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General introduction

Innate and adaptive immunity

Innate immunity
The first line of defence against pathogens in the human body is made up of physical
barriers like the skin and the mucosal layers of the gastrointestinal and respiratory tracts.
When pathogens do succeed in penetrating this barrier, the innate immune system will
elicit an initial response. Detection occurs through pattern recognition receptors like the
Toll Like Receptors (TLR), expressed by epithelial cells or by more specialised immune
cells, e.g. macrophages. These receptors bind general motifs such as polysaccharides or
CpG-DNA that indicate the presence of pathogens or otherwise inflicted tissue damage.
Upon detection of infection the inflammatory response is launched, mediated by the
release of cytokines and chemokines that attract white blood cells like granulocytes and
lymphocytes.

Adaptive immunity
When the infection cannot be quickly resolved, the adaptive immune system is triggered
to initiate a humoral and/or cellular immune response, which requires the activation of
antigen-specific T and B cells. Activating signals are provided by specialised antigen
presenting cells that take up antigen at the site of inflammation and transport this into
the draining lymph nodes where it is presented to the lymphocytes. A wide variety of
naive B and T cells, each with their own antigen receptor specificity, reside in the primary
follicle of the lymph node in anticipation of encounter with their cognate antigen. In
response to the right antigen/T cell receptor (TCR)-match, the T cells become activated
and, depending on the kind of cytokines present, differentiate into distinct types of cells;
some of which will execute the cellular immune response, others become memory cells or
T-helper cells. The latter cell type is required for proper activation of the B cells, which do
not only require moderate affinity-binding of the antigen to their B cell receptor (BCR),



a membrane-bound immunoglobulin (Ig), but also co-stimulation by cognate T-helper
cells through CD40-CD40L interaction. This bipartite stimulation sets off a germinal
centre reaction in the follicle (Figure 1).1 During several rounds of proliferation,
immunoglobulin gene diversification and competition for survival signals, B cells are
selected for higher affinity of their BCR to the antigen; a process called affinity-
maturation. Depending on the type of defense that is required, the high affinity B cells
can subsequently change the isotype of the immunoglobulin (Ig) that is produced. Naive
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Figure 1 The germinal centre microenvironment.

Antigen-activated B cells differentiate into centroblasts that undergo clonal expansion in the dark zone of the

germinal centre. During proliferation, the process of somatic hypermutation (SHM) introduces base-pair

changes into the V(D)J region of the rearranged genes encoding the immunoglobulin variable region (IgV) of

the heavy chain and light chain; some of these base-pair mutations lead to a change in the amino-acid

sequence. Centroblasts then differentiate into centrocytes and move to the light zone, where the modified

antigen receptor, with help from immune helper cells including T cells and follicular dendritic cells (FDCs),

is selected for improved binding to the immunizing antigen. Newly generated centrocytes that produce

an unfavourable antibody undergo apoptosis and are removed. A subset of centrocytes undergoes

immunoglobulin class-switch recombination (CSR). Cycling of centroblasts and centrocytes between dark and

light zones seems to be mediated by a chemokine gradient, presumably established by stromal cells in the

respective zones (not shown). Antigen-selected centrocytes eventually differentiate into memory B cells or

plasma cells. Adapted from Klein and Dalla-Favera, Nat Rev Immunol. 2008.1



B cells express a BCR of the IgM or IgD isotype, but after class switch recombination
IgG, IgA or IgE antibodies can be secreted, with effector functions ranging from
complement activation and microbe opsonisation to stimulating or dampening the
activity of other immune cells by binding to their Fc-receptors. After achieving sufficient
affinity and the right effector isotype for their BCR, the B cells terminally differentiate
into either memory cells or antibody producing plasma cells. The countless antibodies
that are produced by the plasma cells, will circulate in the bloodstream and constitute the
humoral immune defence. As it takes several days before a full-blown adaptive immune
response is obtained after initial encounter with an unknown antigen, there are several
forms of memory established to reduce response-time in future infections with the same
pathogen. A small number of so-called “long-lived plasma cells” reside in the bone
marrow for many years, secreting low levels of antibodies into the blood to maintain a
certain titer. In addition the germinal centre reaction has also produced memory B cells
(and memory T cells), which can be quickly reactivated upon recognition of the antigen
through their high affinity BCRs. 

The immunoglobulin gene and its diversifications

Immunoglobulin gene rearrangements
The immunoglobulin heavy (IgVH) and light (IgVL) chain genes encoding the antigen
receptors are products of gene-rearrangements taking place during B cell maturation in
the bone marrow. For construction of the IgVH gene, a combination is made of genes
selected from a large gene pool of “variable”, “diversity” and “joining” genes (Fig 2a), and
similarly “variable” and “joining” genes are recombined for the IgVL gene.2 The recombinases
RAG-1 and RAG-2 assemble these genes in the presence of TdT, an enzyme which adds
non-templated nucleotides to the junction. The most variable region of this sequence, the
complementary determining region 3 (CDR3) focussed on the junctions of the VDJ-
rearrangement, to a large extent determines the specificity of the immunoglobulin gene.
The CDR3 sequence can be regarded unique for each B cell and as such enables studies
on clonal relationships between B cells, follow B cells development over time, or identify
the malignant B cell population in the case of lymphoma.

Affinity maturation
All B cells together constitute a large repertoire of antigen-receptors capable of recognising
most antigens upon first encounter, although this occurs generally with low affinity. To be
able to fight an infection efficiently, the B cell receptor undergoes affinity maturation,
which, as mentioned above, takes place in the germinal centre. Affinity maturation
depends on DNA modifications of the immunoglobulin gene, called somatic
hypermutation (SHM) (Figure 2b (i)). During SHM, mutations are introduced into the
IgV-genes at a frequency much higher than the basal level of replication and repair-errors
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Figure 2 Generation and diversification of functional immunoglobulin (Ig) genes. 

a. Functional Ig genes are assembled in developing B cells by RAG (rearrangement activating gene)-

mediated gene rearrangement resulting in the fusion of germline V, D (in the case of the heavy-chain

locus) and J gene segments. This process does not require an encounter with foreign antigen and results

in the production of a primary repertoire of B cells displaying a diversity of Igs on their surface. 

b. Diversification of functionally rearranged Ig genes is achieved through three distinct genetic programs, all

of which are triggered by activation-induced deaminase (AID)-mediated deamination of dC→dU at sites

within the Ig locus. (i) Somatic hypermutation (SHM) of the IgV gene. Following antigen encounter in

human and mouse, the integrated V(D)J genes in those cells expressing an antigen-specific IgM antibody

(albeit one of low affinity) are subjected to a second wave of diversification, this time by SHM. Iterative

alternation of SHM and antigen-mediated selection underpins the production of high-affinity antibodies.

(ii) IgV gene conversion. In chickens and rabbits, diversification of the integrated V(D)J gene is achieved

by replacing segments of it using neighbouring (and, in the case of chicken, non-functional) IgV genes as

template. (iii) Class-switch recombination (CSR). In addition to affinity maturation through iterative

mutation of the IgV gene, encounter with antigen also results in CSR, which causes the IgM-expressing B

cell to exchange its constant region (IgC) for that of one of the other isotypes (IgG, IgA or IgE). Adapted

from Neuberger, et al. Trends Biochem Sci. 2003.2



detected elsewhere in the genome. The mutations accumulate in certain hotspots
(generally complying to the WRCY consensus, where W = A/T, R = A/G, and Y = C/T),
indicating that there is a machinery responsible for actively introducing these mutations. 
In the year 2000, it was found that an enzyme called Activation-induced Cytidine
Deaminase is essential for SHM.3 By deaminating cytidines to uracil in single-stranded
DNA, AID is responsible for the initiating lesion (Figure 3).4 Direct replication of the
U:G mismatch results in transition mutations only (C to T and G to A). Alternatively, the
resulting U:G mismatch can be recognised by two distinct repair pathways. On the one
hand, uracil-DNA glycosylase (UNG), a member of the base excision repair (BER)
pathway, can excise the mismatched uracil followed by error-prone repair at the abasic
site. Mice deficient for UNG display a perturbed SHM; the mutation pattern at C:G
nucleotides is skewed to transition mutations. Transversion mutations, resulting from
DNA synthesis opposite an abasic site generated by UNG, are nearly completely absent.5
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DNA deamination model of immunoglobulin gene diversification, emphasizing somatic hypermutation and

indicating some of the key enzymes implicated in each pathway. Abbreviations: AID, activation-induced

deaminase; ExoI, mismatch repair exonuclease I; IgV, immunoglobulin variable region; NHEJ, nonhomolgous

end joining; MSH2/6, mismatch recognition proteins; Pol, polymerase; Rev1, Y-family DNA polymerase

involved in DNA damage tolerance; TLS, translesion synthesis; UNG, uracil-DNA glycosylase; Xrcc2 and Xrcc2,

Rad51 paralog proteins involved in homologous recombination repair. Adapted in modified form from Di Noia

and Neuberger, Annu. Rev. Biochem. 2007.4



On the other hand, the mismatch repair (MMR) machinery (via the MSH2/MSH6
complex) can process the mismatch by removing several nucleotides. This creates a gap
that is subsequently repaired by other error-prone polymerases, which preferentially
introduce mutations at A:T pairs (figure 3). Mice deficient for the mismatch repair
protein MSH2, give another shift in the mutation pattern: There is a striking bias toward
mutation at C:G nucleotide pairs, while normally C:G and A:T mutations are found at
equal frequencies.6-8 Studies on UNG/MSH2 and UNG/MSH6 double knockout mice,
with a defect in BER as well as MMR, have SHM restricted to C:G transition mutations,
leaving the “AID-footprint”.9-11 A recent study has revealed that repair of SHM is not
always error-prone but may also involve high-fidelity repair, depending on the target gene
of mutation (see “targeting”). 

Some vertebrates such as birds and rabbits use an alternative way to diversify their
immunoglobulin genes. Unlike humans, chickens have only one functional copy of each
IgVH, IgVλ, IgJH, and IgJλ gene. Similarly, the IgVH locus of rabbits only provide V genes
from one family, (V3) of which the most proximal is used in 80% of the
rearrangements. As a consequence, RAG-mediated recombination of these genes provides
only a very limited Ig repertoire. Further diversification is achieved by the process of gene
conversion (IGC), in which upstream non-functional pseudo V-genes are recombined
into the functional V gene (figure 2b (ii)). This allows for more extensive diversification
than somatic hypermutation would be able to provide. AID initiates the recombination
event by deaminating cytidines in the IgV-gene and pseudo V-genes similar to the somatic
hypermutation process, but recruitment of recombinational repair factors such as
RAD51B, XRCC2/3 and BRCA1 results in DNA homologous recombination rather
than mutation.

Isotype switching
After affinity maturation, the B cells may change the Fc-tail of their immunoglobulin,
depending on the isotype that is needed. This is accomplished by class switch recombination
(CSR); the third immunoglobulin gene alteration that is mediated by AID (figure 2b
(iii)). Like with SHM and IGC, dC to dU deamination generates the first lesion and
subsequent exonuclease activity by the BER and MMR generate an abasic site. AP-
endonuclease is able to open the backbone of the abasic site, generating a single strand
DNA break. If this event occurs in close proximity at the opposite strand, a staggered
double strand DNA break may occur. Next, the non-homologous end-joining pathway
(NHEJ), initiated by ku70/ku80 binding at the site of dsDNA breaks, is responsible for
ligation of the two recombining strands.12

14
           



Activation-induced cytidine deaminase

AID mutants
The first evidence that AID is required for SHM and CSR, was provided by the
generation of a genetic AID knockout mouse model, which showed a complete defect
in SHM and CSR, with a phenotype reminiscent of hyper-IgM patients.3 Hyper-IgM
patients are partially immunodeficient, generally lacking class switched Igs (IgG, IgA
and IgE) and most are also unable to generate antibodies with sufficient affinity due to
a lack of mutations in the immunoglobulin genes (Figure 5A). Not capable of fighting
infections efficiently, their immune-responses are characterised by lymph node
hyperplasia, due to the presence of giant germinal centres, and sometimes high levels of
serum-IgM. One of the genetic defects underlying this disease was known to involve
the CD40L-gene, rendering the B cells unsusceptible to T-cell help, but in many cases
the genetic defect had been undetermined. In line with the findings on the AID
knockout mice, re-examination of these patients revealed that a large fraction of these
HIGM-syndromes could be attributed to AID-deficiency.13 Since then, genetic
anomalies of numerous HIGM-patients with varying degrees of deficiency have been
mapped to the AID-gene, providing some interesting information on the structure-
function relationship of the protein (Figure 5A).14

There were some patients in which CSR was defective, while their immunoglobulin
genes were mutated.12 This initiated numerous studies into the requirements of the
different domains of AID in SHM and CSR. By means of artificial mutants and in vitro
readouts for deamination, SHM and CSR, it was found that the C-terminus of AID is
required for CSR but dispensable for SHM. This CSR defect was not related to targeting
of AID to the Ig switch regions, as sequencing demonstrated AID mediated mutation in
these regions.15-17 Subsequent studies also found that certain N-terminal mutants lacked
SHM activity in cell lines, while in vitro CSR-activity was retained.18 In line with the
conserved induction of CSR, Sµ switch region mutation was not affected. Altogether
these studies found a partial functional defect while deaminase activity of the mutants
was not affected, suggesting an important role for cofactors. In the case of the C-terminal
mutants, impaired recruitment of CSR specific repair factors may provide an explanation,
while the lack of SHM in the N-terminal mutants might point to a substrate- or locus-
specific targeting-factor. On the other hand, most recently a mutation at N51 was found
to be able to induce CSR, while lacking any in vitro deaminase activity.19 Unfortunately,
these results remain unexplained thus far.

Much of the information obtained from naturally occurring and artificial mutants is
functionally compared to what is learned from studies on AID orthologues; cytidine
deaminases from other species such as yeast20 or fish21-23, and homologues; other members
of the APOBEC-family.
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The APOBEC-family of deaminases
Zn-dependent deamination is a conserved feature throughout nature, with enzymes
acting on free bases, nucleosides and nucleotides.24,25 AID was first described as an
APOBEC1 homologue specifically expressed in GC B cells. The APOBEC family of
cytidine deaminases is named after the first member to be discovered, apolipoprotein B
editing catalytic subunit 1 (APOBEC1), which edits the mRNA of apolipoprotein B
(ApoB) leading to a shorter form of the protein (ApoB48 instead of ApoB100).26

APOBEC2 is one of the earliest family members and highly conserved through vertebrate
lineages, yet its function and substrate are unknown. APOBEC2 knockout mice do not
have a major distinctive phenotype, and recombinant APOBEC2 has not shown any
activity in vitro on DNA, RNA or nucleotides. There are several APOBEC3s (A to H),
with APOBEC3G as the most well studied form. APOBEC3G, also known as CEM15,
functions as a general innate antiretroviral factor and has received much attention since it
was discovered as a factor preventing HIV-infection (if in absence of the HIV virion
infectivity factor, Vif ). The APOBEC3G deaminase activity is targeted to the retroviral
replication intermediates, i.e. copy-DNA. Similar antiviral activities can be conducted by
other APOBECs and AID, in in vitro/overexpression systems, but it is not known
whether such activity is part of their natural function as well.27 APOBEC4 differs from all
the other members of the AID/APOBEC family and may be regarded as a distant or
ancestral family member of which the function is unknown. In comparison, the
APOBEC-family has a communal structural build ((Figure 5E), thought to originate
from gene-duplication with the AID-gene (AICDA) as the most likely source.24 It is
characterised by an N-terminal cytidine deaminase motif and a C-terminal pseudocatalytic
domain of unknown function, the whole of which is present in duplo in APOBEC3B and
3D-G. 

Substrate preference
In parallel to APOBEC1, AID was first assumed to be an RNA-editing protein. DNA
mutation would be dependent on an RNA intermediate, activated by AID mediated
deamination similar to the ApoB deamination by APOBEC1, encoding a protein
responsible for the initiating mutating event. When AID was found to be able to mediate
somatic hypermutation in non-Ig genes in fibroblasts and E. Coli, this either required
ubiquitous expression of the RNA co-factor, or pointed to direct DNA-deamination by
AID.24,25 In these experiments, the target sequence preference was similar to the mutation
hotspots found for the B cell immunoglobulin genes, supportive for the latter hypothesis.
Indeed, numerous in vitro experiments using purified AID now have demonstrated that
AID preferentially binds and deaminates single stranded DNA.28-31 Direct DNA
deamination of the Ig gene by AID would generate a uracil in place of the deaminated
cytidine. The finding that hypermutation patterns change in the absence of uracil-DNA
glycosylase (UNG), which specifically removes uracils from U:G mismatches in DNA
(see above), further supported the DNA deamination model.5
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Targeting
One of the main questions deals with how AID is targeted specifically to the Ig locus, as
the answer will be pivotal to our understanding of the role of AID in lymphomagenesis.
Already before the discovery of AID it was found that targeting of somatic hypermutation
is linked to transcription, as the Ig promotor region was able to induce SHM onto genes
that were normally not mutated.32 Numerous transgene experiments showed that on the
one hand transcription from a heterologous promoter was also able to induce SHM at the
Ig locus, correlating with transcription levels, while on the other hand the Ig enhancer
was able to induce SHM on any non-Ig transgene.33,34 The site of integration did not
influence the hypermutability of an Ig transgene.35 Taken together, it was suggested that
certain CIS-acting sequences are required for optimal targeting of the SHM machinery.
E-box motifs, the core of the binding site for E12/E47 transcription factors, were
identified as putative CIS-acting elements increasing somatic hypermutation activity.36,37

More recently a new CIS-element was identified, named “DIVAC” for diversification
activator, that is required for hypermutation of the Ig light chain gene and sufficient to
activate hypermutation at various non-Ig loci in the DT40 B cell line.38

Like SHM, CSR requires transcription at both the switch regions that are to be
recombined. The transcripts from these switch sequences are non-coding (sterile
transcripts), but G-rich and able to form stable DNA/RNA hybrid structures named R-
loops (Figure 4).39-41 Such R-loops expose large stretches of single-stranded DNA,
increasing accessibility for the hypermutation machinery and possibly also augmenting
DNA-instability. In addition, the DNA/RNA hybrids slow down the polymerases, which
eventually stall and accumulate in the R-loop structures and in this way increase the time
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Figure 4 Proposed DNA conformation during somatic hypermutation and class switch recombination.

A. The small opening that is formed during transcription of the IgV gene, is thought to provide just sufficient

space for AID to act on ssDNA, as concluded from in vitro experiments with artificial DNA substrates.31

B. Sterile transcription at the G:C-rich Ig switch region results in the formation of stable RNA:DNA hybrids,

called an R-loop. Consequently, the displaced ssDNA strand is an optimal substrate for AID to induce the

broad DNA-instability that allows DNA rearrangements to occur. 



in which AID can access the DNA.42 Sterile transcription is induced by cytokines. Each
cytokine specifically induces a certain switch region, and as such the cytokine
environment of the B cell determines the eventual isotype that will result from the CSR. 
With the availability of new high-fidelity polymerases, reducing background mutation
frequencies in PCR-based gene sequencing, it has become clear that targeting of AID is
less restricted to the Ig genes as was thought. An extensive sequencing study in
UNG/MSH2/AID single, double and triple-knockout mice revealed that AID introduces
mutations genome-wide.9 Comparisons with mice not or only partly affected in repair,
suggests that most of such mutations are normally rescued by high-fidelity repair, whereas
some genes appear to be favoured by error-prone repair. This bias in repair can be
accounted for some level of SHM “targeting”, however still a significant level of physical
AID targeting is required to explain the full SHM-preference. This was underlined by the
finding that genes containing E box motifs were enriched among the genes mutated in
the MSH2/UNG double-knockout mice. 

Transcriptional regulation of AID
AID transcription from the AICDA gene is induced upon B cell activation in the early
centroblasts; through CD40 (T-cell help) in combination with BCR cross-linking or Toll-
like receptor (TLR) 4 or 9 activation by LPS or CpG. Independently, engagement of
members of the TNF-receptor family (e.g. BCMA and TACI) or binding of the cytokine
IL-4 to the IL-4 receptor (IL-4R) can induce AID expression. Il-4 simultaneously
promotes germline Ig4-Cg4 and Iε-Cε transcription, required for CSR to IgG4 and IgE
respectively. Most of these signals work synergistically; although a single signal can
achieve moderate levels of AICDA transcription, usually multiple signals are required to
establish full-blown levels of AID expression. The environmental signals are translated
into transcriptional activation through several intracellular signalling pathways. The most
important signalling route leads via the NF-κB pathway, which is activated upon most of
the above mentioned triggers. In addition, IL-4R engagement gives a signal to the
JAK/STAT pathway, in particular STAT6. NF-κB and STAT6 can both bind directly to
the AICDA promoter region, and synergistically promote gene transcription.43 But, this
can only be achieved in the presence of several other transcription factors, of which the
most important are PAX5, E2A and HoxC4. These are all important factors in B cell
maintenance and together form the “enhanceosome” that mediates trans-activation of the
AICDA promoter.44

At the end of the germinal centre reaction, when sufficient BCR-affinity has been
accomplished, it is again a BCR-signal that terminates AID expression through
Ca2+/calmodulin mediated inhibition of E2A.43 Other negative regulators are Blimp1,
Id2 and Id3, which act by inhibiting the action PAX5, E2A and STAT6.45 Altogether the
combination of signals via NF-κB and STAT6 pathways, the enhanceosome and negative
regulating factors, constitute the tight regulation of transcription that is required to
prevent AID expression outside the germinal centre.44
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Posttranscriptional regulation of AID
A relatively recent discovery is that protein expression can be downregulated by
microRNAs (miRNAs). Specific basepairing of these small hairpin RNAs with
complementary binding sites on the target gene transcripts represses their expression,
either by promoting degradation or by suppressing translation. miR-155 was first
discovered as a locus involved in lymphomagenesis, and found to be expressed in B cells,
T cells, macrophages and dendritic cells. Mice lacking miR-155 are viable and undergo
normal central-lympoid development, but exhibit substantial reductions in germinal
centre B cells.82 Furthermore, miR-155 was found up-regulated in B cells undergoing
CSR. Among the wide array of potential target genes, AICDA was also found to contain
a target site for miR-15583 and disruption of this site led to an increase in protein
expression and as a result increased CSR. Similarly, AID was found to be a direct target
of miR-181b, which is one of the many microRNAs that were found down-regulated in
B cells upon LPS + IL-4 stimulation.84 One can envisage that down-regulation of miR-
181b is required to permit AID expression in the GC, while up-regulation of miR-155 is
important for curtailment and termination of the GC reaction. Exactly in what degree
this form of regulation determines the outcome of the eventual expression levels, will be
subject of future study.

Studies related to AID expression in chronic lymphocytic leukemia (CLL) and
asthmatic patients, reported the detection of a number of AID isoforms.46-50 Even though
in none of these cases the expression of these splice variants was found to correlate to
prognosis independently, it was suggested that alternative splicing could constitute
another form of posttranscriptional regulation of AID expression. Recently, Wu et al.
addressed four of these splice variants regarding their expression and functionality in CLL
(Figure 5B).46 Only one splice variant per cell was found to be expressed in both normal
and malignant B cells, indicating that splicing of AID was regulated. Furthermore,
functional analysis demonstrated that none of the variants was able to induce CSR, while
two variants displayed hyper-SHM activity. This split in function, combined with the
differential expression of the splice variants, suggests a posttranscriptional form of
regulation by means of alternative splicing.

Regulation at protein level
Mice transgenic for AID develop T cell tumours and lung epithelium pathology, but not
B cell lymphomas. A study of conditional AID-transgenic mice, confirmed that there is
some form of regulation that protects B cells from the mutagenic effect of AID. Despite
high levels of AID-protein in the B cells, there was no increase in CSR nor SHM activity
detectable, suggesting that there is regulation of activity at the protein level. This
regulation can be two-fold: (1) requirement of activation for the full function of AID,
which would be limiting in the B cells of these mice, and (2) active inactivation of the
protein to safeguard against hypermutability. Such regulation can be achieved by
posttranslational modifications, such as phosphorylation, by increased turnover, nuclear
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in/exclusion, or by cofactors that interfere with AID-activity or are required for activation
or proper targeting.

AID regulation by phosphorylation
The fact that AID is subject to phosphorylation (Figure 5C) was first discovered when
AID, purified from transfected HEK293 cells, was not able to deaminate dsDNA
substrates despite the presence of replication protein A (RPA), being in contrast with AID
purified from B cell nuclear extracts.47 HEK293-AID was not able to interact with RPA,
because it lacked proper phosphorylation at S38 and T27, mediated by protein kinase A
(PKA) which is present in nuclear extracts from activated B cells.48,49 Mutation of S38 and
T27 also led to a defect in SHM and CSR.48-51 More recently it was discovered that S38
mutation can be overcome by an additional T40D mutation, in which the aspartic acid
mimics phosphorylation of T40. The T40D variation was found to be present in AID
variants from several fish species that, concordantly, do not require S38 phosphorylation
for interaction with RPA.52

Beside S38 and T27, AID was found to be phosphorylated at Y184, of which the
function is not yet known, and at T140, S41 and S43. T140 phosphorylation is not B cell
specific, and although protein kinase C (PKC) was able to phosphorylate this site (and
S38 as well) in vitro, the kinase responsible for T140 phosphorylation in vivo is not yet
known. Like with S38, mutation of T140 affects SHM and CSR, although the defect is
relatively mild.53 S41 and S43 phosphorylation was detected in AID purified from Sf9
insect cells, together with S38 phosphorylation.54 Functional analysis of phosphorylation
null mutants showed that there were no differences in deamination activity and
processivity on in vitro transcribed dsDNA substrates (contrasting with previous findings
for S38), but there was a striking difference in hotspot motif preference. It is not clear
what effect a change in hotspot preference or phosphorylation at S41 and S43 in general
will have on SHM and CSR in vivo, but the fact that there is a HIgM patient with a S43P
mutation at least demonstrates that the presence of a serine at this position is essential for
proper AID function. Reviewed by Basu, et al.55

Cellular localisation of AID
As shown by immunohistochemistry, AID is predominantly localised in the cytoplasm.
To acquire access to its DNA substrates, AID would need to be able to enter the nucleus.
Indeed it was found that, like APOBEC1, AID shuttles between cytoplasm and nucleus.56

This intracellular movement is dependent on a C-terminal nuclear export signal (NES),
which interacts with the nuclear exporter CRM1: Deletion or mutation of this C-
terminus abrogated nuclear export.16 Similarly leptomycin B (LMB1), a CRM1 inhibitor,
resulted in nuclear accumulation of wildtype AID. Similarly an N-terminal nuclear
localisation signal (NLS) was identified, required for shuttling into the nucleus.18,56,57

Interestingly, some NES-mutants were found to hypermutate at a higher frequency than
AID wildtype, supposedly attributable to its entrapment in the nucleus, suggesting that
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nuclear exclusion is one of the regulatory mechanisms by which AID activity can be
limited in order to prevent DNA damage.16,56 On the other hand, C-terminal deletion of
AID was found to impair CSR, as described above. Though, heterologous NES-swaps
demonstrated that this was not directly dependent on cytoplasmic localisation.58

Proteosomal degradation of AID
Proteosomal degradation is required to enable termination of reactions in the cell, and
with high or variable turnover rates, the activity of a protein can be fine-tuned on
demand. For APOBEC3G it was shown that the HIV-1 Vif factor restricts the
effectiveness of the APOBEC3G protein by targeting it for proteosomal degradation.62-65

Whether this occurs via poly-ubiquitination of Vif or APOBEC3G itself is still under
debate.59 Similarly AID was found to be subjected to proteasomal degradation, induced
by poly-ubiquitination.60 Especially the nuclear fraction of the protein underwent
increased ubiquitination and turnover, with a half time of 2.5 hr compared to the 18-20
hr for cytoplasmically localised AID. Whether this reflects increased ubiquitination of the
nuclear fraction by a specific factor, or rather protection of degradation in the cytoplasm
has yet to be determined. Interestingly, the sequence of the NES was found to play an
important role in protein stability as well, independent of cytoplasmic localisation, but
correlating to CSR activity.58 It seems that restriction of nuclear life span can be a way in
which the genome is protected from the putatively oncogenic AID.

Known AID interactors
Since directed AID activity is thought to depend on function-specific co-factors, much
study has been focussed on the identification of the molecular partners of AID (Figure
5D). In line with the dependence on transcription of the target locus, AID was found
associated with the transcription complex.61 It was however not determined whether this
was a direct interaction with a protein in the RNA polymerase II (RNA pol II) or indirectly
through binding to associated RNA or DNA. 

While AID can deaminate a synthetic dsDNA substrate that forms R-loops upon
transcription without the requirement of additional factors in vitro, AID needs assistance to
target a substrate that contains ample RGYW motifs but does not form large stable
transcription bubble structures. This help is provided by RPA.47 RPA is predominantly
known for its role in DNA replication, where it binds to the ssDNA of a stalled replication
fork and interacts with the RecQ-helicases to enhance unwinding of the replication fork up
to several hundred basepairs. This allows entry of repair proteins, such as the base excision
repair complex, while maintaining the integrity of the replication fork. The interaction of
RPA with AID as well as with the RNA pol II holoenzyme suggests that these proteins travel
together with the transcription machinery. RPA provides access to ssDNA within the
transcription bubble and functions as an anchor for repair proteins such as UNG after
dissociation of AID.62,63 The interaction between AID and RPA depends on phosphorylation
of AID by another interactor: protein kinase A (PKA) as was discussed before.52-54
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AID was also found to be associated with the DNA-dependent protein kinase catalytic
subunit (DNA-PKcs), and this interaction was dependent on the C-terminus of AID and
the presence of DNA as a co-factor. DNA-PKcs plays a role in the repair of DNA double-
strand breaks during CSR, and it was suggested that AID provides the scaffold for DNA-
PKcs and in this way mediates its recruitment to the DNA.64

With a yeast two-hybrid screen an isoform of the mouse double minute 2 homologue
(MDM2) was identified as another protein that binds to the C-terminus of AID.65 This
interaction was not essential for gene diversification in DT40 B cells, on the contrary, a
slight increase in gene conversion was detected in MDM2-knockout cells, while
overexpression of MDM2 decreased AID activity. This suggested a role for MDM2 in the
negative regulation of AID. Possibly, this could occur through ubiquitination-dependent
degradation, similar to the E3 ligase activity by which MDM2 mediates regulation of p53
and interestingly, also HIV-1 Vif protein levels.66,67 However, the results were not
conclusive in this respect. Eventually, AID protein levels were found to be regulated
through ubiquitination (discussed above), but a role for MDM2 herein was not
investigated yet.
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Figure 5 Schematic overview of AID features.

A. Bar graph representing the frequency and distribution of AID mutations found in HIgM patients. Deletions

and insertions were omitted. The x-axis corresponds to the amino acid sequence depicted in (C), the 

y-axis indicates the number of patients. Data obtained from http://bioinf.uta.fi/AICDAbase/ and

http://www.hgmd.cf.ac.uk/ac/index.php.

B. Schematic representation of splice variants of AID. Dotted line depicts the inserted intron and omitted

(partial) axons. 

C. Graphic of the exon distribution, including the amino acid sequence of human AID. The phosphorylation

sites are indicated in purple.

D. “Tag cloud” of AID interactors, roughly positioned at the site of (indirect) interaction. The bigger the “tag”,

the better defined and confirmed are the relationships.

E. Predicted AID protein structure, based on crystal structures and modeling of AID homologues APOBEC2

and APOBEC3G. In green, the alpha-helices, in blue the beta-sheets. In yellow are illustrated the large

protein domains, based on conserved amino-acid motifs, which are indicated above. The black bar graph

is a representation of the conservation of the individiual amino acids of in total 35 sequences of AID,

APOBEC1, APOBEC2 and APOBEC3A-G orthologs, from Homo sapiens, Macaca fascicularis, Mus musculus,

Rattus norvegicus, Gallus gallus, Oryctolagus cuniculus, Oryzias latipes, Takifugu rubripes, and Dirofilaria

immitis, aligned to human AID. Sequences were obtained from Conticello, et al.24

a DDX5, RNF126 and Tif1β were presented as newly identified AID-interacting proteins during the February

2009 Keystone symposium “B cells in context”. Unpublished data from Nussenzweig, et al., Papavasilliou,

et al., and Reina-San-Martin, et al., respectively.
b RNA polymerase II was found to coimmunoprecipitate with AID, but the site of interaction is unknown.
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Again by using a yeast two-hybrid system, the interaction between AID and
CTNNBL1 was discovered.68 In absence of this interaction, either by a deficiency of
CTNNBL1 or by disruption of the CTNNBL1-binding site (amino acids 39-43) in
AID, antibody diversification was severely diminished in DT40 B cells, whereas
enzymatic activity of AID was not affected. This suggests that CTNNBL1 might
participate in targeting of AID to the Ig locus. Although the precise function of
CTNNBL1 is as yet unknown, its association with factors from the splicing machinery
forms another interesting link between AID targeting and transcription.

Lymphomagenesis

B cell lymphoma
B cell malignancies can be found across the whole spectrum of the B cell development
stages, ranging from precursor B acute lymphoblastic leukemia (pre-B ALL) to
plasmacytomas. Most B cell malignancies grow and metastasize in the lymph nodes, the
so called “lymphomas”. The first description of a lymphoma was published by Thomas
Hodgkin in 1832, now known as Hodgkin’s disease; characterized by the presence of
typical giant cells with multiple nuclei (Reed-Sternberg cells). Nowadays, the WHO
classification still makes a distinction between Hodgkin and non-Hodgkin lymphoma,
although the latter group now consists of numerous very distinctive lymphomas, which
makes this subdivision of little added value. The WHO classification, first formulated in
2001, describes 43 different forms of lymphoma.69 These lymphomas can be
distinguished based on localisation, histology of the tissue, morphology of the cells and
immunohistochemistry for markers expressed by the cells. In addition, molecular analysis
plays an increasingly important role in the lymphoma diagnosis. The detection of well
known chromosomal aberrations by FISH or PCR can distinguish between the
lymphoma subtypes, such as the API2/MALT1 t(11;18)(q21;q21) chromosomal
translocation that is exclusively found in marginal zone B cell lymphomas and the
t(14;18)(q32;q21) IgH/BCL-2 as a hallmark of follicular lymphoma. In addition IgVH

sequence analysis can establish whether the tumour can be designated as GC or post-GC
derived, based on absence or presence of somatic mutations. In CLL the mutational
status has become a very important prognostic tool, as unmutated CLLs generally display
a more aggressive course of the disease. Table 1 gives an overview of the most common
lymphomas, their typical phenotype and recurrent chromosomal aberrations.

AID in lymphomagenesis
Most of the genomic aberrations found in lymphomas result from the temporary
genomic instability during immunoglobulin gene formation or diversification, which is
reflected by the site of the chromosomal breakpoints. The t(14;18)(q32;q21) IgH/BCL-2
is a fusion product of the BCL-2 and the immunoglobulin J gene, caused by erroneous
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Table 1 List of the most common B-cell lymphomas with their characteristic immunological

phenotype and genetic aberrations.

lymphoma normal B cell counterpart distinguishing  common genetic 
markers aberrations

B-ALL pro - pre B cell TdT t(12;21) TEL/AML1

precursor B acute (unmutated IgV) t(v;11) MLL rearrangement

lymphoblastic t(1;19) E2A/PBX1

leukemia/lymphoma t(9;22) BCR/ ABL

MCL naive CD5, cyclin D1, BCL2 t(11;14) CCND1(BCL1)/IgH

mantle cell lymphoma (unmutated IgV)

MZBCL marginal zone B cell CD79a, CD27, BCL2 t(11;18) API2-MALT1

Marginal zone B-cell  (mutated) CD5-, CD10- t(14;18) IgH/MALT1

lymphoma t(1;14) BCL10/IgH

FL germinal centre B cell CD10, BCL2, BCL6 t(14;18) IgH/BCL2

follicular lymphoma (mutated IgV) t(3;14) BCL6/IgH

t(3;2) BCL6/Igκ
t(3;22) BCL6/Igλ

DLBCL activated or germinal BCL6, MUM-1, CD10 t(14;18) IgH/BCL2

diffuse large B-cell lymphoma centre B cell t(3;v) BCL6 

(mutated IgV) rearrangement

BL germinal centre B cell CD10, BCL6, Ki67, t(8;14)  c-MYC/IgH

Burkitt lymphoma (mutated IgV) BCL2- t(2;8)  Igκ/c-MYC

t(8;22) c-MYC/Igλ

HL germinal centre B cell CD15, CD30 -

Hodgkin lymphoma (mutated IgV) PAX5

CLL memory B cell / B1 cells CD5, CD23, CD43 trisomy (12) 

chronic lymphocytic leukemia (unmutated and del (13q)

mutated IgV) del (11q) ATM

del (17p) p53

LPL plasmacytoid lymphocytes CD20/CD138, CD38, -

lymphoplasmacytic lymphoma and plasma cells cIgM, CD5-, CD10-

(mutated IgV)

MM plasma cell CD138, CD38, CD79, (1q) rearrangement/amplif.

multiple myeloma (mutated IgV) CD56, CD19- (14q) rearrangement

cIgκ / cIgλ del (11q)

t(11;14) CCND1(BCL1)/IgH
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Figure 6 AID expression in mature GC-type B cell lymphomas.

Representative examples of tonsil, acute lymphoblastic leukemia, follicular lymphoma, diffuse large B cell

lymphoma and chronic lymphocytic leukemia, stained with a monoclonal antibody for AID. AID is predominantly

expressed in normal GC B cells and their malignant counterparts (diffuse and follicular lymphoma), while

lymphomas with immature or memory B cell phenotype, are negative.

Tonsil

Acute lymphoblastic
leukemia

Follicular
lymphoma
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Chronic lymphocytic
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recombination during VDJ-rearrangement. There are also breakpoints found in the Ig
variable region (e.g. t(8;14) c-MYC/IgH) and the switch regions (e.g. t(3;14) BCL-6/IgH),
implicating SHM and CSR in the generation of these translocations. 

In 1998 Pasqualucci et al. reported that the proto-oncogene BCL-6 can be found
mutated in 30% of normal GC B cells, but not naive cells, and in lymphomas of GC and
post-GC phenotype.77 Later this finding was extended to other oncogenes in DLBCL,
such as PIM1, RhoH, MYC and PAX5, and to other lymphomas.34,70,71 Notably, these
genes are also implicated in typical lymphoma associated chromosomal translocations,
suggesting a role for aberrantly targeted SHM as initiating event in lymphomagenesis.
On the other hand, aberrant class switch recombination was also frequently detected in
ABC DLBCL, with numerous mutations, insertions, inversions and deletions detectable
in the Sµ region, suggesting that such abnormalities in the regulation of CSR could
predispose to chromosomal translocations.72

To obtain formal proof that AID is involved in lymphomagenesis, several lymphoma
prone mouse strains were crossed with AID knockout mice.73 The first two studies looked
for the occurrence of IL6-transgene- or pristane-induced plasmacytomas in AID-/-

background. Although both studies reported a reduction in plasmacytoma outgrowth,
their conclusions on the occurrence of the typical c-myc/IgH translocations were
contrasting. While these chromosomal translocations were undetectable in IL6tg/AID-/-

mice74, cells bearing these anomalies were found in the pristane-induced hyperplastic
lymph nodes, though these never developed further into a plasmacytoma.75 Additional
studies in vitro demonstrated that AID is able to promote c-myc/IgH translocation in
primary B cells, which is greatly enhanced in absence of p53 or factors of the NHEJ pathway
normally responsible for proper resolution of the switch region breaks.76 Multiple additional
mouse model studies have been dedicated to the role of AID in lymphomagenesis, but
most of these provided merely indirect evidence.77-80 Nevertheless, based on the findings
in human lymphomas and the accumulating evidence from in vitro and in vivo
lymphoma models, it is generally accepted that AID plays a key role in lymphomagenesis,
by generating DNA instability during SHM and CSR in the GC reaction.

AID in lymphoma progression
We found that AID mRNA and protein was found to be highly expressed in some GC-
type B cell lymphomas, like DLBCL, BL and FL (ref 81 and Figure 6). These findings may
just be a reflection of the GC-phenotype of these lymphomas. On the other hand,
ongoing AID activity may constitute a form of genetic instability that favours transformation
of a low grade lymphoma to a high grade lymphoma. On several occasions it was reported
that lymphoma prognosis correlates with AID expression.47,90,91 However, expression does
not always correlate with ongoing SHM.89,90,92 Possible explanations for this phenomenon
include: (i) the SHM machinery has been shut off irrespective of AID expression; (ii)
ongoing SHM might not always be detectable in the Ig genes, but rather be aimed “off-
target”. 
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