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Abstract

Activation-induced cytidine deaminase (AID) is expressed in a B cell differentiation stage-specific
fashion and is essential for immunoglobulin (1g) gene class switch DNA recombination (CSR) and
somatic hypermutation (SHM). CSR and SHM play a central role in the maturation of antibody
and autoantibody responses. AID displays a mutagenic activity by catalyzing targeted deamination
of deoxycytidine (dC) residues in DNA resulting in dU:dG mismatches, which are processed into
point-mutations in SHM or double-strand breaks (DSBs) in CSR. Although AID specifically
targets the Ig gene loci (/gH, lgx and /gA), it can also home into a wide array of non-1g genes in
B- and non-B-cell backgrounds. Aberrant expression of AID is associated with multiple diseases
such as allergy, inflammation, autoimmunity and cancer. In autoimmune systemic lupus
erythematosus, dysregulated AID expression underpins increased CSR, SHM and autoantibody
production. As a potent mutator, AID is under stringent transcriptional, post-transcriptional and
post-translational regulation. AID is also regulated in its targeting and enzymatic function. In
resting naive or memory B cells, AID transcripts and protein are undetectable. These, however,
are readily and significantly upregulated in B cells induced to undergo CSR and/or SHM.
Transcription factors, such as HoxC4 and NF-xB, which are upregulated in a B cell lineage- and/
or differentiation stage-specific manner, regulate the induction of AID. HoxC4 induces AID
expression by directly binding to the AID gene promoter through an evolutionarily conserved 5°’-
ATTT-3" motif. HoxC4 is induced by the same stimuli that induce AID and CSR. It is further
upregulated by estrogen through three estrogen responsive elements in its promoter region. The
targeting of AID to switch (S) regions is mediated by 14-3-3 adaptor proteins, which specifically
bind to 5"-AGCT-3’ repeats that are exist at high frequency in S region cores. Like HoxC4,
14-3-3 adaptors are induced by the same stimuli that induce AID. These include “primary”
inducing stimuli, that is, those that play a major role in inducing AID, i.e., engagement of CD40
by CD154, engagement of Toll-like receptors (TLRS) by microbial-associated molecular patterns
(MAMPs) and cross-linking of the BCR, as synergized by “secondary” inducing stimuli, that is,
those that synergize for AID induction and specify CSR to different isotypes, i.e., switch-directing
cytokines IL-4, TGF-p or IFN-vy. In this review, we focus on the multi-levels regulation of AID
expression and activity. We also discuss the dysregulation or misexpression of AID in
autoimmunity and tumorigenesis.
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Introduction

Activation-induced cytidine deaminase (AID) is critical for immunoglobulin (1g) class
switch DNA recombination (CSR) and somatic hypermutation (SHM). CSR and SHM are
essential for the maturation of antibody responses to foreign and self-antigens. CSR
recombines the switch (S) region DNA upstream of the exons of constant heavy-chain (Cy)
regions, thereby changing an antibody Cy region and endowing it with new biological
effector functions. SHM introduces mainly point-mutations in the antibody variable V/(D)J
regions, thereby providing the structural substrate for antigen-mediated selection of B cell
receptor (BCR) mutants with higher affinity for antigen. It initiates CSR and SHM by
deaminating deoxycytosines (dCs) into deoxyuracils (dUs) yielding dU:dG mismatches
(Figure 1). These are then processed by uracil DNA glycosylase (Ung), which is recruited to
and stabilized on S regions by the scaffold functions of the translesion DNA polymerase
Revl and, possibly, 14-3-3 adaptors and replication protein A (RPA) (1, 2), or elements of
the mismatch repair machinery (MMR), thereby leading to point-mutations and/or DNA
double strand breaks (DSBs) (1).

As a potent mutator, AID can effect mutagenesis in not only Ig loci but also a variety of
non-lg genes, thereby causing genome instability in both B cells and non-B cells, including
non-lymphoid cells, and contributing to tumorgenesis (3, 4). AID expression is restricted
mainly to germinal center B cells of peripheral lymphoid organs, being upregulated in B
cells activated in a T-dependent or T-independent (TLR-dependent) fashion (1, 5, 6). But
low levels of AID can be detected in immature B cells (7, 8). Tight regulation of AID
expression is necessary to avoid damages resulting from its dysregulation, such as
chromosomal translocations, and to maintain genomic integrity in both B cells and non-B
cells (9-13). This is achieved through a fine control of AID expression and function (Figure
2), that is, AID gene (A/CDA in humans and Aicda in mice) transcription (1, 6), post-
transcriptional regulation (1, 14), post-translational regulation, including nuclear/
cytoplasmic distribution (15), stability (16, 17) and enzymatic function (18). Aberrant AID
expression can be triggered by several pathogenic factors, including infection and
proinflammatory cytokine stimulation. Defective or aberrant AID expression results in a
variety of pathogenic conditions, including hyper-IgM syndrome, systemic or organ-specific
autoimmunity, allergy asthma and neoplastic transformation. In autoimmunity, such as
systemic lupus, the expression of AID is dysregulated, thereby leading to dysregulated B
cell CSR and SHM, and production of class-switched and hypermutated autoantibodies.

AID and AID induction

AID is a 198 amino acid protein, which is structurally and functionally similar to
apolipoprotein B RNA-editing cytidine deaminases (APOBEC enzymes). AID deaminates
dC in single-strand DNA and supercoiled double-strand DNA, both of which exist during
transcription. It shares a conserved catalytic domain with other members of the APOBEC
family of cytosine or cytidine deaminases (Figure 2). The catalytic domain (residues 56-94)
contains the amino acid residue E58, the carboxylic acid group of which serves as a general
acid—base catalyst, and H56, C87 and C90, which bind Zn2* and are essential for catalytic
activity. The APOBEC-like domain of AID binds to the DNA surrounding dCs and
influences substrate specificity. The AID N- and C-termini confer distinct functions with the
carboxy-terminal domain being essential for AID to mediate CSR and the amino-terminal
domain being essential for SHM (19).

Naturally occurring mutations in the AID gene are responsible for the autosomal recessive
disorder hyper-IgM syndrome type 2 (HIGM2) (Figure 2). These mutations, as well as
experimentally generated mutations in the AID gene, cause defects in CSR and/or SHM.
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AID deamination activity and CSR are virtually abolished by mutation of R1 12 in the
APOBEC-like domain and R24 in the DNA-binding N-terminal region; these two positively
charged residues are frequently mutated in patients with HIGM2 syndrome. R1 12 is just
outside the hotspot recognition loop (residues 113-123), which contacts the DNA substrate
and determines the substrate specificity for the dC deamination activity of AID.

AID expression is B cell differentiation stage-specific. Its expression in B cells is induced by
T cell-dependent (T-dependent, TD) CD154:CD40 engagement or T cell-independent (T-
independent, T1) TLR engagement by, mainly, microbe-associated molecular patterns
(MAMPs), as synergized by BCR cross-linking (Figure 3). These stimuli play a major role
in the induction of AID and are, therefore, referred to as “primary” inducing stimuli. They
induce AID expression to peak at about 48 hours through activation of both the canonical
and non-canonical NF-xB pathways (20). CD154 (CD40 ligand, CD40L) is expressed on the
surface of activated T cells and engages its receptor CD40, which is constitutively expressed
on the surface of B cells (21, 22). CD40 is a member of the tumor necrosis factor receptor
(TNF-R) superfamily, which includes other receptors such as B-cell activating factor
receptor (BAFF-R) and BCMA (B cell maturation) (23). Signals from activated TNF-Rs are
first relayed to TNF-R associated factors (TRAFS) (22), which then cooperate with 1xB
kinases (IKKSs) to activate the canonical NF-xB (e.g. TRAF6) or the non-canonical NF-xB
(e.g., TRAF2/3 complex) pathway. Activated NF-xB heterodimers (canonical, p65/p50;
non-canonical, p52/RelB) then translocate to the nucleus (24, 25), where they synergize with
HoxC4 and SP1/SP3 transcription factors to activate the AJcda promoter. Additional
transcription factors, such as Stat6, C/EBP, Smad3/4, Myb, Pax5, E2A, E2f and BATF, bind
to other AJcdaregulatory regions and can also play a role in regulation of Aicda gene
expression (1, 26).

During B:T cell interactions, cytokines released by T cells accumulate in the space between
the two cells and bind to their receptors on B cells. In addition to enhancing A/cda
expression, as induced by primary stimuli, “secondary” inducing stimuli, i.e., cytokines
(IL-4, TGF-B in humans, and IL-4, TGF-2 and IFN-y in mice), direct CSR. They induce
germline (Iy-S-Cq) transcription through the S regions that are to undergo recombination,
thereby specifying isotype selection. IL-4 is secreted during T helper type 2 (Th2) responses.
IL-4 directs B cells to switch to IgG1 and IgE, whose effector functions are tailored for the
targeting and elimination of extracellular microbial pathogens and parasites. In the mouse,
cytokines such as IFN-y are secreted during T helper type 1 (Th1) responses, in which they
stimulate the production of 1gG2a, whose effector functions are suited for targeting and
elimination of intracellular pathogens (1). TGF- is abundant in mucosae where it critically
contributes to the induction of IgA. IgA antibodies control commensal microorganisms and
pathogens in the intestine and the upper and lower respiratory tract (27-29). TNF-Rs BAFF-
R, TACI and BCMA are widely expressed on B cell surface where they are engaged by their
ligands BAFF and APRIL (30, 31). BAFF and APRIL were initially characterized as
secreted TNF-R ligands that stimulate immature B cell proliferation to maintain homeostasis
of peripheral B cells (30, 31). They synergize with ligands of TLRs and BCR to induce
enhanced Aicada expression and CSR (32-35).

TI stimuli comprise Tl type 1 (TI-1) or Tl type 2 (T1-2) (36-39). TI-1 stimuli generally
include MAMPs, such as LPS or CpG, which activate their corresponding pattern
recognition receptors (PRRS). The better-characterized PRRs include TLRs, NOD-like
receptors (NLRs), RIG1-like receptors (RLRs), CARD helicases, C-type lectins and
scavenger receptors (40-42). TLRs, in particular, are highly expressed in B cells (43). In
fact, B cells were known to respond to stimulation by MAMPs, such as LPS or flagellin (37,
44, 45), decades before the discovery of TLRs (46, 47). Stimulation of mouse B cells by
LPS induces Aicda expression and 1y3-S-C-y3 germline transcription, leading to CSR to
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1gG3. In conjunction with cytokines IL-4, TGF-p or IFN-y, LPS induces CSR to all other
isotypes.

TLRs activate B cells polyclonally, but TLR ligands (MAMPSs) are naturally linked to
antigens in the bacterial outer cell wall and membrane constituents, and repetitive MAMPS,
such as LPS or flagellin, elicit not only polyclonal B cell activation and antibodies, but anti-
LPS (mostly anti-O antigen) and anti-flagellin antibodies (39, 45, 48). LPS-induced CSR is
enhanced by reagents that engage the BCR and trigger sustained BCR-signaling (20, 49).
Other TLR ligands, such as Pam3CSK, (TLR2), R848 (TLR7/8) or CpG (TLR9) induce
only borderline CSR, but they synergize with sustained BCR-signaling to induce high levels
of CSR, at levels comparable to that induced by LPS (20, 39). BCR-signaling enhances the
delivery of autophagosomes containing antigen and MAMPs to TLR-containing endosomes
(50, 51). In addition, TLR- and BCR-signaling integrate to activate both the canonical and
non-canonical NF-xB pathways, as well as A/cda expression (20). Thus, TLR-driven Aicda
expression and CSR induction are greatly enhanced by BCR-signaling, actually potentiating
the antibody response to those MAMPs naturally linked to BCR-binding antigens.

AID is regulated at multiple levels

AID is not expressed in resting naive B cells, resting memory B cells or plasma cells. It is
upregulated by CSR-and SHM-inducing stimuli and is preferentially expressed in germinal
center B cells (1). AID is highly expressed in many leukemia and B lymphomas of germinal
center origin (52). The level of AID critically determines the levels of CSR, SHM and
mutagenesis, as suggested by findings that haploinsufficiency of AID in in Ajcda™~ mice
resulted in decreased but not abolished levels of CSR, SHM and ¢c-Myc/IgH translocation
(53, 54). Accordingly, increased AID levels would translate into elevated CSR, SHM and
DNA lesions (55). In human epithelial cells, which do not expression AID under physiologic
conditions, aberrant AID expression can be triggered by several pathogenic factors,
including Helicobacter pyloriinfection and proinflammatory cytokine stimulation, through
NF-xB signaling pathway (3, 4).

A tight regulation of AID expression is necessary to maintain genomic integrity (9-11). This
is achieved through fine control of transcription (5, 6), post-transcription (14) and post-
translation regulation, particularly nuclear/cytoplasmic distribution (15), stability (16, 17)
and activity (18) (Figure 3). The expression of Aicdais also regulated by cell division (56),
as suggested by the findings that Ajcda mRNA was increased with successive cell divisions
and the levels of AID in a given division remained constant at different time-points. These
together with the findings that accelerated division-linked CSR in B cells constitutively
expressing AID from a transgene, suggest that the division-linked increase in AID
expression is associate with division-linked CSR.

Transcriptional regulation of AID

Aicadatranscription is under the control of multiple elements, including NF-xB and HoxC4
(Figure 4). NF-xB is activated in B cells mainly by primary CSR-inducing stimuli, that is
those engaging CD40, TLR and BCR (20, 57), and TLR and TACI (32). Of note, CD40,
TLRs and TACI, but not BCR, alone can induce AID expression. CD40 engagement and
dual TLR-BCR engagement can activate both the canonical and the non-canonical NF-xB
pathways (20, 58), through different signal transducers. Consistent with their ability to
engage TLR4 and crosslink BCR, LPS activate both pathways. The critical role of the two
NF-xB pathways in AID induction is highlighted by the recruitment of the (non-canonical)
NF-xB p52 subunit to the AID gene promoter (59) and the (canonical) p65 subunit to an
upstream enhancer element (26). Also, the kinetics of AID induction (peaking at 48 — 60
hours after stimulation) mirror the kinetics of activation of the non-canonical NF-xB
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pathway (20), which mediates sustained gene expression to support cell proliferation
(required for CSR) and differentiation (60). In contrast, the canonical NF-xB pathway is
rapidly activated to induce immediate, but typically transient gene expression. Thus,
activation of both NF-xB pathways initiates Aicda transcription and activation of the non-
canonical NF-xB pathway would be important to sustain such transcription.

In addition to NF-xB, which is ubiquitously expressed and broadly regulates many genes
(61), other transcription factors that are expressed in a B cell lineage- and/or differentiation
stage-specific fashion (5, 26) regulate A/cda induction. Prominent among these is HoxC4, a
highly conserved helix-loop-helix homeodomain-containing transcription factor. As we have
shown, HoxC4 is induced in both human and mouse B cells by germinal center
differentiation-inducing stimuli, such as CD154 or LPS and IL-4, which are also required for
the induction of Aicda expression (59). HoxC4 directly binds to the AJcda promoter core,
which is evolutionarily conserved, through a 5'-ATTT-3” site embedded within a conserved
binding site for POU domain-containing transcription factor Oct1/Oct2 (5’-
ATTTGAAT-3") (59). NF-xB and Sp1/Sp3 also bind the same promoter core and synergize
with HoxC4 for AJcdainduction (59). The impact of HoxC4 on AJcdaexpression is
emphasized by the severe impairment of SHM in HoxC4-deficient mice and the
significantly reduced CSR in Hoxc4™'~ B cells, that could be rescued by enforced expression
of AID (59).

Aicdatranscription is regulated by four major evolutionarily conserved regions in the AID
gene locus through selected c/s-regulating elements, many of which are binding sites of
transcription factors that are activated by IL-4 and TGF-p. For example, signal transducer
and activator of transcription 6 (Stat6), which is activated by IL-4, binds Region | located
upstream of the promoter, and both Stat6 and TGF-p-activated Smad3 and Smad4 bind
Region IV located 9 Kb upstream of the AJcda promoter (26). In addition, paired box protein
5 (Pax5) and E2A proteins bind Region Il within the first intron (26, 62), and the AP1
family transcription factor BATF binds Region 111 located 17 Kb downstream of the
promoter (63). These transcription factors likely interplay with NF-xB, HoxC4 and Sp1/Sp3
at the promoter and enhancer elements, probably through long-range DNA interactions, to
mediate A/cda induction by primary CSR-inducing stimuli and cytokines.

Aicadatranscription would be subjected to negative regulation through four repressive cis-
elements in Region I1: two putative binding sites for Myb, which is known to activate or
repress transcription depending on gene targets, one putative binding site for the E2F
transcription factor family, which contains both activators and repressors, and a 350 bp CT-
rich sequence (26). Both Myb and E2F inhibitory factors are expressed and would,
therefore, play an important role in silencing Aicda expression in naive B cells and non-B
cells. In switching B cells, this silencing effect is either reversed or overridden by primary
CSR-inducing stimuli and cytokine-activated factors. In these B cells, however, Pax5 and
E2A can by antagonized inhibitory E-box protein 1d2, leading to effective suppression of
Aicdaexpression (5).

Post-transcriptional regulation of AID by microRNAs

MicroRNAs are a family of single-strand, short (~22 nucleotides) non-coding RNAS that
regulate gene expression in a sequence-specific manner. They bind to complementary
sequences in the 3’-untranslational region (UTR) of target mRNAS, resulting in gene
silencing by translational repression or target mMRNA degradation (64). MicroRNAs are
abundantly present in all human cells, in which they modulate the expression of a few to
hundreds of target genes each. miR-155, miR-181b and miR-93 regulate AID levels by

Autoimmunity. Author manuscript; available in PMC 2013 September 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

ZAN and CASALI

Page 6

binding to the evolutionarily conserved target sites in the 3" UTR of Ajcada mRNA, thereby,
reducing both Ajicda mRNA and AID protein levels (65-69).

miR-155 is processed from sequences present in B cell integration cluster (B/C) RNA, a
spliced and polyadenylated but non-protein-coding RNA that accumulates in lymphoma
cells (70) and is induced along with AID in B cells activated by CSR-inducing stimuli (65,
66). It is expressed in germinal center B cells and plays an important role in germinal center
formation and subsequent antibody production following antigen challenge. B cells lacking
miR-155 generated reduced extrafollicular and germinal center responses and failed to
produce high-affinity IgG1 antibodies (70). The expression of both miR-155b and miR-361
can be repressed by Bcl-6, a transcriptional repressor required for germinal center formation,
by binding to the host genes of these microRNAs (69). Through repression of miR-155 and
miR-361, Bcl-6 positively regulates AID expression.

Consistent with what observed in Afcaa*'~ B cells (53), downregulation of AID levels by
miR-155 was associated with downregulation of CSR and ¢-Myc/IgH translocations (66).
Disruption of the miR-155 binding site in the 3" UTR of Ajcdain B cells caused an increase
in steady-state AjcdamRNA and AID protein by increasing the half-life of Aicda mRNA,
resulting in increased CSR and a high degree of ¢ Myc/IgH translocations (65, 66). The
Aicda3’ UTR contains multiple putative binding sites for miR-181b, which is
predominantly expressed in lymphoid cells (71). By controlling AID expression level,
miR-155 and miR-181b protect resting B cells and non-B cells from AlD-mediated
mutagenesis. Accordingly, Burkitt’s lymphoma B cells, which show high levels of somatic
mutations and chromosomal translocations, are deficient in miR-155 (72). miR-181b is
expressed at the highest levels in resting B cells and is downregulated upon B cell activation
by the CSR-inducing stimuli (6, 66).

Post-translational regulation of AID

Regulation of AID nuclear/cytoplasmic localization and stability

AID exists in both the nucleus and the cytoplasm of B cells. It has been shown to undergo
constant nucleocytoplasmic shuttling with a balance toward export to the cytoplasm (73,
74). Subcellular fractionation analyses of human tonsil germinal center B cells demonstrated
that AID is predominant in the cytoplasm (75). As a small size protein (20 kDa), which
would otherwise freely diffuse through nuclear membrane pores, AlD is either retained in
the cytoplasm after translation or actively transported outside the nucleus, or both. An
efficient nuclear export would explain the low steady-state level of AID protein level in the
nucleus (16). This, however, can also be explained by the non-mutually exclusive possibility
that AID is subjected to a faster degradation rate in the nucleus. In cells treated with
leptomycin B, which blocks nuclear export by specifically inhibiting the ubiquitous soluble
shuttle receptor chromosome region maintenance/exportin 1 (CRM1), increased AID
nuclear localization, suggesting that AID is actively transported out of the nucleus in a
CRM1-dependent fashion (73, 76). Accordingly, the AID carboxylterminal 189 RDAF(R/
K)(T/M)L GL/F1%8 sequence is rich in Leu and hydrophobic Phe residues, thereby providing
a putative nuclear export signal (NES). The NES mediated AID cytoplasmic localization is
further suggested by the finding that truncation of the carboxyl-terminal sequence or
mutation of Phe198 to Ala led to nuclear localization of AID (73, 76).

As a DNA deaminase, AID performs its function in the nucleus. The level of AID in the
nucleus is low but sufficient to exert AID deamination activity. It is not very clear when and
how AID is translocated from the cytoplasm into the nucleus. It has been suggested that a
bipartite nuclear localization signal (NLS) at the amino-terminus of human and mouse AID,
together with the carboxyl-terminal NES, effectively regulates the dynamic shuttling of AID
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between the cytoplasm and the nucleus (73), although the existence of such NLS has not yet
been independently verified (76, 77).

Cellular compartmentalization and stability provide another level of regulation of AID
activity. The abundance of AID in the nucleus is strictly controlled to avoid genome off-
targeting, mutagenesis and genome instability. The nuclear-restricted form of AID is
associated with enhanced mutagenicity at 1g and non-Ig loci (16). Most nuclear AID is either
degraded or exported back to the cytoplasm (17), with only a small proportion of AID
molecules localized onto DNA at /g or non-/g loci. The nuclear/cytoplasmic distribution of
AID is possibly determined by AID co-factors (Table 1). AID stability is directly linked to
its subcellular localization with cytoplasmic AID being significantly more stable than
nuclear AID; AID half-life in the cytoplasm (~18-20 hours) is about 8 times that in the
nucleus (~ 2.5 hours) (16). Unlike cytoplasmic AID, nuclear AID is constantly targeted to
proteasomes by ubiquitin-dependent and -independent pathways (16, 17), although it has
been recently shown that the stability of nuclear AID may be increased by transcription
factor YY1, which interacts with AID and plays a role in CSR (78). The destabilization of
nuclear AID protein is accompanied by a polyubiquitination, as shown by substantial
accumulation of polyubiquitinated nuclear AID in the presence of proteasome inhibitors
(16). In addition, AID can interact with and is targeted for degradation by the nuclear protein
REG-vy, a proteasomal activator that tags proteins for proteasomal degradation in an
ubiquitin- and ATP-independent fashion (17). Indeed, REG-y deficiency results in reduced
AID degradation, increased AID accumulation and increased CSR.

In the cytoplasm, AID exists as part of a relatively high molecular mass complex
(cytoplasmic AID complex) (79). Polyubiquitination and degradation of cytoplasmic AID is
prevented by interaction with heat shock protein 90 kD (Hsp90), a molecular chaperone and
one of the most abundant proteins expressed in cells (80). Hsp90 protective activity requires
the participation of several cochaperones (all together, the “Hsp90 complex™), including
Hsp40, Hsp70 and the type 1 Hsp40 DnaJal (81). Deficiency of DnaJal results in decreased
stability and reduced levels of AID, accompanied by loss of AID biological activity (81).
The translation elongation factor 1a (eEF1A) is also a major constituent of the cytoplasmic
AID complex (15). AID is stoichiometrically associated with eEF1A, through eEF1A
domain 3. The interaction of AID with eEF1A likely contributes to AID’s cytosolic
retention and stabilization. Mutation of AID residue 187 disrupts the interaction with eEF1A
and leads to the destabilization of AID as well as its increased translocation to the nucleus
(15).

Although the molecular mechanism that governs the balance of AID nuclear import/export
is unclear, it is conceivable that such a molecular mechanism provides B cells with two
important functional features to: (i) hamper the highly active and mutagenic AID from
accessing DNA, thereby preventing indiscriminate dC deamination, DNA damage and/or
insertion of deleterious mutations, as suggested by the higher SHM rate brought by an AID
mutant lacking the NES on an artificial DNA substrate (73, 76); and (ii) generate a
cytoplasmic AID reservoir, in which AID could be assembled with either SHM or CSR co-
factors into a protein complex that, upon delivery of appropriate stimuli, can be promptly
translocated into the nucleus and preferentially targeted to the /g locus. Such a fast-kinetic
nuclear localization of AID is suggested by the rapid nuclear accumulation of red
fluorescent protein (RFP)-tagged AID in cells treated with agents causing DSBs (77). It
would be important to identify the stimulus that directs the nuclear localization of AID and
analyze its role in regulating SHM and CSR during the germinal center reaction.
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Phosphorylation of AID regulates its activity

When actively transcribed, double-strand DNA can be effectively deaminated by
phosphorylated AID, but not by non-phosphorylated AID (82), suggesting that
phosphorylation plays an important role in targeting AID to its natural substrate, as existing
in actively transcribed /g V(D)J and S regions. When expressed in non-B cells, AID is
phosphorylated at a much lower degree, as compared to AlID protein purified from /n vitro
activated mouse spleen B cells (82—84) suggesting a B cell-specific mechanism for
phosphorylation of AID.

In activated B cells, AID can be phosphorylated at Ser38 and Tyr184 (82—84). Protein
kinase A (PKA)-mediated phosphorylation of Ser38, which is located within a consensus
PKA phosphorylation site RRxS (83-85), is critical for AID to interact with the RPA
complex, which potentiates AID deamination of transcribed double-strand DNA (82, 83,
86-88). The functional meaning of AID Tyr184 phosphorylation is, however, unclear.
Impaired CSR in /n vitro stimulated Aicda™~ B cells can be rescued by wildtype AID, but
not by a non-phosphorylated AID molecule carrying a Ser38Ala mutation. An AID
Ser38Asp mutant, however, likely mimics the constitutively phosphorylated AID at Ser38,
is defective in rescuing CSR in Aicda™~ B cells (82—84), suggesting that a dynamic
phosphorylation/dephosphorylation process is critical in regulating AID activity. Further, in
mouse CH12F3 B cells treated with PKA inhibitors, CSR to IgA is reduced by five folds, as
compared to similar cells untreated or treated with inhibitors of other kinases, such as P13-K
(85). Conversely, in /n vitro stimulated B cells that are deficient in PKA R1a, one of the two
inhibitory subunits of the PKA holoenzyme, and displaying a PKA kinase activity increased
by four folds, CSR is significantly upregulated, further underlying the important role of
PKA in regulating AID activity and CSR (85). Both Ser38Ala and Ser38Asp AID mutants
display a reduced activity in mediating SHM of an artificial substrate, suggesting that AID
phosphorylation at Ser38 is also critical in regulating SHM (84).

Only a fraction of AID molecules is phosphorylated at Ser38 (84). However, phosphorylated
AID is enriched in the chromatin-associated nuclear fraction, as compared to the
cytoplasmic and soluble nuclear fractions (84), suggesting that phosphorylated AID is the
active form of AID that exerts its DNA deaminase function in the nucleus. This selective
enrichment of phosphorylated AID to chromatin likely results from either AID
phosphorylation by PKA localizing in the nucleus or selective import of phosphorylated
AID from the cytoplasm to the nucleus. Transiently expressed Flag-tagged AID specifically
bound to S region DNA and to RNA polymerase 11, thereby linking germline 14-S-Cy
transcription with AID targeting to S region DNA (89). It is possible that phosphorylated
endogenous AID preferentially targets V(D)J or S region DNA, as compared to non-
phosphorylated AID. If AID phosphorylation and its nuclear localization are indeed linked,
there may exist a phosphatase that dephosphorylates AID shortly after the dissociation of
AID from V(D)J or S region DNA and/or export of AID out of the nucleus. How PKA and,
possibly, the putative AID phosphatase, in B cells are activated by CD40, IL-4R, BCR and/
or TLR signals remains to be determined. Finally, if phosphorylation precedes AID
dimerization/oligomerization, both phosphorylated and non-phosphorylated forms of AID
would be present in the AID dimer/oligomer, which would be less active than an AID dimer/
oligomer containing only the phosphorylated form. It is likely that AID dimerization/
oligomerization occurs before phosphorylation and only a selective fraction of AID dimer/
oligomers are phosphorylated.
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As AID can generate mutations (90), DSBs (91) and chromosomal translocations (92, 93),
targeting of this highly mutagenic enzyme need be tightly controlled. AID must be targeted
to the /gxand the /gA for SHM, and the /gH locus for both SHM and CSR. As AID
targeting to recombined V(D)J regions in /gH, Igx and /gA loci for SHM is little
understood, we will discuss here AID targeting to /gH constant region clusters for CSR. The
specific targeting of the CSR machinery to the S regions that will undergo recombination
relies on several factors. S regions contain a high frequency of 5'-AGCT-3" repeats,
accounting for more than 45% of Sp. core DNA but only about 1.3% of DNA in the genome
at large, including Cy regions (94). The 5'-AGCT-3’ repeats are not only the preferred
substrates for AID, they are also the specific targets of 14-3-3 adaptor proteins, which, as
shown by us, selectively target S region DNA and recruit AID, and possibly, other CSR
factors, to mediate CSR (94). Because of the high density of 5"-AGCT-3’ repeats in all S
regions, the inherent targeting of 5'-AGCT-3" repeats by 14-3-3 adaptors alone cannot
ensure selective targeting by the CSR machinery of exclusively the upstream and
downstream S regions that will undergo recombination, and not other S regions (94). These
S regions undergo high levels of transcription, indicating that they adopt an open chromatin
state that would allow for the recruitment of CSR factors (94). A direct role for germline I-
S-Cy transcription in AID targeting was initially suggested by the selective association of
AID with RNA polymerase Il and S regions that were transcribed (89, 95). Also, CSR is
impaired in B cells deficient in AlID-binding proteins (Table 1) that also function in
transcription or RNA processing (96-101), such as Spt5 and Spt6, which regulate
transcription (97, 99), PTBP2, which regulates RNA splicing (100), RNA exosomes, which
degrade RNA (101), the transcription-associated chromatin modifier the facilitates
chromatin transcription (FACT) complex components SSRP1 and Spt16 (102), and RNA
polymerase-associated factor (PAF) complex, which are involved in RNA processing,
chromatin remodeling, exosome processing and RNA pol Il transcription elongation/pausing
(103). AID binding to RNA polymerase 1l on transcribed S region DNA is likely mediated
by Spt5 (97), as suggested by genome-wide ChlP studies showing that AID binds to S
regions (104), which are enriched in RNA polymerase Il and Spt5 (97).

The transcription-based mechanisms were also thought to provide AID with a single-strand
DNA substrate, which is a preferential target of AID /in vitro, in the context of a duplex
substrate via looping out of the nontemplate strand (82). However, AID equally deaminates
both substrate DNA strands during CSR and SHM (105). The mechanism by which AID
accesses the template DNA strand has been a major puzzle. Core RNA exosome complex
has been shown to promote AID deamination of both template and nontemplate strands of /n
vitro transcribed SHM substrates (101). Integrity of the RNA exosome complex is required
for optimal CSR. In B cells undergoing CSR, the RNA exosome complex associates with
AID and accumulates on S regions in an AlD-dependent manner, further suggesting that
RNA exosome plays an important role in targeting AID activity to both template and
nontemplate strands of transcribed SHM and CSR targets (101).

AID may associate with RNA polymerase Il through Spt5, then “rides” on the transcription
machinery to “scan” the transcriptome until is stabilized on S regions by binding to 14-3-3
adaptors. During the scanning, AID can deaminate dCs in transcribed DNA. This is
reminiscent of the targeting of p53, which uses a non-core domain to bind *“non-specifically”
to and quickly slide along DNA until “hitting” a target sequence that is then bound by the
p53 core domain with high affinity (106). 14-3-3-mediated AID stabilization in S regions
may, in turn, contribute to enrichment of RNA polymerase I, which is paused in S regions
(107, 108), likely due to complex secondary DNA conformations (such as cruciform-like
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structures, whose “neck” are made possible by palindromic 5 -AGCT-3’ repeats). Thus,
while the CSR machinery can potentially target any S regions, it would have access only to
the S regions that adopt an open chromatin state. Germline 14-S-Cy transcription plays an
active role in AID targeting, including enabling AID to scan S region DNA for 5"-AGCT-3’
repeats. The recruitment, stabilization and enzymatic function of AID, require additional
interactions, which involve the non-catalytic domains of these enzymes, non-enzymatic
adaptors, such as 14-3-3 proteins, and selected histone modifications that are induced in the
S region targets of CSR (109, 110).

Epigenetic modifications and AID targeting

Epigenetic marks are heritable changes in gene expression or cellular phenotype caused by
mechanisms other than changes in the underlying DNA sequence. In a wider and currently
accepted meaning of the term, “epigenetic marks” refer to modifications that are induced
and transmitted to progeny cells, but not necessarily transmitted to the germline. They
include DNA methylation, histone modifications and non-coding RNAS, such as
microRNAs.

The role of microRNAs in the regulation of AID has been discussed above. Here we will
address the role of histone post-translational modification and DNA methylation in AID
targeting. Targeting of the CSR machinery, including AID, entails selected epigenetic
histone post-translational modifications of the /gH locus, including the trimethylation of
histone H3 lysine 4 (H3K4me3) and the combined acetylation of lysine 9 and
phosphorylation of serine 10 in histone H3 (H3K9acS10ph), at the /gH locus, mainly in the
S regions that are to undergo recombination (1, 109, 110). These histone modifications not
only reflect the open chromatin state of S regions that allows the access of AID and other
CSR factors, but also provide additional specificity for DNA targeting by the CSR
machinery. Indeed, H3K9acS10ph constitutes a specific chromatin target of 14-3-3 adaptors
and plays a role in the recruitment/stabilization of 14-3-3 to S regions, and therefore,
contributes to targeting of AID (1, 109, 110). In addition, during CSR, AID forms a complex
with KRAB domain-associated protein 1 (KAP1) and HP1 (heterochromatin protein 1) that
is tethered to the donor S region (Sp) containing H3K9me3 (111). Disruption of this
complex results in impaired AID recruitment to Sy, inefficient DSB formation and
concomitant defect in CSR but not SHM, suggesting that KAP1 and HP1 tether AID to
H3K9me3 residues at the donor S region (111). H3K4me3 plays a critical role in the AID-
mediated DNA cleavage in S regions during CSR (99). The H3K4me3 mark is preserved by
the histone chaperone suppressor of Ty6 (Spt6) (112). Loss of H3K4me3 has been
correlated with defects in AID-mediated DSB and reduced frequencies of mutation in S and
V(D)J regions and non-Ig loci (112).

Epigenetic modifications also play an important role in AID targeting to V(D)J DNA for
SHM. SHM can occur only in VxJx regions that exhibit DNA hypomethylation (113, 114),
suggesting that this epigenetic modification is critical for AID targeting in SHM. Indeed,
methylated-CpG motifs have been found to be poor substrates for AID (115). One unique
signature of hypermutating variable region is mammalian sterile kinase 1 (MST1)-mediated
phosphorylation of histone H2B on serine 14 (H2BS14ph) (116). In mammalian cells,
phosphorylation of histone H2B is induced at late time-points from DNA damage and
accumulates in repair foci. It is likely that may H2BSer14P paly a role in the recruitment or
stabilization of components of the error-prone repair factors that resolve AlD-dependent
lesions. More recently, it has been shown that recombined V(D)J region DNA in the
constitutively hypermutating human B cell line Ramos was occupied by monoubiquitinated
histone H2A and histone H2B, which may function as a signal for AID recruitment (117).
Thus, it is possible that combinatorial signals generated through multiple histone
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modifications together with DNA demethylation would orchestrate the execution of locus-
specific mutagenesis.

Regulation of AID enzymatic function

Regulation of AID function by its co-factors

The function of AID is likely also to be regulated in order to attain a balance between
immunity and genomic instability, which would predispose to neoplastic transformation.
Both CSR and SHM require transcription. Single-strand regions of DNA can be transiently
exposed on the surface of RNA polymerase during transcription. Single-strand DNA-
binding protein RPA associates with phosphorylated AID from activated B cells and
enhances AID activity on transcribed double-strand DNA containing CSR or SHM target
sequences (82). RPA promotes the deamination of transcribed substrates by AID by
stabilizing its interaction with single-strand DNA, which suggests that the role of RPA in
CSR and SHM is to provide access of AID to target DNA. /n1 vivo, the formation of RPA-
AID complexes is facilitated by phosphorylation of AID at Ser38 by PKA, and AID, RPA
and PKA all associate with sites of CSR (118). In addition, 14-3-3 adaptor proteins, which
specifically bind 5’-AGCT-3’ repeats and play important role in recruiting/stabilizing AID
to/on S regions in CSR, interact directly with AID and enhance AlD-mediated /n vitro DNA
deamination (94).

Regulation of AID activity by iron

Iron is a crucial metal element. It mediates many metabolic pathways and is required for
proliferation of cells, including B and T lymphocytes (119). B lymphocyte proliferation is
inhibited by iron chelators, such as desferoxamine and salicylaldehyde isonicotinoyl
hydrazine (SIH), or depletion of ferritin, a ferrous ion (Fe2*) transporter (119, 120). Despite
the importance of iron in B cell proliferation, iron overload is associated with impaired
immune defense to viruses and bacteria in humans and experimental animals, likely due to
impaired antibody responses (18). Accordingly, patients with hemochromatosis, who display
a significant iron overload, as caused by excess iron absorption, show reduced levels of
class-switched antibodies (121). Heme, an iron-containing molecule essential for diverse
organisms, has been implicated in inhibiting CSR (122), suggesting a role of iron in
modulating this important B cell differentiation process. In fact, as we have recently shown,
the bivalent iron ion (Fe2*, ferrous) inhibited AlD-mediated dC deamination in a dose-
dependent fashion and suppressed CSR (18). The inhibition of intrinsic AID enzymatic
activity by Fe2* was specific, as shown by lack of inhibition of AID-mediated dC
deamination by other bivalent metal ions, such as Zn?*, Mn%*, Mg2*, or Ni*, and the
inability of Fe2* to inhibit Ung-mediated dU excision. Fe2* would inhibit AID enzymatic
activity by displacing Zn2* in this enzyme catalytic site by virtue of the similar chemical
coordination properties of these two metal ions (18). By inhibiting AID enzymatic activity,
FeZ* not only inhibits CSR but would also interfere with AID-mediated SHM and
generation of high affinity antibody mutants, which are positively selected by antigen in
germinal centers of peripheral lymphoid organs. Thus, iron would modulate a B cell
differentiation process that is critical to the generation of effective antibody responses to
microbial pathogens and tumoral cells. 1t might also play a role in dampening AID-
dependent autoimmunity and neoplastic transformation.

Dysregulated AID expression in autoimmunity

AID levels are critical in balancing efficient immunity with an autoimmune state. While lack
of AID results in HIGM2, a primary immune deficiency, upregulated AID expression is
associated with autoantibody-mediated autoimmune disease, such as systemic lupus.
Systemic lupus is an autoimmune disease characterized by the production of an array of
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pathogenic autoantibodies, including high-affinity anti-double-strand DNA 1gG antibodies
that are mutated and class-switched, mainly to IgG, indicating that SHM and CSR are
important in their generation. Lupus-prone MRL/Fas’?”/’" mice develop a systemic
autoimmune syndrome that shares many features with human lupus. As shown by us, Ig
gene sequences are heavily mutated in MRL/Fas/?”/" mice and contained long stretches of
DNA deletions and insertions (55). The spectrum of Ig gene mutations in MRL/Fas?”Pr B
cells was significantly altered, e.g., increased dG/dC transitions, and increased targeting of
the 5’-RGYW-3" mutational hotspot. In addition, CSR, particularly to IgG2a and IgA in B
cells of the spleen, lymph nodes and Peyer’s patches was also greatly upregulated in MRL/
Fas’P”lr mice. The significant upregulation of SHM and CSR in MRL/FasP”Pr mice is
associated with significantly increased expression of AID (55, 123). Further, the
dysregulated AID expression is correlated with upregulation of HoxC4 in B cells of lupus
patients and lupus-prone MRL/Fas’”Pr mice (123). Thus, in lupus-prone mice, SHM and
CSR are dysregulated, as a result of highly enhanced AID expression. This leads to DNA
lesions and consequent dysregulation of DNA repair factors, including translesion DNA
synthesis (TLS) polymerases, which are involved in the repair process of AID-mediated
DNA lesions (55, 123).

Consistent with our findings in MRL/Fas/”IPr mice, BXD2 mice, which develop severe
spontaneous arthritis and lupus phenotypes, develop large spleen germinal centers that
produce pathogenic autoantibodies as a result of increased expression of AID (124, 125).
Expression of a dominant-negative Aicaa in transgenic BXD2-Ajcda-DN mice inhibited
AID activity suppressed generation of autoantibodies and autoimmunity (126). Accordingly,
AlD-deficiency in MRL/FasP/IPr mice resulted in lack of 1gG autoantibodies and significant
reduction in autoimmunity (127). Likewise, in AID heterozygous MRL/Fas’ /i’ mice, the
reduced AID expression was associated with a delay in the onset of lupus nephritis that
correlated with delayed accumulation of high-affinity anti-double-strand DNA antibodies
(128). And, finally, deficiency of HoxC4 (which activates the AJcda promoter) in MRL/
Fas’P”IPr mice resulted in decreased class-switched and somatic hypermutated autoantibody
production and autoimmunity (123).

Women mount better antibody responses to microbial antigens, as presented in vaccines or
as occurring in natural infections, than men (129, 130). Sex based differences in both innate
and adaptive immune responses contribute to significant differences in the response to
infectious agents and pathogenesis of infectious diseases in males and females. Sex bias in
infections together with expression of estrogen receptors by lymphocytes, suggest that sex
hormones, such as estrogen, directly modulate immune responses (131, 132). The higher
level of estrogen would underlay the stronger response to self-antigens in females than in
males (133, 134). Indeed, a female predominance of autoimmunity involving pathogenic
autoantibodies, such as anti-double strand DNA autoantibodies in lupus, is well documented
(135, 136). The contribution of estrogen to the female bias in autoantibody responses has
been implicated in the prevalence of autoimmune diseases, such as rheumatoid arthritis,
systemic lupus erythematosus, and Sjogren’s syndrome (131, 133, 137). In lupus patients,
increased estrogen levels underlie increased autoantibody levels, severity of the disease and
pathology (131, 138, 139). In lupus-prone mice, increased estrogen levels lead to higher
titers of pathogenic autoantibodies and accelerated disease expression (135).

Estrogen functions as a transcriptional regulator by activating estrogen receptors (ERs), it
freely diffuses through cytoplasmic and nuclear membranes and binds to intracellular ERs,
including ERa and ERp. Estrogenbound ERs function primarily as transcription factors by
interacting specifically with estrogen response elements (ERES) in the promoter of estrogen-
responsive genes (140). As shown by us and others, estrogen can enhance the expression of
AID (141, 142). While it was suggested that estrogen directly up-regulates the AID gene
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expression through binding to ERs to the A/CDA promoter (141), we found that estrogen-
ER complexes do not directly activate the AID gene promoter in B cells undergoing CSR.
Rather, they bind to three evolutionarily conserved and cooperative ERESs in the HOXC4/
HoxC4 promoter (142). By binding to these EREs, ERs synergized with CD 154 or LPS and
IL-4 signaling to up-regulate HoxC4 expression, without affecting B cell proliferation or
plasmacytoid differentiation. Owing to its ability to directly activate the AID promoter,
upregulated HoxC4 would, in turn, further increase AID expression, thereby potentiating
SHM and CSR. Estrogen administration /n vivo significantly potentiated CSR and SHM in
the specific antibody response to NP-CGG (142). Ablation of HoxC4 (HoxC4~") abrogated
the estrogen-mediated enhancement of AID gene expression and decreased CSR and SHM.
Thus, estrogen enhances AID expression by activating the HOXC4/HoxC4 promoter and
inducing the critical AID gene activator, HoxC4, therefore, contributes to SHM/CSR
dysregulation and accelerated production of hypermutated and class-switched high-affinity
autoantibodies in autoimmunity.

Estrogen, which promotes disease expression in lupus patients and accelerates the
appearance of pathogenic autoantibodies and autoimmunity in lupus-prone MRL/FasP/ier
and NZB/NZW F1 mice, enhances AID gene expression, CSR and SHM by directly
activating the HOXC4/HoxC4 promoter, thereby potentiating the induction of HoxC4 and
AID expression in autoimmune mice (59). In addition to high levels of anti-double-strand
DNA 1gG autoantibodies and kidney pathology, these mice showed significant levels of
interchromosomal translocations between the ¢c-Mycand /gH loci (123). Deficiency of
HoxC4 in MRL/FasPPr mice results in decreased levels of autoantibodies and decreased
immunopathology, as well as a decreased incidence of interchromosomal c-Myc/IgH
translocations (123), in line with other findings showing that AID is required for
chromosomal breaks leading to c-myc/IgH translocations (10). Thus, dysregulated HoxC4
expression and, therefore, AID expression contribute to the production of pathogenic 19G
autoantibodies and interchromosomal ¢c-Myc/IgH translocations in lupus B cells.

Rheumatoid arthritis is a systemic inflammatory autoimmune disease, characterized by
chronic, erosive polyarthritis and occurrence of various autoantibodies, including
rheumatoid factors (autoantibodies specific for 1gG) and autoantibodies to citrullinated
proteins, RA33, Collagen Il, stress proteins or glucose-6 phosphate isomerase, in serum and
synovial fluid (143). It has been shown that in the rheumatoid arthritis patients, AID
expression in peripheral blood lymphocytes correlated positively with circulating levels of
rheumatoid factor and anti-citrullinated protein/peptide autoantibodies, specific markers of
rheumatoid arthritis (144). Serum IFN-y and IL-17 levels, also exhibited positive correlation
with the expression of AID. The higher levels of AID expression in B cells of rheumatoid
patients may be associated with the higher levels of T helper cell cytokines IFN-y and
IL-17, leading to the development of anti-CCP and RF (144). BXD2 mice spontaneously
develop arthritis characterized by inflammatory infiltration, extensive synovial hyperplasia
and marginal erosions of bone. In transgenic BXD2 mice expressing a dominant-negative
AID mutant, the incidence of arthritis was reduced by about 65% as compared to wild type
BXD2 mice — less than 25% vs. more than 70%. Thus, suppression of AID catalytic function
not only suppresses autoantibody production but also inhibits development of arthritis in
BXD2 mice (126).

Dysregulated AID expression and tumorigenesis

Dysregulation and misexpression of AID causes DNA damage in not only Ig genes but also
a variety of other genes in both B cells and non-B cells, including non-lymphoid cells, and
contributes to tumorigenesis (9, 55, 75, 90, 91, 123, 145-149). In B cells, aberrant AID
expression has been connected with mutations in ¢c-Myc, Pim1, RhoH and Pax5 oncogenes,
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promoting the development of diffuse large B cell lymphoma (150). Likewise, Burkitt’s
lymphoma B cells are characterized by AID-induced mutations and a reciprocal
translocation between c-Mycand /gH loci (10, 12, 13, 151). In, addition, AID expression is
associated with the transition from the chronic stage of chronic myeloid leukemia (CML) to
fatal B lymphoid blast crisis (LBC) (152). CML is induced by BCR-ABL 1 and can be
effectively treated for many years with Imatinib® until leukemia cells acquire drug
resistance through BCR-ABL 1 mutations and progress into LBC. In human CML-LBC cells
as well as BCR-ABL I-transformed mouse B cell progenitors, AID is involved in both
generation of point-mutations and copy number alterations in a variety of genes, including
those encoding DNA repair, DNA damage signaling or cell cycle control proteins,
suggesting direct and indirect roles for AID in genome instability and the pathogenesis of
CML-LBC (152, 153). In AID-expressing BCR-ABL I-transformed B cells, genomic
stability is compromised by the combined effects of DNA repair deficits and ongoing
somatic hypermutation, and that this contributes to the acquisition of drug resistance through
mutation of BCR-ABL1 (152).

Although AID is preferentially expressed in germinal center B cells, it has been suggested to
be induced directly in B cells outside germinal centers by various pathogens, including
transforming viruses associated with human malignancies (154). Further, recent evidence
suggests that misexpression of AID is involved in tumorigenesis and disease progression in
various types of cells (155). Consistent with the roles of NF-xB in mediating AID
expression in B cells, stimulation of proinflammatory cytokines, which are upregulated by
bacterial or viral infections, induces aberrant AID expression through the NF-xB signaling
pathway in several types of gastrointestinal epithelial cells, such as those of gastric, colonic,
hepatic and biliary epithelia (4). Helicobacter pylori, a class 1 carcinogen for human gastric
cancer, induces AID expression by introduction of bacterial virulence factors into host cells
and induction of inflammatory responses, thereby contributing to the accumulation of
mutations in tumor-related genes (3). In gastric cancer, the upregulation of AID leads to
point-mutations and copy number alterations of CDKN2A and CDKN2B tumor suppressor
genes (156). In the same manner, AID misexpression in human colonic cells resulted in the
accumulation of 7P53 mutations (157). In addition, misexpression of AID at various levels
was detected in about one third of primary lung cancers and lung cancer cell lines (158) and
in numerous breast cancer cell lines (68, 159). In the human MCF-7 breast cancer cell line,
AID expression is negatively regulated by miR-155 and miR-93 (68). AID expression is also
associated with 7P53mutations in lung cancer cells (158). Thus, misexpression of AID in
epithelial tissues provides the critical link between inflammation, somatic mutations and
cancer development, for the maintenance of genome stability outside the activated B cell
environment further emphasizing the need of multiple molecular AID restraints.

Conclusions

AID expression, activity and targeting must be highly restricted to ensure that deleterious
events, such as offtarget mutations, DNA deletions and insertions or chromosomal
translocations, do not occur beyond the capacity of the cell to repair the damage. Elevated
levels of AID are associated with certain cancers and autoimmune diseases. In order to
utilize AID to safely diversify its antibody repertoire through CSR and SHM, the B cell
enables several mechanisms aimed at regulating this enzyme’s expression, activity and
targeting to the /gH locus. Upon appropriate signaling from external stimuli, including
primary and secondary inducing stimuli, AID induction and expression is regulated by the
levels of key transcription factors that either induce or repress its expression by binding to
cis-elements in the AID gene. Subsequently, A/ICDA/Aicda may be regulated post-
transcriptionally by miRNA-mediated degradation of A/CDA/Aicda mRNA or inhibition of
AICDA/Aicda mRNA translation. Modulation of AID activity and protein levels is achieved
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through its interaction with protein partners that influence its subcellular localization,
stability, turnover and post-translation modifications, such as AID phosphorylation. Some of
these interactions occur through discrete motifs in AID, which have been associated with its
activity in CSR and SHM. AID function may also be regulated through modulation of
enzymatic activity, as evidenced by iron-mediated inhibition of AID dC deamination. In
addition, AID function can be modulated by restricting AID to its intended targets through
interaction with other proteins, such as 14-3-3 adaptors, which mediate AID target
specificity by binding to S region 5’-AGCT-3’ repeats. This is further narrowed by the
epigenetic status of the S regions that are targeted for recombination, through interactions
with proteins that read “histone codes” on the target locus. The cumulative effect of this
multi-tiered, fine-tuned regulation system is that under physiological conditions, AID is
specifically and efficiently limited in its capacity, such that it can only act on its known
intended substrates, DNA of the VV(D)J and S regions. The association of aberrant AID
activity and expression with disease strongly suggests that the specific modulation of AID is
a viable clinical target.
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Figure 1.

AID initiates CSR by deaminating dCs into dUs yielding dU:dG mismatches. AID is
targeted to S regions by 14-3-3 adaptor proteins that specifically bind to 5-AGCT-3’
repeats in S region core and recruit AID and PKA to S region DNA. PKA phosphorylates
AID at serine 38 in its amino-terminal region, generating a binding site for RPA. RPA
enhances AlD-mediated deamination of dCs in transcribed S region DNA. The resulting dUs
are removed by Ung, which could be recruited to and stabilized on S regions by the scaffold
functions of 14-3-3 adaptors, RPA and the translesion DNA polymerase Revl. Ung is also
stabilized by AID, which indirectly interacts with Ung (possibly through 14-3-3), within a
putative macromolecular complex.
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AID functional domains and functional altering mutations. The bottom panel showing the
naturally occurring mutations in the AID gene that are responsible for the autosomal
recessive disorder hyper-lgM syndrome type 2 (HIGM2). These mutations, as well as
experimentally generated mutations in the AID gene, cause defects in CSR and/or SHM.
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Figure 3.

AID expression and activity are tightly regulated at the levels of transcription, post-
transcription, post-translation (including nuclear/cytoplasmic distribution and stability) and
enzymatic function. Four distinct DNA regions (regions | to 1V) of the AID gene (Aicda)
locus containing binding sites for multiple transcription factors have been shown to regulate
Aicaa expression. Region | function as promoter containing the binding sites for HoxC4/Oct
and NF-xB/Sp1/Sp3, which can be induced by activate the AJjcda promoter. In resting naive
and memory B cells, as well as in non-B cells, silencer elements in region Il bind the
repressor proteins E2f and c-Myb to counter the activity of the transcriptional activators.
Stimulation of B cells with the primary inducing stimuli and cytokines that promote CSR
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induce activation signals through region 1V enhancer in collaboration with the intronic
enhancer in region Il can overcome the effect of the region Il silencer. After transcription,
the Ajcda mRNA can be negatively regulated by microRNAs, including miR-155 and
miR-181b, which specifically bind to the conserved target sites on the 3* UTR of A/caa
mRNA. The AID protein undergoes a series of post-translational modifications, such as
dimerization/oligomerization, nuclear/cytoplasmic translocation, phosphorylation and
polyubiquitination, all of which are important for AID activity. Most nuclear AID is either
degraded or exported back to the cytoplasm. Only a small proportion of AID molecules are
targeted onto DNA at /g or non-/g loci by its co-factors. Nuclear AID is constantly targeted
to (protein degrading) proteasomes by ubiquitin-dependent and -independent pathways. The
ubiquitin-independent pathway relies on the nuclear protein REG-+y, a proteasomal activator
that is ubiquitin- and ATP-independent. AID preferentially deaminates single-strand DNA,
which emerges from transcription by RNA Pol Il and depends on histone modifications in
the transcribed locus. AID can be recruited to the open DNA before or during transcription.
In CSR, AID recruitment to S regions occurs with interaction of RNA Pol 1l and AID-
interacting factors, such as Spt5, Spt6, PTBP2, RNA exome and 14-3-3 adaptor proteins,
which would form a macromolecular complex. AID is enriched and stabilized on the
targeted DNA by 14-3-3 adaptor proteins, which access the same S regions as the
transcription machinery owing to their open chromatin state. These 14-3-3 adaptors are
recruited and/or stabilized through interactions with 5"-AGCT-3" repeats and possibly by
H3K9acS10ph. The RNA exosome also interacts with AID and allows AID to deaminate
both the transcribed and the non-transcribed DNA strand in the S regions undergoing
transcription. AID deaminate dCs into dUs to yield dU:dG mismatches. Resolution of these
lesions can lead to different physiologic or pathologic outcomes.
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Figure4.

HoxC4 mediates estrogen-potentiated AID induction in antibody and autoantibody
responses. T-dependent CSR-inducing stimuli (namely, CD40 signals) and T-independent
CSR-inducing stimuli (namely, dual Toll-like receptor (TLR) — B cell receptor (BCR),
TACI-BCR or TLR-TACI engagement) and cytokines induce HoxC4, mainly through
activation of NF-xB. This induction is further enhanced by estrogen through binding of ER
to the three evolutionarily conserved and cooperative estrogen responsive elements (ERES)
in the HoxC4 promoter. By binding to a conserved HoxC4/Oct-binding site in the Ajcda
promoter, HoxC4 induces AID expression. In this function, HoxC4 acts in concert with
transcription factors Oct1/Oct2 as well as Sp1/Sp3/NF-xB. The tissue- and differentiation
stage-specificity of HoxC4 expression would contribute to the tight regulation of AID
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expression. Estrogen enhances TLR or CD154-mediated HoxC4 expression to induce CSR
and SHM, and therefore, antibody and autoantibody responses. In lupus B cells,
upregulation of HoxC4 plays a major role in dysregulation of AID expression, thereby
increasing CSR, SHM and autoantibody production and promoting inter-chromosomal c-
Myc/lgH translocations.
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AlD-interacting factors.
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Factors' Function (s) References
14-3-3 proteins Target S regions and recruit and/or stabilize AID and other CSR factors (94)
CTNNBL1 Promote AID localization or association with RNA spliceosomes (96)
eEF1A Interacts with AID in the cytoplasm, contributes to AID’s cytosolic retention and stabilization (15)
GANP Transport AID to B-cell nucleus and to target AID to actively transcribed 1g V(D)J regions (98)
Hsp40 DnaJal Stabilizes cytoplasmic AID (81)
Hsp90 Stabilizes cytoplasmic AID (80)
HP1 Interacts with AID and tethers AID to Sy region bearing H3K9me3 (111)
KAP1 Interacts with AID and tethers AID to Sy region bearing H3K9me3 (111)
PAF Serve as a binding platform for AID on chromatin (103)
PKA Phosphorylates AID at serine 38 on S region DNA (85, 118)
PTBP2 Binds RNA and promotes the binding of AID to S regions (100)
REGy Interacts with AID and promotes AID degradation in the nucleus an
RNA exosome Targets AID to both strands of transcribed duplex DNA (101)
RNA polymerase Il Facilitates the targeting of AID to transcribed DNA (89)
RPA Binds to AID that is phosphorylated at serine 38 and enhances AID deamination activity (118)
SSRP1 Regulate H3K4me3 and is critical for DNA cleavage in CSR (102, 103)
Sptl6 Regulate H3K4me3 and is critical for DNA cleavage in CSR (102, 103)
Spt5 Facilitates the association of AID with RNA polymerase |1 97)
Spt6 A histone chaperone, differentially regulates AID functions in CSR and SHM through H3K4me3 on AID-  (112)
target loci
YY1l Stabilizes nuclear AID (78)

*
MDM2 (160) and CIB1 (161) can also interact with AID, but are inessential for antibody diversification.
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