNA polymerases that will impede 

transcription elongation and may lead to transcriptional stalling prior to relaxation of the 

DNA by DNA gyrase. This extended transcriptional stalling could ultimately lead to RNA 

exosome-mediated premature transcription termination and AID recruitment.

CONCLUDING REMARKS

The discovery of AID in 1999 marked a significant advance in the field of B cell biology. 

Highly focused molecular analyses of SHM and CSR have revealed how simple 

deamination diversifies the antibody response. Based on these studies, we now have a 

preliminary working model of AID targeting in the Ig locus. According to this model, AID 

targeting to the Ig locus occurs in three steps: 1) Ig enhancers are required to initiate 

transcription 2) pausing of the polymerase involving Spt5, enables hypermutation and 

recombination by complementary guide RNA associated AID and 3) the RNA degrading 

exosome complex displaces nascent S transcripts thereby rendering both DNA strands 

accessible to deamination (Figure 1C). AID targeting specificity is maintained by several 
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complementary and multilayered regulatory mechanisms. Like targeting of AID by 

interaction with RNA polymerase II in a co-transcriptional step whereas binding to switch 

RNA molecules in a post-transcriptional step is two distinct mechanisms. But the number of 

proposed co-factors is very high and certainly requires more in depth study to determine 

relative contributions of these co-factors. AID is also targeted to a small subset of non-Ig 

genes (AID “off-target” genes), which provokes recurrent mutations or DSBs. High levels of 

transcriptional activity, interconnected transcriptional regulatory elements, and convergent 

transcription are thought to provide the micro environment necessary for AID off-targets. It 

was proposed that opposing polymerases stall by either collision or extensive positive 

supercoiling, creating an environment favorable for AID targeting. These intriguing findings 

deserve further scrutiny. Not all gene bodies, positioned in close genomic proximity to 

super-enhancers with sites of convergent transcription are targeted by AID. It seems possible 

that these off-target effects are caused by distinct folding patterns of the chromatin fiber.

Despite this progress, many questions remain. One important question to investigate is how 

AID assembles its cofactors on its target at the Ig and non-Ig locus to deaminate DNA. This 

study will also distinguish the AID binding with its very specific mutating targets. Even with 

the knowledge of several co factors for AID targeting, there is still no coherent model that 

clearly explains why under physiological conditions AID activity is so exclusively specified 

for the Ig loci. Another prominent question is how double-stranded breaks separated by 

large genomic distances during the cleavage process find each other in space and time, since 

unlike VDJ joining, switch regions ligate only after double-stranded breaks are generated. 

Previous studies have suggested that geometric confinement determines the frequencies of 

such encounters [102]. Indeed recent studies predict that the first-passage times for genomic 

encounters are determined in large-part by geometric confinement. This analysis also 

predicts that double-stranded breaks generated in switch regions will find each other within 

seconds to minutes [103]. It will be important to validate these predictions using in vivo 

imaging approaches to track the motion of double-stranded breaks generated during CSR.
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HIGHLIGHTS

❖ Regulation of AID expression and targeting ensures antibody diversification 

and genomic stability

❖ E proteins, B-lineage and transcription factors associated with B cell 

activation regulate AID expression

❖ Antisense transcription targets AID to Ig and non-Ig loci, and is regulated by 

the RNA exosome complex

❖ Intronic switch RNA targets AID to S regions for class switch recombination
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Figure 1. 
Targeting of AID to the immunoglobulin locus (Ig): (A) Structure of the Ig heavy-chain 

locus after V(D)J recombination. The variable region V(D)J is followed by a series of 

constant regions, each specifying a different antibody isotype. Each constant region gene is 

comprised of a transcription unit with a cytokine-inducible promoter (P), an intervening (I)-

exon, S region, and CH exons. The C regions are preceded by corresponding switch (S) 

repetitive sequences. Distal enhancers are present at the 3′ end of the IgH locus. (B) During 

SHM, mutations are introduced into the rearranged variable region genes. SHM begins with 

transcription through the variable region. ssDNA is created. If replication begins prior to the 

replacement of the U, a transition mutation (Ts) will appear at the original G:C to T:A. If 

BER removes the U prior to replication, Ts or Tv (transversion) mutations will replace the 

G:C. Finally, if the U is removed by the MMR pathway, both Ts and Tv mutations will 

occur at G:C and A:T base pairs. (C) CSR is initiated by transcription through the S regions, 

which leads to the formation of stable R-loops. RNA polII stalls at various regions due to the 

formation of secondary DNA structures like R loops. Following stalling, AID interacts with 

its cofactor, Spt5 and guide RNA’s which target AID to complementary S region DNA 

based on sequence information provided by the guide RNAs. The ssDNA is stabilized by the 

ssDNA binding protein complex RPA. Binding of the exosome degrades or displaces the 

nascent transcript to generate ssDNA, an AID substrate on the template strand.
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Figure 2. 
AID regulation: (A) AID transcription is controlled through the binding of transcription 

factors to four distinct DNA regions (regions I to IV) of the AID gene locus. (B) After 

transcription, the Aicda mRNA can be negatively regulated by microRNAs, including 

miR-155 and miR-181b that target the 3′ UTR of Aicda mRNA. (C) To restrict the number 

of AID molecules that can target the Ig or non-Ig loci, Hsp90 stabilizes cytoplasmic AID 

whereas ubiquitylation or REGγ degrades nuclear AID. AID enters the nucleus passively 

through nuclear pores or actively through its putative nuclear localization signal. AID also 

actively exports the nucleus by binding to exportin1. Phosphorylation of AID affects its 

activity. Several Other phosphorylation sites have been identified, but S38 is the best 

characterized [104].
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Figure 3. 
AID targeting to non-immunoglobulin targets: In gene bodies with interconnected 

transcriptional regulatory elements and high transcriptional activity, convergent transcription 

is directed by polymerases that proceed in both directions generating sense and anti-sense 

transcripts. Collision of these RNA polymerases moving in opposite directions stalls the 

polymerases. Stalled polymerases recruit AID with the help of factors Spt5, RPA, and the 

RNA exosome complex, exposing single-stranded DNA substrates to AID.
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