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Preface

This volume covers the exciting advances that have been made in our under-
standing of the generation of antibody diversity subsequent to the discovery of
the activation-induced cytidine deaminase (AID). In this regard, the volume is
organized into nine separate chapters, most of which focus on particular
aspects of AID and the immunoglobulin gene diversification processes in
which it functions. This short introductory overview summarizes some of the
most relevant topics and points to particular chapters in which specific topics
are covered. However, the reader is encouraged to go through all of the
chapters to gain a complete understanding of this fascinating area of biology.
In that regard, while individual chapters tend to focus on particular topics, they
necessarily cover overlapping subject matter but often, given that this is still a
developing field, from different viewpoints.

The AID protein is necessary and sufficient for the initiation of immunoglo-
bluin heavy chain class switch recombination (CSR) and the initiation of somatic
hypermutation (SHM) of immunoglobulin variable region exons. That one
enzyme can induce the seemingly very different CSR and SHM mechanisms,
and that this enzyme can also induce the process of gene conversion in chickens,
was a very remarkable and unexpected finding. Moreover, the mechanism of
SHM was considered by many as one of the last major frontiers of immunology,
until the discovery that AID is the long sought mutator. Thus, the discovery of
AID, about 7 years ago, revolutionized our understanding of the peripheral
mechanism of immunoglobulin gene diversification and led to a huge body of
additional work. The work that led to the discovery of AID is discussed in depth
in Chapter 1 by Muramatsu et al. An in-depth review of CSR is presented in
Chapter 6 by Chaudhuri et al. and a detailed introduction to SHM is presented
in Chapter 4 by Yuan and Schatz.

AID is comprised of less than 200-amino acid residues and carries a cytidine
deaminase motif. AID clearly is required to introduce DNA lesions into
variable region exons and switch regions during SHM and CSR, respectively.
However, many important questions remain concerning how AID leads to DNA
cleavage. A long-debated question is the nature of the direct target of cytidine
deamination in vivo by AID, DNA or RNA. AID is structurally related to
APOBECI, which is an RNA editing enzyme. However, biochemical studies

xiii
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have shown that purified AID deaminates cytidines on single-strand DNA.
Considerations relevant to DNA versus RNA models for AID activity are
presented in depth in Chapter 1 by Muramatsu et al. and in Chapter 6 by
Chaudhuri et al.

There are many other important questions regarding the function and regula-
tion of AID. A key question is how AID-initiated lesions lead to mutation of
variable region DNA and DNA double strand breaks within switch regions. In
this context, another major question is the identification of modifications or co-
factors that might influence AID activity and potentially channel AID functions
into SHM or CSR. An extremely important question is the nature of the mechan-
isms that normally target the activities of this potent mutator to immunoglobulin
genes and not other genes. These general topics are discussed in Chapter 1 by
Muramatsu et al., in Chapter 3 by Ramiro et al., and in Chapter 6 by Chaudhuri
et al. AID biochemistry is a particular focus of Chapter 5 by Goodman et al. while
issues related to AID targeting are a focus of Chapter 4 by Yuan and Schatz, which
also describes gene conversion.

The nature of the mechanisms that join AID-initiated breaks in the context
of CSR has been a major area of study. Several studies have shown that general
DNA double strand break repair mechanisms are harnessed to join AID-
dependent breaks in switch regions. This topic is a particular focus of
Chapter 3 by Ramiro et al. and is also covered in depth in Chapter 6 by
Chaudhuri et al. AID also has been demonstrated to be involved in the
initiation of translocations that arise in the context of IgH CSR, including
oncogenic translocations found in certain B-cell lymphomas. Chapter 3 also
discusses this topic in depth. Transgenic studies have further indicated that
AID expression can lead to other types of tumors, raising the question of how
broadly AID might function to generate certain forms of human cancer. This
topic is discussed in Chapter 8 by Okazaki et al.

AID deficiency causes a severe immune deficiency in humans that is called
hyper IgM syndrome type II. This disease causes the absence of IgH isotypes
other than IgM and absence of hypermutation and, thereby, results in severe
susceptibility to bacterial infection. As there are other forms of hyper IgM
type II not yet fully characterized, the question arises whether further studies
of these deficiencies may reveal other functions for AID or potential cofactors.
The pathophysiology of AID deficiency in humans is the subject of Chapter 9 by
Durandy et al.

Finally, an important question is whether AID might have functions beyond
somatic mutation and CSR. This possibility is supported by findings that
molecules related to AID in HIV resistance and that AID is induced after
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infection by various viruses. This exciting new area of investigation is covered
in Chapter 2 by Conticello et al. and in Chapter 7 by Rosenberg and
Papavasiliou.

Frederick W. Alt
Tasuku Honjo
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Abstract

Discovery of activation-induced cytidine deaminase (AID) paved a new path to
unite two genetic alterations induced by antigen stimulation; class switch
recombination (CSR) and somatic hypermutation (SHM). AID is now estab-
lished to cleave specific target DNA and to serve as engraver of these genetic
alterations. AID of a 198-residue protein has four important domains: nuclear
localization signal and SHM-specific region at the N-terminus; the o-helical
segment (residue 47-54) responsible for dimerization; catalytic domain (resi-
dues 56-94) shared by all the other cytidine deaminase family members; and
nuclear export signal overlapping with class switch-specific domain at the
C-terminus. Two alternative models have been proposed for the mode of AID
action; whether AID directly attacks DNA or indirectly through RNA editing.
Lines of evidence supporting RNA editing hypothesis include homology in
various aspects with APOBECI, a bona fide RNA editing enzyme as well as
requirement of de novo protein synthesis for DNA cleavage by AID in CSR and
SHM. This chapter critically evaluates DNA deamination hypothesis and
describes evidence to indicate UNG is involved not in DNA cleavage but in
DNA repair of CSR. In addition, UNG appears to have a noncanonical function
through interaction with an HIV Vpr-like protein at the WXXF motif. Taken
together, RNA editing hypothesis is gaining the ground.

ADVANCES IN IMMUNOLOGY, VOL. 94 0065-2776/07 $35.00
© 2007 Elsevier Inc. All rights reserved. DOI: 10.1016/S0065-2776(06)94001-2



2 MASAMICHI MURAMATSU ET AL.

1. Introduction

Modern immunology was initiated by the first vaccination trial against smallpox
virus infection by Jenner in 1789. However, understanding of the molecular
basis for this miraculous medical application of vaccination has to wait
110 years until Behring and Kitazato identified antibodies in sera. In essence,
therefore, immune memory induced by vaccination depends on antibody
memory.

Subsequently, antibody memory was found to consist of somatic hypermuta-
tion (SHM) and class switch recombination (CSR) (Fig. 1). A large number of
people including C. Milstein, M. Cohn, and W. Weigert made enormous

VW DJ+ CuCd Cy3 Cyl Cy2b Cy2a Ce Co
OO HIHI < EHE <> s> _fes>{ s |l
D | ; VDJ RAGs induced

T, -, 1 FECOMbination by differentiation program

="

Repertoire formation |

AID induced by antigen stimulation

Somatic . -
hypermutation ‘ ‘ Class swﬂczléée;)omblnatlon
(SHM) I+
Mutated
V gene =)
Looped-out

4 circular DNA

Antibody memory

formation Chromosomal product

Figure 1 Antibody memory is engraved by ATID. Three genetic alterations occur in the IgH locus.
(Top) The first genetic alteration, VD] recombination assembles V, D, and ] gene segments to
produce a single productive V exon in each B cell, generating V region repertoire in each individual.
VD] recombination that occurs in bone marrow on B-cell development is mediated by RAG-1 and
RAG-2 recombinases that are expressed by differentiation program of B cells. (Bottom) After
completion of VD] recombination, B cells migrate to periphery. Stimulation by antigen induces
AID in B cells resulting two additional genetic alterations. V genes are further diversified by SHM.
CSR switches from Cpt to one of the downstream C genes. Intervening DNA segment is looped-out
as a circular DNA. AID mediates SHM and CSR by inducing DNA strand breaks in V region and
S regions, respectively. After selection of B cells with SHM and CSR by antigen, B-cell memory is
registered on DNA.
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contribution to demonstrate that SHM takes place by analysis of antibody
proteins. Direct evidence for DNA modification of the immunoglobulin
gene in SHM and CSR was obtained using recombinant DNA technology in
1970-1980. DNA sequence determination of the immunoglobulin gene struc-
ture first by Tonegawa (1983), followed by a number of groups, clearly demon-
strated that point mutations take place in the variable (V) region gene. CSR
takes place between two switch (S) regions, resulting in looping-out deletion of
DNA segments between the Vand constant (C) region of the heavy-chain gene
to be expressed (Honjo et al., 2002). These findings clearly showed that
immune memory is coined on DNA encoding immunoglobulins. These two
molecular events, point mutations by SHM and DNA deletions by CSR, were
considered to be regulated by totally different mechanisms until the discovery
of activation-induced cytidine deaminase (AID) (Muramatsu ef al., 1999), just
another 100 years after the discovery of antibody. Functional analyses of AID
have revealed an amazing observation that AID deficiency in mouse and
human abolishes both CSR and SHM (Muramatsu et al., 2000; Revy et al.,
2000). We now know that the vaccination induces AID in B cells, which prints
the memory of vaccine on the immunoglobulin gene, giving rise to production
of most efficient immunoglobulins for our defense.

AID is clearly shown to introduce DNA cleavage in the target DNA, namely
the V region for SHM and the S region for CSR (Begum et al., 2004a; Dudley
et al., 2002; Nagaoka et al., 2002; Petersen et al., 2001; Woo et al., 2003).
However, the exact molecular mechanism by which AID introduces DNA
cleavage is actively debated. Two hypotheses have been proposed: RNA editing
and DNA deamination (Honjo et al., 2002; Neuberger et al., 2003). RNA
editing hypothesis assumes that AID modifies bases on mRNA and generates
new mRNA encoding endonuclease that cleaves DNA at the specific region.
DNA deamination hypothesis predicts that AID itself modifies DNA bases and
subsequent DNA repair mechanism introduces DNA cleavage.

AID is also shown to induce DNA cleavage in nonimmunoglobulin loci,
which results in chromosomal translocation or aberrant mutations in onco-
genes (Kotani et al., 2005; Okazaki et al., 2003; Ramiro et al., 2004). Therefore,
AID, when aberrantly expressed, can cause tumor. This finding is beginning to
open new fields in tumor biology.

In this chapter, we will describe historical perspective that led to the discovery
of AID and its function. We will explain how two entirely different DNA altera-
tions can be regulated by a single small molecule. The chapter also covers critical
discussion of two opposing hypotheses, RNA editing and DNA deamination.
We describe lines of evidence supporting RNA editing hypothesis. We then
examine the real function of UNG, which is proposed to be involved in DNA
cleavage in association with AID according to DNA deamination hypothesis.
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We describe the evidence that UNG is involved in CSR by a novel function other
than U removal. All these results suggest that AID cleaves DNA through the RNA
editing mechanism.

2. Identification of AID as a Key Molecule in CSR and SHM
2.1. Cloning of AID

In the mid-1990s, Nakamura et al. established a useful B-cell line that precisely
reproduces the CSR phenomenon observed in vivo. This cell line, mouse B-cell
lymphoma line CHI12F3-2 (Nakamura et al., 1996), switches isotype very
efficiently (up to 60%) from IgM to IgA on addition of stimulants (IL-4,
TGFp, and CD40 ligand) to the culture medium. Since CSR in this cell line
is completely dependent on the addition of stimulants, Muramatsu et al.
hypothesized the existence of inducible genes that execute CSR. To test this
possibility, cycloheximide, a protein translation inhibitor, was applied to
CHI2F3-2 cells (Muramatsu et al., 1999). Because surface IgA expression
also depends on mRNA translation, CSR was assessed by PCR amplification
of looped-out circular DNAs that are by-products of CSR. As predicted, the
formation of looped-out circular DNA was completely blocked by cyclohexi-
mide addition during CSR stimulation. This result supported the idea that
newly transcribed genes initiate CSR. Therefore, molecular cloning of the
induced genes was attempted using the same cell line system. To isolate such
genes, a cDNA library generated from CSR-stimulated CH12F3-2 cells was
compared with one from nonstimulated CHI2F3-2 cells.

Seven genes, including I-a, MDC, IFNYR, and four novel genes were identi-
fied as genes that were upregulated in response to stimulation (Muramatsu
et al., 1999). Among the seven genes, AID was considered the most interesting
candidate due to its novelty and its spatiotemporal expression pattern (see
below). A BLAST search revealed homology of AID (34% amino acid identity)
with apolipoprotein B RNA editing catalytic component 1 (APOBEC1), the
catalytic subunit of the apolipoprotein B (apoB) RNA editing enzyme. APO-
BECI deaminates the first base of a CAA codon corresponding to glutamine
2153 in apoB100. After deamination by APOBECI, the CAA codon is converted
to UAA, an in-frame stop codon, so that the resulting mRNA encodes a
C-terminally truncated protein called apoB48. A cytidine deaminase motif is
the most prominent structure in both AID and APOBECI; thus, AID was
expected to possess cytidine deaminase activity. GST-AID recombinant
protein was prepared, and cytidine deaminase activity was assessed in vitro.
As expected, GST-AID converted deoxycytidine to deoxyuridine as efficiently as
APOBECI1 in a Zn chelator- and deaminase inhibitor-sensitive manner.
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Thus, structural similarity and enzymatic activity indicated that AID is a novel
member of the cytidine deaminase superfamily (Muramatsu et al., 1999).

AID expression at the transcriptional level was extensively investigated in the
first report of AID (Muramatsu et al., 1999). Northern blot analysis showed that
AID was predominantly expressed in lymph nodes and weakly expressed in
spleen, but no detectable expression was observed in other organs such as lung,
thymus, kidney, and liver. RT-PCR of mRNA from different lymphoid organs
revealed that AID expression is tightly correlated with the existence of germi-
nal centers in which CSR and SHM occur. A possible correlation between ATD
expression and germinal centers was further investigated by active immuniza-
tion of protein antigens. It is well established that immunization with sheep red
blood cells (SRBC) induces germinal centers in mouse spleen (Fu et al., 1998;
Mackay et al., 1997). Indeed, germinal center formation visualized by peanut
agglutinin (PNA) staining was observed in spleen only after immunization with
SRBC. Combination of serial sections and PNA staining with in situ hybridiza-
tion with an AID probe indicated exact colocalization of AID expression with
germinal centers.

Next, to determine which cells are responsible for AID expression, spleen
cells from SRBC-immunized mice were separated according to B- or T-cell
surface markers. RT-PCR using the fractionated spleen cells indicated that
B cells express AID transcripts. Consistent with the expression pattern ob-
served in vivo, AID expression was induced in spleen B cells in vitro when they
were activated by CSR stimulants such as LPS and IL-4. Taken together, these
results indicate that AID is specifically induced in B cells when activated by
antigen stimulation in vivo or by CSR stimulants in vitro.

Elucidation of the physiological function of AID was not accomplished
until 2000. However, the initial study by Muramatsu et al. (1999) revealed
two important features of AID: (1) AID is a novel gene that shares common
structural and enzymatic properties with the RNA editing enzyme
APOBECI and (2) its expression is spatially and temporally correlated with
CSR.

2.2. Disruption of AID Results in Loss of CSR and SHM

To establish the functional relationship between AID and CSR, stable trans-
fectants of AID controlled by the tetracycline promoter were established in
CHI12F3-2 cells. When AID expression was induced by removal of tetracycline
from the culture medium, some of the cells began to express surface IgA
(Muramatsu et al., 2000). This result was not observed in mock transfectants,
demonstrating the specificity of the experimental system. This was the first
indication of functional involvement of AID in CSR.
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Subsequently, AID was disrupted in mice by the standard gene targeting
method. As expected by the physiological expression pattern of AID in vivo,
AID-deficient mice were born according to Mendel’s laws, and their growth and
appearance were indistinguishable from that of littermate controls. There were
no gross defects in immune cell populations such as T cells, B cells, macrophages,
and granulocytes as assessed by surface markers. The first phenotype that was
found to be different from littermate controls was Ig levels in serum (Muramatsu
et al., 2000). Levels of all Ig isotypes produced after CSR were much lower in
AID-deficient mice than in control mice, whereas the IgM level was comparable
or even higher than in control mice. Residual IgGs detected in sera of AID-
deficient mice were not observed in AID-deficient offspring of AID-deficient
mothers, indicating that the residual IgGs detected in the early phase of the study
were derived from the AID-proficient mother through placental transmission.

To determine why AID-deficient mice cannot produce CSR-dependent Ig’s,
a detailed analysis was performed. When mice were immunized with NP-CGG,
a hapten-conjugated protein antigen, control mice showed increased titers of
NP-specific IgM and IgG antibodies. In contrast, AID-deficient mice did not
exhibit increased NP-specific IgG titers, despite comparable production of the
NP-specific IgM class. As with NP-CGG, the SRBC-specific IgG response was
abolished completely, despite a normal response of SRBC-specific IgM. The
general function of B cells in vivo appeared normal because AID-deficient
mice could mount an antigen-specific IgM response. Furthermore, B cells in
AID-deficient mice were activated as efficiently as B cells from control mice by
SRBC administration.

No production of both total and antigen-specific IgGs with normal response
of the IgM class is reminiscent of CD40 ligand (CD154) deficiency that causes
X-linked hyper-IgM syndrome in humans (Allen et al., 1993; Aruffo et al., 1993;
DiSanto et al., 1993; Fuleihan et al., 1993; Korthauer et al., 1993). Defective
IgG production in this genetic disorder is not due to a defect in the CSR
molecular machinery but in T-cell help. Under conditions of CD40 ligand
deficiency, the germinal center, an anatomical niche for B cells to receive
T-cell help in vivo, does not develop properly (Facchetti et al., 1995). Notably,
B cells from CD40 ligand-deficient mice undergo normal CSR in vitro (Allen
et al., 1993; Aruffo et al., 1993; Durandy et al., 1993; Korthauer et al., 1993).
The importance of germinal center formation for IgG production was also
reported in other genetically modified mice (Le Hir et al., 1995; Matsumoto
et al., 1996; Ryffel et al., 1997). It is now well accepted that the germinal center
is essential for efficient production of IgG in vivo. Is germinal center formation
normal in AID-deficient mice? When histological sections of Peyer’s patches
and spleens from immunized AID-deficient mice were stained with PNA in
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combination with other markers, germinal center formation was obvious (even
more prominent than in control mice), indicating an intact anatomical micro-
environment for CSR (Muramatsu et al., 2000). A specific defect in CSR that
does not affect germinal center formation was a very unique phenotype of AID
deficiency that had not been described previously.

Because AID is a B-cell-specific gene and the anatomical niche for CSR is
intact in AID-deficient mice, the next question was whether AID-deficient
B cells have an intrinsic defect in CSR. B cells were cultured with various
CSR stimulants in vitro, and secretion of each Ig isotype was examined.
Proliferation of AID-deficient B cells was not substantially different from that
of control B cells (Muramatsu et al., 2000). AID-deficient B cells secrete IgM as
efficiently as control B cells; however, no CSR-dependent isotypes were
detected from AID-deficient B cells. Moreover, digestion-circularization PCR
to detect switched IgH loci and RT-PCR to detect switched Ig transcripts
demonstrated a complete lack of detectable CSR in AID-deficient B cells.
This result indicated that the CSR defect observed in vivo can be attributed
to defective CSR at the B-cell level and that the general protein secretion
machinery is intact in AID-deficient B cells.

SHM is another genetic alteration that occurs in germinal center B cells.
Since AID is specifically expressed in germinal center B cells, SHM was also
investigated. After immunization with NP-CGG, the mutation load of the
Vh186.2 gene was assessed. Surprisingly, SHM was not detected in AID-
deficient mice, whereas control mice showed the expected mutation rate in
the Vh186.2 gene (Muramatsu et al., 2000). This was the first example of a
single gene disruption that results in complete loss of SHM without affecting
B-cell development or activation. Thus, the study of AID-deficient mice
revealed that AID is essential for two genetic diversification systems that
occur in germinal center B cells after antigen stimulation.

At the same time AID-deficient mice were being analyzed in Japan, the
group led by Durandy and Fischer in France were searching for genes respon-
sible for an autosomal recessive form of class switch deficiency, hyper-IgM
syndrome type 2 (HIGM2). The French group mapped the HIGM2 locus on
chromosome 12p13, to which we mapped the AID gene (AICDA) (Muto et al.,
2000). The collaboration of the two groups revealed that the coding regions of
AID genes of all 18 HIGM2 patients from 12 families had mutations in both
AID alleles. On the other hand, AID loci from healthy controls did not have any
mutations (Revy et al., 2000). HIGM2 patients and AID-deficient mice share
common phenotypes: loss of CSR and SHM, higher IgM levels in sera, and
enlarged secondary lymphoid organs. Collectively, these observations clearly
indicate that mutation of the AID locus causes HIGM2.
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2.3. Enlarged Secondary Lymphoid Organs in AID-Deficient Mice

When secondary lymphoid organs, such as lymph nodes and Peyer’s patches,
were carefully examined in AID-deficient mice, most of them appeared hyper-
trophic (Fagarasan et al., 2002; Muramatsu et al., 2000). Histological and FACS
analyses with surface markers of various cell types revealed that enlarged
secondary lymphoid organs accumulated two to three times more germinal
center B cells than those of controls (Fagarasan et al., 2002). All secondary
lymphoid organs investigated accumulated germinal center B cells. Among
such lymphoid structures, enlargement of the isolated lymphoid follicle (ILF)
was most prominent. This secondary lymphoid tissue is thought to control or
survey immune status in the gut, and the usual size of this tissue is microscopic
(Hamada et al., 2002; Rosner and Keren, 1984). In AID-deficient mice, ILFs
are visible by the naked eye from 5 weeks of age, and the number of enlarged
ILFs increases with age (Fagarasan et al., 2002).

To elucidate the mechanism of lymphoid organ hypertrophy in AID-
deficient mice, intestinal bacterial flora were examined. It was found that the
balance of intestinal flora was heavily biased toward nonpathogenic anaerobes
in AID-deficient mice, although control mice maintained in the same specific
pathogen-free environment did not show expansion of anaerobic intestinal flora
(Fagarasan et al., 2002). To reduce the load of anaerobic flora in the guts of
AID-deficient mice, anaerobe-specific antibiotics were administered through
drinking water. Strikingly, accumulated germinal center B cells in most second-
ary lymphoid organs were normalized in parallel with the disappearance of the
abnormal balance of anaerobic flora. Thus, the accumulated germinal center
B cells observed in AID-deficient mice are not due to malignant transformation
but are the consequence of continuous antigen stimulation by abnormal gut
flora. Without CSR and SHM, mice may not be able to control gut flora
properly, and secreted IgM in the gut cannot compensate. In the human AID
deficiency HIGM2, lymphoid hyperplasia with germinal center B-cell accumu-
lation was also reported (Revy et al., 2000), raising the possibility that a similar
mechanism is also operating in HIGM2 patients.

3. AID Is the Only B-Cell-Specific Factor Required for Both CSR and SHM

The study of AID-deficient mice clearly demonstrated that AID is indispens-
able to both CSR and SHM. To elucidate whether AID is sufficient for CSR
and SHM, artificial substrates for CSR and SHM were established and
introduced to nonlymphoid cells.
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3.1. Ectopic Expression of AID Induces CSR of an Artificial Switch

Construct in Fibroblasts

CSR requires three steps: (1) transcription of a target S region (germ line
transcription), (2) DNA cleavage in both Sy and the downstream S region (in
which AID is involved), and (3) repair and joining of DNA double-stranded
breaks (DSBs) by the nonhomologous end-joining (NHE]) machinery. AID
is expressed specifically in activated B cells and, like the transcription of
S regions, is indispensable to CSR. On the other hand, the NHE] repair system
is constitutively expressed in almost all cell types. Can AID induce CSR in a
non-B-cell lineage if an artificial target is offered?

To test the hypothesis that AID is the only B-cell-specific factor required for
CSR, Okazaki et al. (2002) established a fibroblast cell line with an artificial
switch substrate that is stably integrated in the genome. Since the IgH locus
including S regions is transcribed only in B cells, an artificial switch construct
requires elements that reproduce the fundamental characteristics unique to
CSR in B cells: an inducible transcription system that mimics germ line
transcription in B cells, S regions that provide nonhomologous but region-
specific recombination without consensus sequences, and a broad but defined
distribution of recombination sites. Kinoshita et al. (1998) established an
artificial switch construct fulfilling these requirements in the murine B-cell
lymphoma line CH12F3-2 (Kinoshita et al., 1998). In this system, CSR of the
artificial switch substrate was detectable by genomic Southern blot analysis.
Furthermore, they modified the construct so that recombination between
the two S regions was detectable by fluorescence-activated cell sorting
(FACS) (Okazaki et al., 2002). In the artificial CSR substrate [termed SCI
(n,o)], transcription of the Sp and Sa regions was directed by the elongation
factor 1o promoter (pEF10) and the tetracycline-responsive promoter (pTET),
respectively. The coding sequences for the extracellular domain of CD8a and
for the transmembrane (TM) domain of CD8a fused to green fluorescent
protein (GFP) are separated into two transcription units. The extracellular
domain of CD8u is detectable on the cell surface only after its fusion with
the TM domain by recombination between the two S regions.

To examine whether ectopic expression of AID can induce CSR in non-B
cells, Okazaki et al. introduced SCI(p,0) with the tetracycline transactivator
into murine fibroblast cell line NTH3T3 in which the CD8«(TM)-GFP unit was
transcribed by removal of tetracycline from the culture medium. In the ab-
sence of tetracycline, surface CD8a-GFP™ cells were detected in AID-expres-
sing NIH3T3-SCI(p,) cells at a level comparable to that in AID-transfected
CHI12F3-2-SCI(n,a) cells. In contrast, NIH3T3-SCI(p,a) cells expressing an
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AID loss-of-function mutant (AIDm-1) lacking most of the cytidine deaminase
motif did not show detectable CD8a-GFP surface expression. Furthermore,
the features of recombination junction points in AID-expressing NTH3T3-SCI
(p,0) cells were similar to those observed in physiological CSR: no consensus
sequences around break points and no substantial homology between the two
S sequences at the junctions. Recombination junctions were widely distributed
in the Sp and So regions. These results indicate that AID-induced CSR in
fibroblasts is dependent on transcription of the target S region, and the
recombination machinery in fibroblasts works in a manner similar to that in
B cells with endogenous immunoglobulin loci. AID is thus the only B-cell-
specific factor required for the initiation of CSR, whereas other components
required for CSR are expressed constitutively and probably ubiquitously.

3.2. Ectopic Expression of AID Induces SHM of an Artificial Construct
in Fibroblasts

The transcriptional requirement for hypermutation in target genes has been
demonstrated by several experiments (Bachl et al., 2001; Fukita et al., 1998;
Peters and Storb, 1996). The most direct quantitative correlation between
transcription level and SHM frequency was demonstrated using the hypermu-
tating pre-B-cell line 18-81 that was transfected with a mutated GFP transgene
containing a premature stop codon in the middle of the coding region (Bachl
et al., 2001). The tetracycline-inducible promoter controlled transcription of
the GFP transgene, and the level of GFP gene transcripts was almost directly
correlated with the frequency of SHM measured by expression of functional
GFP.

Yoshikawa et al. (2002) took advantage of this system as an artificial SHM
substrate for AID in the murine fibroblast cell line NTH3T3. Ectopic expres-
sion of AID induced hypermutation of the artificial GFP substrate in NIH3T3
cells, whereas a loss-of-function mutant of AID (AIDm-1) did not. The muta-
tion frequency was closely correlated with the level of transcription of the GFP
gene, and the distribution of mutations in NIH3T3 cells was similar to that
reported previously in a pre-B-cell line (Bachl ez al., 2001; Martin et al., 2002).
AID-induced hypermutation in NIH3T3 cells shared common properties with
physiological SHM of Ig genes: predominantly point mutations with occasional
deletions or duplications, strict dependency on AID, correlation with transcrip-
tion level of the target gene, weak target specificity to motifs such as RGYW/
WRCY, and a preference for transition over transversion (Neuberger and
Milstein, 1995). AID also induced occasional deletions and insertions in the
mutant GFP substrate in NIH3T3 cells, which are also observed in the
Su region in B cells stimulated with LPS and IL-4 (Nagaoka et al., 2002;
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Petersen et al., 2001). In addition, ectopic expression of AID also introduced
mutations in actively transcribed genes in hybridoma, Chinese hamster ovary
cells, and T cells (Kotani et al., 2005; Martin and Scharff, 2002; Martin et al.,
2002; Okazaki et al., 2003).

In summary, AID is sufficient for SHM of an actively transcribed gene in
fibroblasts, as well as in B cells. Thus, all of the required factors other than AID
must be expressed in these fibroblasts.

4. Functional Domains of AID
4.1. The C-Terminal Domain of AID Is Required for CSR but Not for SHM

How can a single molecule, AID, differentially regulate CSR and SHM? In
other words, how are the V and S regions specifically targeted for each event?
Functional analyses of AID mutants has partially answered this question. AID
mutants with truncation or replacement of the C-terminus (P20, human
AID with a 34-amino acid insertion at residue 182; JP41, human AID190X;
JP8B, human AID with a frameshift mutation at residue 183; and mouse
AIDI188X) are almost completely devoid of CSR activity but retain SHM
activity in vitro as well as in vivo (Barreto et al., 2003; Revy et al., 2000;
Ta et al., 2003; Zhu et al., 2003). C-terminal mutants retain deaminase activity.
In addition, C-terminal deletion mutant (mouse AID188X) was shown to
catalyze gene conversion as well but not CSR (Barreto et al., 2003). These
results suggest that the C-terminal domain is crucial specifically for CSR,
probably due to a mechanism distinct from AID’s cytidine deaminase activity
(Fig. 2). The C-terminal domain may be important for recruiting putative CSR-
specific cofactor(s) that aid in recognition of mRNA target for CSR or for
connecting AID to the CSR-specific NHE] repair machinery (Casellas et al.,
1998; Manis et al., 1998; Wu et al., 2005).

4.2. The N-Terminal Domain of AID Is Required for SHM but Not for CSR

Studies of C-terminal AID mutants led to speculation that SHM might
require SHM-specific cofactor(s) that interact with a different domain of AID
than putative CSR-specific cofactors, so that AID can differentially regulate
SHM and CSR. Indeed, five mouse AID mutants (Y13H, V18R, VISSR19V,
W20K, and G23S) made by random mutagenesis show almost normal CSR
activity but absent SHM activity (Shinkura et al., 2004). All of these point
mutations are located in the N-terminal region of AID (amino acids 13-23).
Because N-terminal mutants retain deaminase activity, the N-terminal domain
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AID (activation-induced cytidine deaminase)
Expression Activated B cells

function Essential and sufficient to induce

class switch recombination (CSR)
somatic hypermutation (SHM)
gene conversion (GC)

Mechanism DNA cleavage
structure
19 26 56 94 190 198
| R =
deaminase
PREN PN
13 23 47 54 182 198
SHM Dimerization CSR
Family About 30% homology

APOBECH1, 2, 3A, 3B, 3C, 3D, 3F, 3G, 3H

Figure 2 Structural and functional properties of AID. A schematic representation of the primary
structure shows the motifs of AID. NLS, nuclear localization signal; NES, nuclear export signal.

must have some other function such as interacting with SHM-specific
cofactor(s) that regulate target specificity (Fig. 2).

At present, no definitive AID-specific cofactor has been reported. Although
the C-terminus of AID interacts with MDM2 (MacDuff et al., 2006), a ubiqui-
tin ligase that targets cytoplasmic p53 for degradation, the functional relevance
of this interaction in CSR is unclear. Replication protein A (RPA), protein
kinase A (PKA), DNA-PKcs, and RNA polymerase IT have been implicated as
AID-interacting molecules (Basu et al., 2005; Chaudhuri et al., 2004; Nambu
et al., 2003; Wu et al., 2005). However, it is unclear whether they function in a
CSR- or SHM-specific manner or which domain of AID interacts with them.

4.3. AID Shuttles Between the Nucleus and Cytoplasm

APOBECI shares the strong homology with AID. APOBECI shuttles between
the nucleus and the cytoplasm by association with importin o at its N-terminal
nuclear localization signal (NLS) and with the nuclear export machinery at its
C-terminal nuclear export signal (NES) (Chester et al., 2003). Likewise, AID
was shown to shuttle between the nucleus and the cytoplasm (Ito et al., 2004;
McBride et al., 2004). An NES (residues 183-198) and potential NLS (residues
8-25) exist at the N- and C-termini of AID, respectively (Brar et al., 2004; Ito
et al., 2004; McBride et al., 2004). This biological similarity between AID and
APOBECI supports functional homology, that is, RNA editing but obviously
does not prove it.
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Since the NLS and the NES partially overlap the SHM-specific and CSR-
specific domains, respectively, correlation between AID cellular localization
and activity was expected. AID mutants lacking the 16 C-terminal amino acid
residues (including the NES) lose the shuttling ability and accumulate in the
nucleus (Ito et al., 2004). These mutants are inactive or severely impaired for
CSR but active for SHM, suggesting that efficient export of AID from the
nucleus is important for CSR but not for SHM induction. On the other hand,
N-terminal AID mutants are able to mediate CSR, although they show defec-
tive nuclear accumulation (except for G23S) in the presence of leptomycin B
(LMB), an inhibitor of exportin-1-dependent nuclear export (Shinkura et al.,
2004). Although a minimal amount of AID in the nucleus might be sufficient
for activity, these results suggest that the amount of AID in the nucleus is not
directly correlated with the efficiency of CSR. However, nuclear localization of
AID is not sufficient for SHM activity, as the SHM-deficient mutant G23S
accumulates in the nucleus in the presence of LMB as efficiently as wild-type
AID. It is likely that SHM requires not only nuclear localization of AID but also
SHM-specific cofactor binding to the N-terminus of AID.

4.4. AID Dimerization Is Necessary for CSR

APOBECI has been shown to function as a dimer (Navaratnam et al., 1998;
Teng et al., 1999). Dimerization of APOBECI1 creates an active structure
capable of RNA-binding and deaminase activity toward apoB mRNA (Teng
et al., 1999). Mutations abolishing APOBECI1 dimerization also destroy its
RNA-binding and editing activities (Navaratnam et al., 1998), although the
dimerization motif, the RNA-binding region, and the catalytic site do not
completely overlap in APOBECI. AID is 31 residues shorter than APOBEC1
with 9 and 24 residues missing in the N- and C-termini, respectively, the
residues reported to be critical for APOBECI1 dimerization. Besides, the
C-terminal region of APOBECI that is important for dimerization is not
conserved in AID (Chester et al., 2003). In fact, wild-type AID and even
C-terminally deleted mutants are able to form a homomultimeric complex
(Ta et al., 2003), indicating AID and APOBECI have different dimerization
motifs.

Coimmunoprecipitation of differently tagged AID serial deletion mutants in
293T cells showed that a minimal region between Thr27 and His56 is responsi-
ble for dimerization (Wang et al., 2006) (Fig. 2). Analyses of point mutations
within this region revealed that the residues between Gly47 and Gly 54 are most
important for dimer formation. Furthermore, all mutations impairing dimeriza-
tion are inefficient for CSR, suggesting that dimer formation is necessary for
CSR activity.
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Because size exclusion chromatography and glycerol gradient sedimentation
revealed the presence of AID in a complex larger than 500 kDa (Chaudhuri
et al., 2003), AID may require cofactors (including nucleic acids) to stabilize
dimer or multimer formation. However, the multimeric AID complex formed
in vivo is resistant to treatment with DNase, RNase, or EDTA before immu-
noprecipitation, indicating that AID multimer formation does not require
binding to nucleic acids. To examine whether specific posttranslational modi-
fications are required for AID dimerization, recombinant AID purified from
Escherichia coli was mixed with 293T-produced AID, and the resulting com-
plex was successfully immunoprecipitated (Wang et al., 2006). Because E. coli
is unlikely to produce posttranslational modifications similar to those in eukary-
otic cells, AID dimer formation appears to be independent of posttranslational
modification.

In summary, dimer formation is autonomous and independent of modifica-
tions and cofactors, including nucleic acids. Once synthesized, AID monomers
associate with each other to form a dimer, and then the dimer interacts with
putative substrate-specific cofactors for either CSR or SHM at the respective
domains described above. Therefore, dimerization of AID is necessary but not
sufficient for its activity.

5. AID Is Involved in a DNA Cleavage Step

At the molecular level, CSR can be separated into three successive phases.
The first phase is activation of B cells by CSR stimulants such as IL-4, CD40
ligand, and LPS. This stimulation leads to two events: induction of AID
expression and transcriptional activation of the I exon promoter located at
the 5’ flank of each S region. Transcription of I exon is required for CSR to
proceed on B-cell stimulation (Honjo et al., 2002). This transcript is called a
“germ line” or “sterile” transcript because it does not encode any meaningful
open reading frames (Stavnezer, 1996). It is generally believed that this tran-
scription is required to increase the accessibility of recombinase to specific
S regions. In the second phase of CSR, the putative switch recombinase cleaves
two S regions. Finally, in the third phase the cleaved ends of two S regions are
repaired to form blunt ends and then ligated to complete recombination.
When it was discovered that AID-deficient B cells lack CSR, experiments
were performed to determine which phase of CSR is affected in this mutant.
To determine whether germ line transcription is affected by AID deficiency,
semiquantitative RT-PCR for all isotypes was performed. The results indicated
that AID-deficient B cells induced all isotypes of germ line transcripts,
responding to CSR stimulants as efficiently as control B cells. Thus, germ
line transcription is independent of AID. Therefore, the affected CSR phase
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should be either DNA cleavage or repair. The role of the NHE] pathway in
CSR is supported by the finding that CSR is defective in Ku70- or Ku80-
deficient mice in which B cells have been rescued by the expression of
functional Ig transgenes (Casellas et al., 1998; Manis et al., 1998). Because
AID-deficient mice appear to undergo normal V(D)] recombination in which
the NHE] pathway plays a major role, AID deficiency should not affect the
third phase of CSR (Muramatsu et al., 2000; Revy et al., 2000). As a conse-
quence of these initial studies on AID-deficient B cells, it was postulated that
AID controls CSR (and perhaps SHM), most likely at the DNA cleavage step.
Series of experiments to elucidate whether AID is indeed involved in DNA
cleavage were performed.

Supporting evidence for a role for AID in DNA cleavage was obtained by
examining the nucleotide sequence of the Sp region. B lymphocytes accumu-
late SHM-like point mutations in their Sp regions on CSR stimulation, even in
the absence of actual switch recombination. These mutations are thought to be
markers of past DNA cleavage generated in the St region on CSR stimuli. Such
Sp hypermutation is dependent on AID, suggesting that AID is required for
DNA cleavage (Nagaoka et al., 2002; Petersen et al., 2001). Another line of
evidence for involvement of AID in the DNA cleavage step of CSR was
obtained by microscopically monitoring YH2AX (a phosphorylated form of
histone H2A family member X) focus formation, which occurs at sites of
DSBs. Petersen et al. (2001) showed that YH2AX foci colocalize with IgH
loci in cells undergoing CSR, and this colocalization is dependent on AID.
This observation was confirmed by chromatin immunoprecipitation (ChIP)
using an anti-yH2AX antibody (Begum et al., 2004a). Begum et al. stimulated
AID ™" B cells by LPS and IL-4 and retrovirally infected cells with an AID-
expressing construct or mock vector. The cells were fixed and solubilized by
sonication. Chromatin associated with YH2AX was enriched by immunopre-
cipitation, and extracted DNA was subjected to semiquantitative PCR. Sp
region DNA was efficiently enriched by anti-yH2AX from AID-expressing
switching cells but was undetectable from the negative control.

Ligation-mediated PCR (LM-PCR) is also used for detecting DSBs asso-
ciated with CSR. In this procedure, a blunt end linker is ligated onto purified
genomic DNA, and subsequent PCR amplification using locus-specific and
linker-specific primers directly detects DSBs. This method is sensitive, al-
though it sometimes produces nonspecific background signals (Faili et al.,
2002). It was demonstrated that DSBs detected by LM-PCR in the Sp region
of switching cells were nearly absent in AID ™~ B cells (Catalan et al., 2003;
Rush et al., 2004). This result was further confirmed by a hybridoma study in
which the frequency of microdeletions at the Sp region (which represent past
DSBs) was examined (Dudley et al., 2002). In AID deficiency, the frequency of
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microdeletion was drastically reduced, suggesting that the DNA cleavage phase
of CSR is affected. Taken together, these results indicate that AID is crucial for
DSB induction of CSR.

AID is also thought to be involved in the DNA cleavage step of SHM. AID
overexpression in human lymphoma BL2 cells induced YH2AX accumulation
at the IgH locus. Since in that system CSR does not occur efficiently, if at
all, YH2AX accumulation is likely associated with SHM (Woo et al., 2003).
Furthermore, CSR-inactive but SHM-active AID mutant with C-terminal
truncation also induced YH2AX accumulation at IgH, suggesting that AID
induces DSBs associated with SHM (Nagaoka et al., 2005). Notably, despite
YH2AX foci formation, SHM seems to be more strongly associated with single-
stranded breaks than DSBs (Kong and Maizels, 2001). Likely, enhanced
single-stranded nicking by AID overexpression causes detectable levels of
DSBs with staggered ends. Indeed, YH2AX focus formation at the IgL locus,
which is the target of SHM but not CSR, was undetectable in purified germinal
center B cells (Odegard et al., 2005).

However, detection of DSBs associated with SHM in the V region by LM-
PCR has been inconclusive. Many laboratories reported LM-PCR detection of
AID-independent DSBs in the V region (Bross et al., 2002; Catalan et al., 2003;
Faili et al., 2002; Papavasiliou and Schatz, 2002). Because such DSBs were also
detected in the un-rearranged upstream V segment that is not an efficient
target of SHM, many of the DSBs detected by these experiments may not be
associated with SHM (Bross et al., 2002; Catalan et al., 2003). The physiological
relevance of such DSBs is currently unknown.

Further evidence that AID is involved in DNA cleavage is provided by the
fact that ectopic AID overexpression can induce SHM and CSR in other cell
lineages (fibroblasts, hybridomas, T cells, and so on) as described in Section 3 in
this chapter (Martin and Scharff, 2002; Martin et al., 2002; Okazaki et al., 2002;
Yoshikawa et al., 2002). Taking all of the data together, it is concluded that AID
is involved in the DNA cleavage steps of CSR and SHM. The major hypotheses
for CSR and SHM described below are based on this conclusion.

6. Major Hypotheses for the Action of AID

When Muramatsu et al. (2000) demonstrated the crucial role of AID in CSR
and SHM, both RNA and DNA editing hypotheses were considered to explain
the function of AID in these processes. Currently, popular models are based
on these original ideas. Data supporting both models have been published;
therefore, the exact function of AID is still a matter of considerable debate.
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6.1. RNA Editing Model

The RNA editing model was proposed based on the observation that AID
shares strong homology with the RNA editing enzyme APOBEC1. APOBEC1
deaminates a specific cytidine (C) in the mRNA encoding a component of low-
density lipoprotein (ApoB100), generating a stop codon. The edited mRNA
with a shorter reading frame encodes a component of chylomicron, ApoB48.
This is a well-documented RNA editing reaction in mammalian cells by which
two functionally different proteins are generated from a single transcript.
According to the RNA editing model, analogous to APOBEC1, AID and an
associated cofactor recognize a putative mRNA precursor and convert it to an
mRNA encoding an endonuclease (a recombinase and mutator), or a molecule
that guides a preexisting nuclease to target sites. The endonuclease cleaves
DNA in the V region gene for SHM or in the S region for CSR (Fig. 3).

6.2. Evidence for the RNA Editing Model

AID and APOBECI have strong evolutionary conservation. Genes encoding
these proteins are located in proximity to each other on chromosomes 6 and 12
in mouse and human, respectively, indicating that they were generated by gene
duplication (Conticello et al., 2005; Muto et al., 2000). The similarity is not

A | RNA editing model | B | DNA deamination model

1 AID
v e
]

C U mRNA coding for
endonuclease or V] DNA
g its guiding factor UNG ‘ ‘ replication
Inactive to V or S region ‘
A _-‘# Msh2/6 %

+
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Cleavage at é Mutatlon
secondary —‘_A—_

structure Cleavage at Cleavageat C > TOorG—A
induced by AP site mismatch site
transcription

Figure 3 RNA editing and DNA deamination models. Mechanisms that induce DNA cleavage or
point mutation are shown. See text for detailed explanation.
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limited to overall homology but is also evident in mechanistic features. Both
AID and APOBECI require cofactors for their function. For specific recogni-
tion of the editing site on ApoB mRNA, APOBECI requires the cofactor ACF
(Mehta et al., 2000). Studies of AID mutants suggested that AID also requires
CSR- and SHM-specific cofactors for its function (Shinkura et al., 2004; Ta
et al., 2003).

Another similarity between AID and APOBECL is in the regulation of their
subcellular localization. APOBECI is a nuclear-cytoplasmic shuttling protein
with a weak NLS and an NES (Chester et al., 2003). Interestingly, APOBEC1
shuttling seems to be involved in the nuclear export of the edited ApoB mRNA.
The APOBEC1-ACF complex remains associated with the edited RNA during
its export, thereby protecting the RNA from nonsense-mediated decay
(Chester et al., 2003). As discussed previously, there are also NES- and NLS-
like sequences in the N- and C- termini of AID, respectively. From the study of
an AID-GFP fusion protein, it was demonstrated that these signals indeed
facilitate nuclear-cytoplasmic shuttling of AID, although the NLS seems to be
very weak, as observed for APOBECL1 (Chester et al., 2003; Ito et al., 2004;
McBride et al., 2004).

APOBECI forms a homodimer, and dimerization is important for its func-
tion (Chester et al., 2003; Teng et al., 1993). Homodimerization of AID and the
relevance to its function were demonstrated by coimmunoprecipitation of
differently tagged AID proteins that were simultaneously expressed by cotrans-
fection (Taet al., 2003; Wang et al., 2006). Therefore, it has been suggested that
dimer formation is a common functional requirement of AID and APOBECI.

The RNA editing hypothesis predicts that a recombinase and mutator (or their
guiding factors) are synthesized from the mRNA after editing by AID. Therefore,
experiments to assess the requirement for de novo protein synthesis after AID
activation were considered important. Because AID is also newly synthesized on
B-cell activation, simple addition of a protein synthesis inhibitor cannot be
applied. A new trick for inducible activation of AID independent of protein
synthesis was developed by fusing AID and the human estrogen receptor (ER)
hormone-binding domain (Doi et al., 2003). This AID-ER protein can be over-
expressed in an inactive form and then activated by adding 4-hydroxytamoxifen
(OHT), an estrogen analogue. Doi et al. introduced AID-ER protein into AID-
deficient B cells that were stimulated by LPS and IL-4, and cycloheximide or
puromycin was added before or after the addition of OHT. Inhibition of de novo
protein synthesis by addition of these chemicals severely impaired CSR when
added 1 h before but not after OHT treatment (Doi et al., 2003).

However, the possibility cannot be excluded that the synthesis of factors
required for DNA repair was inhibited. Therefore, Begum et al. examined
whether CSR inhibition occurs before or after the DNA cleavage step.
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To monitor the formation of DNA DSBs at the S region of the IgH gene, YH2AX
foci formation (a specific marker for DSBs) was detected by ChIP analysis.
By addition of cycloheximide before OHT, YH2AX focus formation in the IgH
locus was severely impaired, indicating that de novo protein synthesis is re-
quired for the DNA cleavage step of CSR after AID activation (Begum ef al.,
2004b). A similar result was obtained from cells specifically undergoing SHM
(Nagaoka et al., 2005). Collectively, these data strongly suggest that de novo
protein synthesis is required after AID activation and before DNA cleavage for
both CSR and SHM, consistent with the RNA editing hypothesis.

The RNA editing model could easily explain why different AID cofactors are
required for CSR and SHM and why CSR and SHM, both of which are
induced by AID, can be differentially regulated in activated B cells. Assuming
that target RNA specificity of AID is determined by associated cofactors,
synthesis of the CSR recombinase and the mutator could be uncoupled. The
identification of such cofactors, as well as mRNA targets, is indispensable to
proving the model.

6.3. DNA Deamination Model

Petersen-Mahrt et al. (2002) published a report showing that overexpression of
AID in E. coli results in a mutator phenotype. Because it is very unlikely that
E. coli has specific RNA targets and cofactors for AID, the mutations are
considered to be a direct effect of AID on DNA. Mutations preferentially
convert C/G to T/A, concordant with the idea that AID directly deaminates C
in DNA to generate U. The mutation rate is enhanced under conditions of
uracil DNA glycosylase (UNG) deficiency. These observations led to proposal
of the DNA deamination model, in which AID directly deaminates C in target
DNA to generate U:G mismatch sites (Fig. 4). Mismatch sites are recognized
either by base excision repair (BER) enzymes, including UNG and apyrimidi-
nic endonuclease, or by mismatch repair proteins Msh2/Msh6 that induce the
patch repair system, resulting in DNA strand cleavage. Alternatively, the U or
apyrimidinic site can be repaired by DNA replication in the absence of DNA
strand cleavages (Petersen-Mahrt et al., 2002).

7. Critical Examination of the DNA Deamination Model
7.1. In Vitro DNA Deamination

Although the E. coli system strongly implicates AID in the direct deamination
of E. coli genomic DNA, the specificity of the effect should have been carefully
evaluated. A publication from the same group drew attention to a potential
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Figure 4 A model of UNG complex during CSR. U removal activity of UNG is dispensable to
CSR. UNG does not require interaction with PCNA or RPA for CSR activity, but the Vpr
interaction domain of UNG (WXXF) is critical. During repair of AID-induced S region cleavage,
UNG might be recruited into the complex via its WXXF motif. A Vpr-like UNG-interacting host
protein may exist and contribute to CSR being associated with UNG, which may also interact with
error-prone DNA polymerases, 5'-3' exonucleases, and so on.
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problem with the system. When APOBECI, a bona fide RNA editing enzyme,
is overexpressed in E. coli, a mutator phenotype is observed that is 50 times
stronger than that for AID (Harris et al., 2002). Because APOBECI cannot
rescue CSR or SHM in mammalian cells (Eto et al., 2003; Fugmann et al.,
2004), the ability to make valid comparisons between the E. coli system and
actual CSR and SHM in B cells is severely limited. Direct DNA deamination by
AID has been further examined biochemically. In these experiments, it was
demonstrated that recombinant AID or AID purified from activated B cells can
deaminate C in single-stranded DNA in vitro (Bransteitter et al., 2003, 2004;
Chaudhuri et al., 2003, 2004; Dickerson et al., 2003; Morgan et al., 2004; Pham
et al., 2003; Yu, et al., 2004). Similarly, purified APOBEC1 was shown to
deaminate C in single-stranded DNA (Morgan et al., 2004). Thus, both AID
and APOBECI clearly can deaminate C in single-stranded DNA, but the
physiological relevance of these observations should be carefully considered.

Di Noia and Neuberger (2002) demonstrated that inhibition of UNG in
eukaryotic cells changes the ratio of transition versus transversion mutations
but does not reduce the frequency in SHM. Chicken DT40 B cells spontane-
ously accumulate mutations in their Ig genes in an AID-dependent manner,
and less than 40% of these mutations at G/C bases are transition mutations.
When a protein inhibitor for UNG was introduced, the rate of transition
mutation drastically increased to as much as 86% (Di Noia and Neuberger,
2002). A similar result was obtained in ungfﬁ mouse B cells (Rada et al., 2002).
Moreover, CSR efficiency in ungf/f mouse B cells decreases to ~10% of the
normal level. According to the DNA deamination model, loss of UNG activity
should decrease DNA cleavage and increase the amount of U residues remain-
ing in target DNA. Therefore, the observed reduction in CSR and increase in
transition mutations at G/C sites in ungqi cells are thought to provide a
support for the DNA deamination model.

SHM with strong bias toward G/C transition mutations, which is frequently
seen in AID-overexpressing cells, is often interpreted as an indication of the
DNA deamination reaction. However, it appears that the tendency toward G/C
transition mutations depends on experimental conditions, including cell type
and target genes. In T-cell lymphoma caused by AID overexpression, A/T point
mutations preferentially accumulate in CD4 and CD5 genes (Kotani et al.,
2005). In addition, AID overexpression in mouse B cells did not cause
G/C-biased mutations in Ig genes (Muto et al., 2004).

A direct interaction between AID and the target DNA at the catalytic step
would be inevitable for the DNA deamination model. The in vivo association of
AID with S region DNA in CSR-stimulated cells was demonstrated by ChIP
analysis (Chaudhuri et al., 2004; Nambu et al., 2003). AID binding seems to be
specific for the S region that is actually undergoing CSR, that is, AID associates
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with Sy1 when IgG1 switching is induced by LPS and IL-4, and with Sy3 when
induced by LPS alone (Chaudhuri et al., 2004; Nambu et al., 2003). Formalde-
hyde, which is used in the ChIP assay, forms protein—protein as well as protein—
DNA cross-links; therefore, it is critical to determine whether the association of
AID with DNA is direct or indirect. RNA polymerase II was coimmunopreci-
pitated with AID, suggesting that the interaction with DNA might be through
RNA polymerase II (Nambu et al., 2003). Specific targets of CSR and SHM
must be transcribed by RNA polymerase II; however, not all transcribed DNA
regions undergo SHM or CSR. The guiding mechanism of AID to specific
DNA regions should be resolved for the DNA deamination model to be
proven.

7.2. UNG Is Dispensable for DSBs

UNG is important for CSR, yet ~10% of normal CSR remains in UNG-
deficient mice (Rada et al., 2002). In the DNA deamination model, it is
predicted that the Msh2/Msh6 pathway compensates for UNG function to
induce DSBs at S regions (Fig. 3). In fact, virtually no CSR is detected in
UNG and Msh2 double-deficient B cells. Strikingly, SHMs in the double-
knockout B cells are almost exclusively transition mutations at G or C, which
has been explained as the result of DNA replication of the initiating dU:dG
lesion. Overall, these observations can be explained by the DNA deamination
model, but an alternative explanation exists (Honjo et al., 2005). Since the
phenotype of the double-knockout B cells is far stronger than the additive
effects of two single-knockout B cells, each UNG and Msh2 proteins may
have major roles at different steps in the CSR pathway possibly after DNA-
DSB formation (Honjo et al., 2005). In fact, U removal activity of Msh2/6 is not
proven convincingly. Another puzzling observation is that SMUGI cannot
replace UNG, although SMUGI is shown to remove U efficiently (Di Noia
et al., 2006).

To determine if DSB formation is dependent on UNG activity, DSB assays
that utilize YH2AX-ChIP or LM-PCR were performed, but sometimes suffer
from various technical drawbacks (Begum et al., 2004a; Imai et al., 2003;
Schrader et al., 2005). A CH12F3-2 lymphoma cell line that switches efficiently
to IgA (Nakamura et al., 1996) after stimulation with CD40L, IL-4, and TGF
(CIT) was engineered to express AID and Ugi in a regulated fashion. Ugi is a
peptide inhibitor of UNG (Wang and Mosbaugh, 1989) and it forms a tight
enzyme:inhibitor complex with UNG. Previously Ugi was expressed in chicken
B cells to demonstrate the requirement of UNG during gene conversion
(Di Noia and Neuberger, 2002, 2004). Ugi expression drastically decreased
class switching induced by CIT, AID overexpression, or both. CSR inhibition
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by Ugi was also documented by the absence of circular transcripts derived from
looped-out circular DNA after CSR. In contrast, Ugi expression did not inhibit
YH2AX accumulation (DSB marker) at the IgH locus, which was induced
under all activation conditions mentioned above for switching to IgA (Begum
et al., 2004a). Consistent with earlier observations, these results indicate that
YH2AX focus formation at the IgH locus absolutely depends on AID, but not
on UNG, although CSR is markedly reduced by UNG inhibition.

In the same cell line, immunohistochemistry combined with a fluorescence
in situ hybridization (FISH) assay of YH2AX focus formation further demon-
strated that the number of IgH loci that overlapped with YH2AX foci increased
to a similar level on CIT stimulation and AID induction, regardless of the
absence or presence of Ugi. These results indicate that AID-induced DSBs
detectable by the nascent DNA-DSB marker like YH2AX are independent of
UNG activity. However, other groups reported the opposite observations using
UNG-deficient human and mouse B cells with LM-PCR assays (Imai et al.,
2003; Schrader et al., 2005).

Detection of intra-Sp deletion in IgM™* B cells is another approach to assess
the postbreak signature of S region DNA in activated B cells. Therefore,
involvement of UNG in DNA cleavage step of CSR was reexamined by analyz-
ing its direct footprints: deletions in the germ line Sp region and mutations
generated during error-prone repair of broken ends (Begum et al., 2006).
In addition to UNG-deficient mice, UNG and Msh2 double-deficient
mice were included in this study to rule out possible involvement of the
Msh2-dependent uracil repair pathway (Rada et al., 2004) that may cause
DSBs in the absence of UNG. IgM™ hybridomas were analyzed from stimu-
lated wild-type, ungf/ -, ungf/ “msh2”~, and AID™~ B cells to compare
the occurrence of deletions in the Sp region. Analysis of the hybridomas
revealed that deletion frequencies per locus were 12.8, 20.7, and 9.6% for
wild-type, ungf/f, and ungf/fmsh27/ ~ cells, respectively (Begum et al., 2006).
It is striking that the frequencies of deletion in the S region in the single- and
double-knockout B cells were statistically indistinguishable from the wild type.
In contrast, AID-deficient B cells barely showed deletion above the back-
ground, clearly indicating that Sy deletions are cleavage dependent. These
observations further suggest that neither UNG nor Msh2 is playing critical
roles in the DNA cleavage step of CSR.

Recombination break points and switch junctions were more precisely ana-
lyzed in germ line and in switched allele in stimulated IgM™ and IgG™ B cells,
respectively, from ung7/7 mice. The distribution of break points in germ line
(5" of Sp core) in activated ungf/ - IgM+ B cells did not differ compared to that
of wild type. Recombination break point analysis in IgG1* and IgG3™ cells also
did not show any biased distribution of break points in ung_/ ~ compared to
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wild type. As expected, in the absence of UNG both germ line and recombined
S regions showed enhanced mutation rates around the break point as a signa-
ture of postbreak €ITor-prone repair. Biased mutation to G/C transition, as
observed for SHMs in IgV genes due to UNG deficiency (Rada et al., 2004),
was also evident in the S region of ungf/ ~ cells. Locations of mutations in germ
line S region were not found to be skewed compared with those of junctional
break points identified in switched B cells, which favors the notion that
germ line Sy mutations are generated through abortive DNA cleavage during
CSR.

However, the increased mutations in the S region in the absence of UNG can
be also explained by the DNA deamination model because U generated by
DNA deamination by AID remains without repair, resulting in the increase of
G/C A/T transition mutation. Nonetheless, there are three observations that are
difficult to be explained by the DNA deamination model: (1) SHM frequency
is not augmented in spite of increase in CSR-associated mutations in the
S region in UNG-deficient B cells, (2) S region mutations always cluster imme-
diately adjacent to the recombination junction and diminish sharply as it goes
away from the junction, and (3) the mutation frequencies are higher in the
recombined S region than the germ line S region. On the other hand, all these
observations can be easily explained by the assumption that S region mutations
are introduced during the repair phase of recombination.

DSBs in the S region are resolved with various outcomes, such as generation
of mutations by low-fidelity repair, intra-S deletions, CSR, or chromosomal
translocation caused by ¢rans-recombination. UNG deficiency does not inhibit
mutation or deletion events in a single S region, but CSR and ¢rans-recombina-
tions are severely affected. Therefore, it is likely that UNG plays a role in the
process of union of recombining ends by NHE] repair during CSR (Casellas
et al., 1998; Manis et al., 1998, 2002; Pan-Hammarstrom et al., 2005).

8. Evidence for a Novel Function of UNG in CSR
8.1. Catalytic Site Mutants of UNG Do Not Affect CSR

From a catalytic standpoint, UNG is highly conserved among the species and
a well-studied enzyme from hyperthermophilic archae to higher eukaryotes
(Aravind and Koonin, 2000; Pearl, 2000). A great deal of data from structural-
functional analyses is available for E. coli and human UNG enzymes, and all the
active site residues responsible for glycosidic bond cleavage and uracil recogni-
tion were found to be well conserved (Mol et al., 1995; Parikh et al., 1998; Savva
and Pearl, 1995; Xiao et al., 1999). Mol et al. conducted an extensive mutagene-
sis and crystal structure analysis of human UNG and identified the most critical
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residues for uracil DNA glycosylace (UDG) activity; mutations at the sites
severely crippled the enzyme’s ability to repair U in DNA. As mouse UNG
shows 96% homology with human UNG and the active site residues are identi-
cal, loss-of-catalytic function mutants of UNG were easily generated to validate
the importance of the catalytic activity of UNG in CSR. Three mutants of
human UNG (D145N, N204V, and H268L) had less than 0.6% UNG activity
but retained the ability to bind DNA (Mol et al., 1995). Identical mouse mutants
also showed loss of UDG activity and retention of DNA-binding activity. The
UNG mutants were expressed in UNG-deficient spleen B cells using a retrovi-
rus vector, and class switching to IgGl was assessed. Surprisingly, all the
mutants that lost catalytic activity rescued wild-type levels of CSR in UNG-
deficient B cells. However, the double mutants D145N 4 N204V and H268L +
D145N were incapable of rescuing CSR, which may imply to a structural
requirement for an unknown function of UNG.

UNG has a second catalytic activity that shares some of its catalytic residues
with the uracil glycosylase activity. Evidence of a second UNG activity is arising
by the fact that, simply by introducing N204D or Y147A mutation, UNG gains
function of cytosine or thymine DNA glycosylase activity, respectively (Kavli
et al., 1996). It is important to note that N204D and Y147A mutants cannot
rescue CSR (Table 1), although they have residual uracil removing activity
(Kavli et al., 1996, 2003). This observation further emphasizes that the trace
amount of glycosylase activity or glycosylase activity alone is not sufficient for
CSR, which is consistent with the result obtained by the catalytic mutants.
Mutations at N204 and F242 positions also showed variable levels of expres-
sion, although none of these mutants are unstable in vitro expression analyses
(Kavli et al., 2005), suggesting that the in vivo action of UNG may differ from
what we know about structure—function of UNG as purified molecule. Most
importantly, the complete rescue of CSR by loss-of-catalytic-function mutants
certainly indicates that the CSR reduction in UNG-deficient mice is not due to
loss of U removal activity, but to loss of an as-yet-unknown activity of UNG.

8.2. Replication-Coupling Motifs of UNG Are Dispensable for CSR

Structurally, both human and mouse full-length UNG show similar architec-
ture: a short, nonstructural N-terminal domain comprising ~1/3 of the total
amino acid length, and a core catalytic domain comprising 1/2 of the length of
the protein. Intracellular localization studies using the nuclear form of human
UNG suggested that UNG colocalizes with replication foci (Ko and Bennett,
2005; Otterlei et al., 1999). Indeed, both human and mouse UNG N-termini
possess consensus binding sites for proliferating cell nuclear antigen (PCNA;
QXXLXXFF) and for RPA (as detected in the case of repair factor XPA)
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Table 1 CSR Activity of Mouse UNG2 Mutants and Their Human Counterparts in UNG ™/~
B Cell

Mutation/deletion Feature/property CSR References
D145N Catalytic inactivation (+)* Mol et al., 1995
H268L Catalytic inactivation (+)” Mol et al., 1995
N204V Catalytic inactivation (+)* Mol et al., 1995
F242S Unknown/instability (+)" Imai et al., 2003;

Kavli et al., 2005;
Mol et al., 1995

D145N + H268L Catalytic inactivation (=) Mol et al., 1995

D145N + N204V Catalytic inactivation (=) Mol et al., 1995

N204D CDG and residual UDG (—)P Kavli et al., 1996, 2005

Y147A TDG and residual UDG (-)P Kavli et al., 1996, 2005

L272A Unable to flip uracil (+)" Parikh et al., 1998

L272R Increased binding to DNA (+) Slupphaug et al., 1996

R276E SS-specific catalysis (+)" Chen et al., 2004, 2005

N-terminal deletion mutants

A28 Lacks PCNA (+)° Otterlei et al., 1999
interaction site

ATT Lacks NLS (+)° Otterlei et al., 1998

A8S6 Lacks RPA2 (+)° Mer et al., 2000;
interaction site Nagelhus et al., 1997

Mutation at Vpr-interacting motif

W231A + W231G Double (=) BouHamdan et al., 1998

W231A Single (=) BouHamdan et al., 1998

W231K Single (=) BouHamdan et al., 1998

F234G Single (=) BouHamdan et al., 1998

F234Q Single (=) BouHamdan et al., 1998

“Begum et al. (2004a). CSR rescuing ability of individual mutant was assessed by IgG1 switching
efficiency.

"Included in this chapter.

“Begum et al. (2006).

CDG, cytosine DNA glycosylase; TDG, thymine DNA glycosylase; UDG, uracil deglycosylase;
SS, single strand; RPA, replication protein A.

(Nagelhus et al., 1997). Studies using N-terminal-specific immunoprecipitation
indicate that nuclear UNG possibly forms a BER complex composed of multi-
ple proteins, including PCNA, APE, Ligase-4, Pol-B, and Fen-1 endonuclease
(Akbari et al., 2004). Although association with RPA was not detected in this
study, yeast two-hybrid analysis and protein—peptide direct interaction analyses
suggested that two RPA interaction sites at the N-terminus of UNG are
functional (Mer et al., 2000; Nagelhus et al., 1997). Currently, it is unknown
how and when UNG is recruited into the CSR complex, but it has been
proposed that UNG might function at the replication fork in conjunction
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with PCNA and RPA. In addition, AID also has been reported to form a
complex with RPA (Chaudhuri et al., 2004). Therefore, it is important to
determine how UNG contributes to CSR in the presence or absence of these
interactions.

Series of N-terminal truncations and PCNA-binding defective mutants were
generated, and their CSR rescue activities were examined in ung7/7 B cells.
N-terminal truncation of the first 86 residues of UNG showed efficient CSR
rescue activity comparable to full-length UNG (Table 1), whereas N-terminal
deletions of more than 96 residues did not rescue CSR activity in ung_/ ~ Bcells.
Consistent with this observation, CSR rescue was also detected using E. coli
UNG, which lacks the mammalian-type N-terminus and is solely composed of
the catalytic domain. Thus, the N-terminal 86 residues of UNG appeared to be
dispensable for CSR activity, suggesting that the roles of UNG in CSR and
in replication could be distinct. Interestingly, the N-terminally truncated
form of UNG showed improved switching efficiency compared to wild-type
UNG despite incomplete cellular localization due to truncation of the NLS. It
remains to be explored whether UNG can utilize N-terminal-dependent and
-independent pathways for CSR. Complete rescue of CSR activity by the
N-terminally truncated form also raises the question of how the core domain
is targeted to the CSR complex.

8.3. UNG Requires the WXXF Motif for CSR Function

To date, no cellular proteins have been identified that are known to interact
with the core structure of UNG. However, it can be easily envisaged that if such
proteins exist they may potentially modulate UNG’s function and would affect
CSR either positively or negatively. UNG has long been known to be associated
with HIV propagation in mammalian cells, although its precise function is
unclear. Viral accessory protein Vpr, which is essential for HIV replication in
nondividing cells (Chen et al., 2004; Priet et al., 2005), was involved in recruit-
ing nuclear UNG to HIV particles. This function of Vpr was dependent on an
interaction with the WXXF motif located in the core structure of UNG
(BouHamdan et al., 1998; Mansky et al., 2000; Studebaker et al., 2005).
Another notable point is that unlike the Ugi-UNG interaction, the Vpr-UNG
interaction does not destroy the catalytic activity of UNG. Various mutants in
the WXXF site, especially those that fail to interact with Vpr, were analyzed for
CSR-rescuing activity (Begum et al., 2006). Mutations in either tryptophan 231
(W231A, W231K) or phenylalanine 234 (F234G, F234Q, and W231A/F234G)
caused complete loss of the CSR function of UNG (Table 1). As expected, all of
the WXXF motif mutants of UNG retained U removal activity, although some
of them showed reduced activity and that could be attributed to differing
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stabilities of individual mutants. Complete loss of CSR function by WXXF site
mutation clearly indicates that this site is a critical protein—protein interaction
region of UNG that is essential to CSR.

To elucidate further, the importance of this site, the dominant negative
effect of Vpr was evaluated in CHI2F3-2 cells (Begum et al., 2006). Over-
expression of Vpr drastically decreased IgA class switching in stimulated
CHI12F3-2 cells. However, Vpr mutants (W54R and H33R) known to be
defective (Selig et al., 1997) in interacting with UNG (1.7 and 7% of wild-
type binding, respectively) showed much weaker dominant negative effects on
CSR. Another Vpr mutant (R90K) that can interact with UNG but does not
affect the cell cycle regulation showed a dominant negative effect similar to that
of wild-type Vpr. Importantly, infectants expressing less Vpr showed weaker
effects, indicating that Vpr is probably competing with an unknown host factor
for binding to UNG. Analogous to Vpr-mediated transport of the preintegra-
tion complex during the viral life cycle, a Vpr-like host protein might exist that
recruits UNG to the CSR machinery. Hence, the WXXF motif is critical for
preserving the CSR function of UNG (Fig. 4).

In summary, initial studies demonstrated that S region breaks can be detected
in the absence of UNG, and the catalytic activity of UNG is dispensable for CSR.
Subsequent studies using N-terminal UNG truncations revealed that the role of
UNG in the replication-coupled repair pathway is not mandatory for CSR. The
requirement of the WXXF motif further strengthens the previous assumption
that UNG might have an alternate function, other than its conventional
U-glycosylase activity, that is essential to the postbreak repair-recombination
phase of CSR. It is well known that mechanically distinct repair pathways are
involved in CSR, SHM, and gene conversion; it remains to be seen how these
pathways are controlled, given UNG plays a noncanonical role.

9. Conclusion

The essential function of AID is DNA cleavage at the specific target in SHM
and CSR. The target specificity appears to be determined by interaction with
specific cofactors at the N-terminal domain for SHM and at the C-terminal
domain for CSR. Although strong debate has been continued concerning the
mode of AID action in DNA cleavage, RNA editing hypothesis has gained
strong support by the evidence showing the requirement of de novo protein
synthesis for DNA cleavage in SHM and CSR. On the other hand, the strongest
evidence for DNA deamination is being reevaluated. UNG is required for
CSR, but its U removal activity is dispensable. UNG is not required for DNA
cleavage but for DNA repair step. Most recently, a noncanonical function of
UNG was shown to be involved in CSR. The final conclusion for the mode of
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AID activity has to wait until RNA target is identified and the noncanonical
function of UNG is specified.
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Abstract

The activation-induced cytidine deaminase (AID)/apolipoprotein B RNA-
editing catalytic component (APOBEC) family is a vertebrate-restricted sub-
grouping of a superfamily of zinc (Zn)-dependent deaminases that has members
distributed throughout the biological world. AID and APOBEC2 are the oldest
family members with APOBEC1 and the APOBEC3s being later arrivals re-
stricted to placental mammals. Many AID/APOBEC family members exhibit
cytidine deaminase activity on polynucleotides, although in different physiolog-
ical contexts. Here, we examine the AID/APOBEC proteins in the context of the
entire Zn-dependent deaminase superfamily. On the basis of secondary struc-
ture predictions, we propose that the cytosine and tRNA deaminases are likely to
provide better structural paradigms for the AID/APOBEC family than do the
cytidine deaminases, to which they have conventionally been compared. These
comparisons yield predictions concerning likely polynucleotide-interacting resi-
dues in AID/APOBEC3s, predictions that are supported by mutagenesis studies.
We also focus on a specific comparison between AID and the APOBECS3s. Both
are DNA deaminases that function in immunity and are responsible for the
hypermutation of their target substrates. AID functions in the adaptive immune
system to diversify antibodies with targeted DNA deamination being central to
this function. APOBEC3s function as part of an innate pathway of immunity
to retroviruses with targeted DNA deamination being central to their activity in

37

ADVANCES IN IMMUNOLOGY, VOL. 94 0065-2776/07 $35.00
© 2007 Elsevier Inc. All rights reserved. DOI: 10.1016/S0065-2776(06)94002-4



38 SILVESTRO G. CONTICELLO ET AL.

retroviral hypermutation. However, the mechanism by which the APOBEC3s
Sulfill their function of retroviral restriction remains unresolved.

1. Introduction

Aside from the mutations caused by replication errors, incidental DNA damage
or the movement of viruses and transposable elements, multicellular organisms
reproduce their genomes faithfully during somatic development, without any
modifications of the coding sequence. The major (possibly) sole exception to
this rule is provided by the adaptive immune system which uses two types of
programmed DNA modifications in order to achieve the diversity of antigen
receptors: site-specific gene rearrangement and targeted DNA deamination.

In both B and T cells, RAG-mediated gene rearrangement is used to generate
a primary repertoire of functional antigen receptor genes, whereas in B (but not
T) cells this primary repertoire is then further diversified by somatic hypermu-
tation (SHM) or gene conversion [which diversify the primary repertoire of
integrated IgV(D)] genes] and class switch recombination (which underpins
the shift from an IgM to IgG/IgA/IgE antibody repertoire). These latter pro-
cesses of SHM, gene conversion, and switch recombination are all triggered by
activation-induced cytidine deaminase (AID)-catalyzed targeted deamination
of deoxycytidine residues in the Ig loci.

Unexpectedly, an analogous process of targeted DNA deamination takes
place with lentiviruses (e.g., HIV-1) in which a host deaminase belonging to
the AID-related APOBECS3 family attacks cytidines in the DNA of lentiviral
replication intermediates.

The AID/apolipoprotein B RNA-editing catalytic component (APOBEC) fam-
ily can be divided into four major groupings (AID, APOBEC1, APOBEC2, and
APOBECS3) with AID, APOBEC1, and APOBEC3 members all acting as poly-
nucleotide deaminases. Here we consider the function (and possible structure) of
AID asa DNA deaminase in the context of the entire deaminase superfamily and,
in particular, compare AID to the APOBECS3s, since they constitute the major
grouping of DNA deaminases active in immunity.

2. AID: The DNA Deaminase Trigger for Antibody Diversification

AID was first identified as a cDNA that was induced on activation of a mouse
B-cell line (Muramatsu et al., 1999), with disruption of the AID gene being
subsequently shown to lead to abolition of immunoglobulin heavy chain class
switch recombination as well as IgV SHM in both mouse and man (Arakawa
et al., 2002; Harris et al., 2002a; Muramatsu et al., 2000; Revy et al., 2000).
Since at that time the only molecular activity that had been ascribed to an
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AID/APOBEC family member was that of RNA editing [with APOBEC1
having been discovered as the catalytic component of a complex that edits
apolipoprotein B RNA (Navaratnam et al., 1993; Teng et al., 1993)], it was
reasonably suggested that AID might also prove to be an RNA-editing enzyme.
However, as discussed elsewhere (Neuberger et al., 2003), it subsequently
became evident that AID itself acts directly on immunoglobulin gene DNA,
diversifying antibodies by active mutation.

Several lines of evidence had come together to give insight into the likely
mechanism of AID action. In particular, although it had long been considered
that SHM of IgV genes might occur through some form of localized, error-prone
DNA synthesis (Brenner and Milstein, 1966), analysis of IgV gene SHM in DNA
repair-deficient mice had suggested that SHM might actually occur in two
phases, the first targeting C:G pairs and the second (triggered by MSH2-
mediated recognition of lesions created in the first phase) targeting A:T pairs
(Rada et al., 1998). The fact that AID showed similarity to a family of cytidine
deaminases, therefore, made it attractive to consider the possibility that AID
acted directly on cytidine in immunoglobulin gene DNA, accounting for the first
(C:G-targeted) phase of SHM. Such a DNA deamination model was especially
attractive in view of the fact that AID was essential for IgV gene conversion and
IgH class switch recombination as well as for SHM (Arakawa et al., 2002; Harris
et al., 2002a; Muramatsu et al., 2000; Revy et al., 2000), since there were already
pointers that these three distinct processes might show some similarities in their
initiating events (Ehrenstein and Neuberger, 1999; Maizels, 1995; Sale et al.,
2001; Weill and Reynaud, 1996). The DNA deamination scheme of antibody
diversification (Fig. 1A) found support from genetic and biochemical experi-
ments showing that recombinant AID is able to deaminate cytosine in DNA
(Beale et al., 2004; Bransteitter et al., 2003; Chaudhuri et al., 2003; Dickerson
et al., 2003; Petersen-Mahrt et al., 2002; Pham et al., 2003; Ramiro et al., 2003;
Sohail et al., 2003). Furthermore, genetic experiments revealed that antibody
diversification pathways are perturbed in cells deficient in uracil-DNA glycosy-
lase, indicating that uracil in DNA is indeed a central intermediate in antibody
gene diversification (Di Noia and Neuberger, 2002, 2004; Imai et al., 2003; Rada
et al., 2002, 2004; Saribasak et al., 2006).

3. The Zn-Dependent Deaminase Superfamily
3.1. Overview of Family Members

The AID/APOBEC family members (with the exception of APOBEC2; see
below) function as polynucleotide deaminases with no activity on free base/
nucleotide. Analysis of currently available genomic sequence databases suggests
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Figure 1 Comparison of AID-triggered antibody hypermutation and APOBEC3-triggered retro-
viral hypermutation. (A) Antibody hypermutation. AID-mediated deamination of C residues in the
immunoglobulin locus DNA generates U:G mispairs. Replication over these mispairs will result in
the fixation of C — Tand G — A transition mutations. The U:G lesion can also be recognized by
components of either the base excision (UNG) or mismatch (MSH2/MSHG6) repair pathways
leading to alternate pathways of resolution (mutation at A:T pairs; both transition and transversion
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that the AID/APOBEC family is restricted to jawed vertebrates. However, the
AID/APOBEC proteins are part of a much more widely expressed superfamily
of zinc (Zn)-dependent deaminases which act on pyrimidines and purines.
While the deaminases involved in guanine and riboflavin metabolism are pres-
ent only in bacteria and are often composite enzymes which also possess
other catalytic activities, the AID/APOBECs are more related to those super-
family members which can act on free cytosine, cytidine, and dCMP as well as
other members which act on adenosine in the context of RNA (Table 1).

The vast majority of the characterized cytosine deaminases act on free base/
nucleoside/nucleotide, catalyzing the formation of uracil through the hydrolysis of
the 4-amino group. These enzymes contribute to the pyrimidine salvage pathway

Table 1 Zinc-Dependent Deaminases”

Enzyme Substrate Organisms

Cytosine deaminase Cytosine/methylcytosine Bacteria, archea, yeast

Cytidine deaminase Cytidine/deoxycytidine Bacteria, archea, yeast, plants,
metazoa

dCMP deaminase dCMP (Archea, bacteria), yeast, plants,
metazoa, virus

TadA/Tad2p-3p/ADAT2-3 Adenosine-34 in tRNA Bacteria, yeast, metazoa

Tad1p/ADAT1 Adenosine-37 in tRNAM? Yeast, metazoa

ADAR1-2-3 Adenine in mRNA Metazoa

AID/APOBECs Cytosine in DNA/mRNA Vertebrates

Riboflavin deaminase Riboflavin synthesis Bacteria, archea, fungi, plants

Guanine deaminase Guanine Some bacteria, (archea)

“The group of organisms for which the presence of a given enzyme is uncertain are indicated in
parenthesis.

mutations at C:G pairs through replication over the UNG-generated abasic site; IgV gene conver-
sion and class switch recombination). The likely mechanisms of these various pathways of resolution
are discussed elsewhere (Di Noia and Neuberger, 2007; Longerich et al., 2006). (B) Retroviral
G-to-A hypermutation. Reverse transcription of retroviral RNA generates a single-stranded first-
strand cDNA that is available to the action of virally incorporated APOBEC3s. Deamination creates
U residues in the first-strand ¢cDNA, which are replicated over during retroviral second-strand
¢DNA synthesis. This leads to the fixation of C — T and G — A transition mutations in the
integrated retroviral cDNA and subsequent G — A hypermutation of the resulting retroviral RNA.
It is possible that deamination also triggers a degradation pathway that trashes the entire viral
genome before integration, but the existence and nature of such a pathway remains to be defined.
Those genomes that escape degradation are integrated and the mutations introduced by APOBEC3
will be fixated.
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and span the entire life tree, though with some variation. Thus, deaminases active
on the free cytosine base have been found in prokaryotes and lower eukaryotes
but do not have homologues in metazoa (Nishiyama et al., 1985).

With regard to free nucleoside, cytidine deaminases catalyzing the deamina-
tion of cytidine/deoxycytidine exist in two varieties: a homotetrameric form
which is characteristic of the enzymes from most organisms (Song and
Neuhard, 1989) as well as a larger dimeric form, which appears restricted to
Escherichia coli (Betts et al., 1994) and some other bacteria. Finally, with regard
to nucleotide substrates, the enzymes in eukaryotes are specific to dCMP,
whereas nucleotide deamination in prokaryotes is carried out by Mg-dependent
dCTP/CTP deaminases which are not really part of the superfamily
members, only showing homology at the three-dimensional level (Johansson
et al., 2005).

Many members of the deaminase superfamily act on adenosine rather than
cytosine, removing the amino group from the 6-position yielding inosine. These
enzymes work as RNA-editing enzymes active on tRNA or mRNA. Although
they deaminate adenosine rather than cytidine, the similarity of these enzymes
to the deaminases which work on cytosine, cytidine, or dCMP clearly places
them in the deaminase superfamily (Conticello et al., 2005). (Adenosine dea-
minases that function in purine metabolism and act on free nucleoside belong to
an entirely different though structurally related gene family.) There are exam-
ples of tRNA deaminases working on the adenosine at the wobble position
present in all organisms (Auxilien et al., 1996; Gerber and Keller, 1999; Wolf
et al., 2002): inclusion of inosine within the anticodon allows the same tRNA to
pair with codons bearing A, C, or U in their third position. In bacteria, only
tRNAME is edited by the TadA enzyme. However, in yeast and higher eukar-
yotes, at least seven or eight tRNAs are edited by the TadA homologues
Tad2p/Tad3p (yeast) or ADAT2/ADAT3 (metazoa). The nonviability of yeast
deficient in Tad2p/Tad3p indicates that their role is essential (Gerber and
Keller, 1999).

In eukaryotes, Tadlp/ADAT1 constitutes another tRNA deaminase, which
appears to have evolved from ADAT2/ADATS3 and is responsible for deamina-
tion of the adenosine at position 37 of the tRNA™™ (Gerber et al., 1998). The
importance of tRNAY editing is not yet clear with Tadlp-deficient mice not
showing any apparent phenotype apart from the lack of A;7 editing of tRNAY,

Higher eukaryotes also contain a group of adenosine deaminases that act on
pre-mRNAs. This group includes three paralogues identified as ADARI, -2, and
-3. They appear to have evolved from ADAT1 but have incorporated additional
domains (dsRNA-binding as well as Z-DNA-binding cassettes; Bass, 2002;
Keller et al., 1999).
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3.2. Correlation of Structure and Function Among Deaminases
3.2.1. The Common Zn-Coordination Motif

Elucidation of the three-dimensional structure of the E. coli cytidine deami-
nase revealed the organization of the domain responsible for the catalytic
activity of the deaminases (Betts et al., 1994). This domain is characterized
by a pocket where a Zn atom is coordinated by two cysteines and a histidine
(or by a third cysteine rather than a histidine in the case of cytidine deaminases)
and is located at the N-terminus of two alpha helices that come from opposite
directions (Carter, 1995; Ireton et al., 2003; Ko et al., 2003; Xiang et al., 1996,
1997; Fig. 2A). A fourth ligand coordinated to the Zn atom is an activated
water molecule that can serve as a donor for the attacking hydroxide in the
deamination reaction. The alpha helix that contains the coordinating histidine
also provides a glutamate residue that serves as proton donor in the reaction.

Enz

Figure 2 Deamination by Zn-dependent deaminases. (A) Structure of catalytic pocket of the yeast
cytosine deaminase (Ko et al., 2003). The zinc atom is coordinated by a histidine and two cysteines (in
blue). The glutamate (in red) participates in the nucleophilic attack on C4 of the cytosine (in magenta).
(B) Mechanism of reaction. The hydroxide of a Zn-activated water molecule mediates a nucleophilic
attack on C4 of the cytosine ring, leading to loss of the amino group.
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The deamination reaction is a hydrolysis initiated by nucleophilic attack from
the Zn-coordinated hydroxide onto the C4 position of the cytosine facilitated by a
neighboring glutamate residue; the reaction proceeds through two tetravalent
intermediates, releasing ammonia and uracil (Fig. 2B). The reaction catalyzed by
the E. coli cytidine deaminase proceeds at the extremely high rate of 10~ 1061

3.2.2. Comparison of Known Deaminase Quaternary Structures

Although the structures that have been determined for different cytosine and
cytidine deaminases reveal high similarity of their active sites, the two types of
deaminase have highly specific and distinct substrate specificities (Carlow and
Wolfenden, 1998; Ipata and Cercignani, 1978) with tertiary and quaternary
structural differences beyond the catalytic site that probably play an important
role in substrate specificity.

Cytidine deaminases from most of the organisms studied form homotetra-
mers with a twofold pseudosymmetry. These tetramers are formed from a pair
of dimers with the interface between the monomers in each dimer being
mainly provided by alpha helices 3 and 5; the interfaces between the dimers
are contributed by various loops (Fig. 3). Each of the four active sites lies at
the interface between the subunits in such a way that the cytidine placed in
one catalytic pocket makes contact with residues from two other subunits
(Johansson et al., 2002; Fig. 3). Similarly, the E. coli cytidine deaminase, which
contains a C-terminal pseudocatalytic domain, aggregate in a dimeric complex
to form a tetramer-like structure containing two Zn-coordinating active sites
and two pseudocatalytic sites (Betts et al., 1994).

In contrast to cytidine deaminases, cytosine deaminases form homodimers
with the alpha helices 2, 3, and 4 forming the intersubunit boundary. The catalytic
sites are located at opposite ends of the two subunits and are completely incor-
porated within the subunit rather than lying at the subunit interface (Ireton
et al., 2002; Ko et al., 2003; Fig. 3). Interestingly, the bacterial tRNA adenosine
deaminase TadA (the only deaminase acting on nucleic acids whose structure
three-dimensional structure has been determined) exhibits a very similar quater-
nary structure (Elias and Huang, 2005; Kim et al., 2006; Kuratani et al., 2005;
Fig. 3). The relative conformation of the subunits in TadA allows a pair of tRNA
molecules to bind at opposite sides of the dimer; the adenosine-34 in the antico-
don loop is then flipped out of the tRNA main chain and is accommodated within
the catalytic pocket of the enzyme (Losey et al., 2006).

3.2.3. Implications for the Structures of AID/APOBECs

Despite the lack of information on the three-dimensional structure of the AID/
APOBEC proteins, analysis of their amino acid sequences suggests that their
structure in the catalytic domain will show considerable similarity to those of



COMPARISON OF AID WITH APOBEC DNA DEAMINASES 45

Yeast
cytidine
deaminase

Yeast
cytosine
deaminase

Figure 3 Three-dimensional structures of Zn-dependent deaminases. The yeast cytidine deami-
nase (Xiang et al., 1997) forms a tetramer. Segments of chains from adjacent subunits come together
to form zinc pockets in which the cytidine is deaminated. In contrast, in the yeast cytosine
deaminase (Ko et al., 2003) and in the tRNA adenosine deaminase (Losey et al., 2006), each
catalytic site is independently and separately formed by each individual subunit. A major structural
difference between cytidine deaminases and cytosine/tRNA deaminases is the presence of a stretch
of amino acids between the beta sheets 4 and 5 (shown in orange in the cytosine deaminase/TadA
structures) forming part of the active site. Part of this region, in TadA, makes contact with the
nucleotide that immediately precedes the deaminated adenosine in the tRNA substrate. The Zn
atom is shown in yellow.

the other deaminases. Major interest, however, will focus on the structure of their
C-terminal ends, which are notably longer than those of the other deaminases, as
well as on the basis of their ability to recognize and bind polynucleotides.
In absence of experimental data, it is of some interest to speculate about the
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likely conformation of the AID/APOBEC proteins on the basis of the available
structures of related deaminases.

Given that the cytidine deaminases and cytosine/tRNA deaminases form two
distinct classes with respect to quaternary structure and with the two groups
binding their substrates in distinct manners, it is appropriate first to ask whether
the structures of the AID/APOBEC proteins are likely to resemble those of the
cytidine deaminases or of the cytosine/tRNA deaminases.

Being the first deaminases whose structure was analyzed, E. coli cytidine
deaminase has long been considered the archetypal structure to which the
AID/APOBECs will conform. This idea was somehow strengthened by
the presence of the long C-terminal tail in APOBECL1 (the first APOBEC
family member to be identified) which resembles the pseudocatalytic domain of
the E. coli cytidine deaminase in length. However, analysis of the primary
sequence of the AID/APOBECs shows that their predicted secondary structure
more closely resembles that of the cytosine/dCMP/tRNA deaminases than that of
the cytidine deaminases, especially regarding the presence of a segment between
beta sheets 4 and 5, including a predicted alpha helix 4 (Fig. 4A). Mutational
studies reveal that amino acid substitutions in residues located immediately
downstream of predicted beta sheet 4 change the DNA target specificity of
APOBECSF (Langlois et al., 2005; Table 2). The equivalent region in TadA is
known from crystallographic studies to make contact with the adenosine-34
(as well as the preceding nucleotide) in the tRNA substrate (Fig. 4B).

The similarity of predicted secondary structures (supported by the mutagen-
esis studies) is the major reason for suggesting that the AID/APOBECs will
exhibit a three-dimensional structure closer to that of the cytosine/dCMP/
tRNA (as opposed to cytidine) deaminase group. However, the more accessible
catalytic site in TadA (as opposed to that in cytidine deaminases) is certainly
more appealing from the perspective of activity on a polynucleotide substrate
than is the buried catalytic site in the cytidine deaminases (Fig. 3).

It is notable that TadA acts on a base that has been flipped out of a seven-
nucleotide single-stranded segment in the stem-loop of tRNA*"* (Losey et al.,
2006). This base (adenine at position 34) appears to be located in a confor-
mation that is similar to one adopted by the APOBEC]1-target, cytosine 6666
in apolipoprotein B RNA (Anant and Davidson, 2000; Maris et al., 2005;
Richardson et al., 1998). It may be significant that AID appears to be able to
act on single-stranded DNA loops of a similar size (Yu et al., 2004a); it will
be interesting to discover whether the cytidine base is also flipped out during
AID action.
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Figure 4 Sequence alignment of Zn-dependent deaminases and suggestion of polynucleotide-
interacting residues. (A) Yeast cytidine deaminase, cytosine deaminase, Staphylococcus aureus
TadA, and human AID are aligned according to their (predicted) secondary structures. Alpha
helices and beta sheets are highlighted in light and dark gray, respectively. The Zn-coordinating
motif is indicated above the line. The segment of TadA that has been shown to interact with
the RNA substrate is indicated. (B) Three-dimensional representation of the RNA-interacting
loop in TadA. The tRNA substrate is indicated in magenta (the deaminated adenosine is highlighted
in pink); the DPKG residues taking contact with the RNA are indicated in orange. The
Zn-coordinating site lies beneath (zinc in yellow, coordinating residues in blue, and glutamate in
red). As described in the text, we predict that the aligned region in AID (FCEDR in the human
sequence) will be close to the site of interaction with the single-stranded DNA substrate, a
suggestion supported by the effects of mutations in this region on substrate specificity (Langlois
et al., 2005).
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Table 2 Mutational Analysis of the APOBEC3F Residues Immediately Downstream the
Beta Sheet 4

Target specificity (position)

Interacting loop -2 -1 0
AID FCEDR AT A C
APOBEC3F FWDTD T T C
APOBEC3C FQYPC T C/T C
APOBEC3F D309Y FWYTD T G/C/T C
APOBEC3F D311C FWDTC G T C

Analogously to what has been observed for APOBEC3s (Wiegand et al., 2004),
the Tad2p/ADAT2 and Tad3p/ADAT3 (the eukaryotic homologues of bacte-
rial TadA) deaminases form heterodimers (Gerber and Keller, 1999). Indeed,
in the tRNA deaminase heterodimers, the Tad3p/ADAT3 subunit contains
a catalytically inactive Zn-coordinating domain in which valine replaces the
proton-donating glutamate: this is reminiscent of some of the double-domained
APOBECS3 proteins (human APOBEC3G and the murine APOBEC3) in
which one of the putative active sites seems to be nonfunctional (Shindo
et al., 2003; Beale and Neuberger, unpublished data).

Thus, it seems likely that the structures of the AID/APOBEC deaminases will
more closely resemble those of the tRNA and cytosine deaminases than that of
cytidine deaminase.

4. Timeline of AID/APOBEC Evolution

The AID/APOBECs have evolved as DNA/RNA deaminases relatively late: the
analysis of the sequenced genomes of organisms that diverged before the jawed
fish do not present any deaminase that might resemble an AID/APOBEC, and
despite the efforts to identify AID/APOBECs homologues, AID has been
identified only in cartilaginous and bony fish (Conticello ef al., 2005; Saunders
and Magor, 2004; Zhao et al., 2005). Thus, the bona fide origin of the AID/
APOBEC family can be placed at around 500 million years ago, at the time of
the divergence of the cartilaginous fish from the teleost/tetrapod lineage.
APOBEC2, for which there is evidence in teleosts, might have originated at a
similar time. Given the distinct nature of the APOBEC2 gene structure (which
differs significantly from that of other AID/APOBEC family members) with a
single exon encompassing the entire AID/APOBEC homology domain and an
upstream exon with no similarity to any other known protein, it is possible that
APOBEC2 might have arisen as a result of a retrotranspositional event.
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Figure 5 Timeline of AID/APOBEC evolution. AID and APOBEC2 are the ancestral members of
the gene family. It seems likely that APOBEC2 evolved from AID since, while APOBEC2 exhibits
most of the sequence motifs characteristic of the AID/APOBEC family, it has a quite distinct exon
structure (consistent with the central exons having been fused during a cDNA synthesis), whereas
AID and the other APOBEC family members share an exon structure similar to that exhibited by
the other Zn-dependent deaminases. APOBEC] and the APOBEC3s appear to have evolved from
AID, whereas the origins of APOBEC4 remain obscure.

Thus, until APOBEC1 evolved by duplication of the AID locus in mammals
around 300—400 million years ago (Conticello et al., 2005; Fujino et al., 1999),
there were probably just two members of the AID/APOBEC gene family, AID
and APOBEC2 (Fig. 5). The APOBEC3s then arose as a placental-specific
innovation arising again from duplication of AID after the divergence of the
placentals from the marsupials (~170 million years ago) (Conticello et al., 2005)
and underwent a rapid expansion in primates, where seven APOBEC3s are
present (Conticello et al., 2005; Jarmuz et al., 2002; Wedekind et al., 2003).

Yet another member of the AID/APOBECs family, APOBEC4, has been
identified, which might have originated before the amphibia/reptile divergence
(Rogozin et al., 2005). While we have briefly discussed AID above, we consider
each of the other APOBEC groupings below.

5. APOBEC1: An RNA-Editing Enzyme That Can Also Act on DNA

APOBECI is the founder member of the AID/APOBEC gene family. It was
identified as the catalytic component of the complex that edits apolipopro-
tein B (ApoB) RNA in the small intestine in man (liver in rodents) (Navaratnam
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et al., 1993; Teng et al., 1993). The cytidine at position 6666 in ApoB RNA is
deaminated to uridine, transforming a glutamine codon into a stop codon and
thereby leading to the production of a truncated form of the ApoB polypeptide
(ApoB48). APOBECI is restricted to mammals and likely arose through gene
duplication of AID (Conticello et al., 2005; Fujino et al., 1999). Its function in the
production of ApoB48 facilitates efficient transport of dietary lipids from the
intestine to the tissues, allowing the synthesis of triglyceride-rich chylomicrons
(Chester et al., 2000).

It appears that the APOBEC1-mediated editing of ApoB RNA occurs in the
nucleus (Lau et al., 1991) and, similarly to AID, APOBECI shuttles between
cytoplasm and nucleus using an N-terminal nuclear localization signal and a
C-terminal export signal (Chester et al., 2003; Yang and Smith, 1997; Yang
et al., 2001).

Although posttranscriptional base modification occurs widely in the biological
world, APOBEC]I-catalyzed editing of ApoB RNA is the only example identified
to date of cytidine deamination being used physiologically in mammals to modify
a protein-coding sequence. It is therefore something of a curiosity. APOBECI is
necessary for ApoB RNA editing with APOBEC1-deficient mice exhibiting no
obvious phenotype apart from a lack of ApoB mRNA editing (Hirano et al., 1996;
Morrison et al., 1996; Nakamuta et al., 1996). Nevertheless, the possibility cannot
be excluded that APOBECI1 may also fulfill some other physiological role. In
transfection assays, APOBECI has been shown to be able to act on retroviral
substrates (Bishop et al., 2004): biochemical assays reveal that recombinant
APOBECI is able to deaminate cytidine in the context of a single-stranded
DNA (as well as RNA) substrate (Harris et al., 2002b; Morgan et al., 2004;
Petersen-Mahrt and Neuberger, 2003). Thus, it is conceivable, for example, that
APOBECI may also function (or may have functioned in the past) as a viral
restriction factor analogous to APOBEC3 family members. Such suggestions are,
however, entirely speculative.

6. APOBEC2: A Muscle-Specific Family Member of Unknown
Function/Activity

APOBEC2 was firstidentified on the basis of its sequence similarity to APOBEC1
(Anant et al., 2001; Liao et al., 1999). Apart from AID, it is the only AID/
APOBEC family member for which evidence can readily be traced back to
bony fish (Conticello et al., 2005). Like AID, the sequence of APOBEC2 is well
conserved through vertebrate lineages (Liao et al., 1999; Sawyer et al., 2004).
Even in bony fish, where two paralogues of APOBEC2 are present, thus
theoretically relieving the purifying selection in action on at least one of
them, the two paralogues are still maintained with little sequence divergence.
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This suggests that, like AID, the evolution of its amino acid sequence is con-
strained by the need to preserve its function—as opposed, for example, to the
APOBEC3s whose rate of sequence evolution appears to be boosted by the arm
race with their targets (Sawyer et al., 2004; Zhang and Webb, 2004).

Despite this conservation of sequence, the physiological function of
APOBEC2 remains unknown. The APOBEC2 gene is predominantly
expressed in skeletal and cardiac muscle [although it has been shown that
pro-inflammatory cytokines can induce its expression (Matsumoto et al.,
2006)]. APOBEC2-deficient mice do not present any major obvious phenotype
(Mikl et al., 2005), indicating that APOBEC2 is not essential for mouse devel-
opment, health, and fertility. Attempts to ascribe any biochemical activity to
APOBEC2 have also been unsuccessful: it does not appear able to edit ApoB
RNA (Anant et al., 2001; Liao et al., 1999), it failed to exhibit any DNA
deaminase activity in biochemical and genetic assays (Harris et al., 2002b)
and, despite early reports, failed to show any activity in deaminating free
cytidine (Mikl et al., 2005).

7. APOBEC4: A Distant or Ancestral Member of the AID/APOBEC Family

APOBEC4 was identified by bioinformatic analysis using the AID/APOBECs
as queries in psi-BLAST searches: EST as well as array data show that it is
probably expressed in testis (Rogozin et al., 2005). Despite having apparently
evolved more recently than AID and APOBEC2, it presents the most divergent
architecture of all AID/APOBECs, harboring a very long extension C-terminal
to the Zn-coordinating domain.

The APOBEC4 catalytic motif bears the Zn-coordinating residues and the
glutamic acid characteristic of all the deaminases (H[PAJE-PC-C), but
the spacing between the cysteines is different from that of the other AID/
APOBECs. There are other important features around the Zn-coordination
motif where APOBEC4 differs from all the other members of the AID/APOBEC
family. Even though the amino acids within the Zn-coordinating domain are
quite variable among the members of the AID/APOBEC family, they all share
some specific residues in this region. In particular, a phenylalanine located
shortly downstream of the HAE sequence as well as an SWS (or SSS in the
case of APOBEC2) motif located just upstream of the PC-C are common.
Indeed, mutations in the F or the SWS motif render the deaminases unable to
work on polynucleotide substrates (Teng et al., 1999; Langlois and Neuberger,
unpublished data). However, both the conserved phenylalanine and the SWS
motif are completely absent from APOBEC4. One could speculate whether
APOBECH4, with all these differences from the other AID/APOBECs, might
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represent a distinct class of deaminases, or whether it might resemble an
ancestral deaminase form from which the other AID/APOBECs evolved.

8. APOBEC3s: DNA Deaminases Active in Viral Restriction

The latest arrivals in the AID/APOBEC family are the APOBEC3s. These are
the only other AID/APOBECs family members that are known to act in vivo to
deaminate cytidine in DNA. Like AID, they appear to have an important role
in the immune system. While AID targets endogenous DNA (the immunoglob-
ulin genes) to generate antibody diversity in the adaptive immune system,
APOBECS3s function in the innate immune system where they attack retroviral
replication intermediates. The APOBEC3s provide an interesting comparison
to AID in the context of targeted DNA deamination in immunity and therefore
merit more detailed discussion.

8.1. APOBEC3G
8.1.1. Vif and the Identification of a Host Restriction Factor for HIV-1

In the years following the identification of HIV as the causative agent of acquired
immune deficiency syndrome (AIDS) (Barré-Sinoussi et al., 1983; Gallo et al.,
1983), the function of most of HIV’s nine genes was rapidly identified. The
function of HIV-1 vif gene product (virion infectivity factor), however, long
remained elusive. Vif encodes a 23-kDa protein that is essential under physiologi-
cal conditions for the production of infectious virions from the integrated HIV
provirus. It was soon discovered, however, that Vif was not required for the
production of infectious particles in various laboratory T-cell lines (Gabuzda
et al., 1992). T-cell lines could then be segregated in two categories depending
if they were permissive or nonpermissive for the production of infectious HIV
particles in the absence of a functional vif gene. Since the expression of Vif is
essential only in the virus producer cell, it was then speculated that nonpermissive
T cells either lacked an essential component for the production of infectious
viral particles or expressed a factor that needed to be neutralized by Vif (Gabuzda
et al., 1992; Simon and Malim, 1996; von Schwedler et al., 1993). The answer to
this enigma came much later by the identification in nonpermissive cells of an
innate antiretroviral factor initially named CEM15 (Sheehy et al., 2002) and
subsequently recognized as identical to the APOBEC3G (Jarmuz et al., 2002).
The ultimate demonstration that APOBEC3G was indeed responsible for
restricting HIV infection came with an experiment showing that enforced
expression of APOBEC3G in permissive CEM-SS cells reverted these to a
nonpermissive phenotype (Sheehy et al., 2002).
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8.1.2. Deamination of Retroviral Replication Intermediates and Restriction
of Infection

In contrast to the single-domained AID, APOBECI1, and APOBEC2 proteins,
the architecture of APOBEC3G comprises two tandem Zn-coordination
domains (Jarmuz et al., 2002). APOBEC3G shows DNA deaminase activity
(with a distinct local sequence specificity from that of AID and APOBECI)
(Harris et al., 2002b) and can act in infected target cells when packaged into viral
particles to heavily deaminate cytosines into uracils in nascent minus-strand
viral DNA following retroviral reverse transcription (Harris et al., 2003;
Lecossier et al., 2003; Mangeat et al., 2003; Mariani et al., 2003; Zhang et al.,
2003). The uracils that are introduced in the viral DNA can then act as a
template for the incorporation of adenines on the opposite plus-strand
(Fig. 1B). Thus, the deaminase activity on the minus-strand can be deduced
by the accumulation of G-to-A hypermutations mainly on the plus-strand viral
DNA following second-strand synthesis. Not only can such hypermutation be
detected in vitro using experimental systems: the frequent detection of G-to-A
hypermutation in viral samples from HIV patients constitutes clear evidence
that APOBEC3G does indeed act to deaminate the DNA of HIV-1 replication
intermediates during natural infection (discussed in Beale et al., 2004).

A gradient has been noted of APOBEC3G-induced mutation along the
proviral HIV ¢cDNA (Chelico et al., 2006; Yu et al., 2004c). The highest level
of hypermutation can be observed immediately 5’ of the polypurine tract (as
read on the plus-strand DNA) and gradually fades toward the 5'-LTR region
(Yu et al., 2004c). An apparent 3’ — 5’ directional processivity of APOBEC3G
action can be explained by the slide and jump model of deamination proposed
by the Goodman group who used various single-stranded DNA substrates flank-
ing double-stranded DNA spacers to establish the kinetics of the deamination
process (Chelico et al., 2006; Yu et al., 2004c).

Apart from binding and mutating single-stranded DNA, APOBEC3G has
been shown to also bind RNA although there is no evidence for APOBEC3G-
induced deamination of the viral genomic RNA of HIV-1: such deamination
would lead to C-to-T hypermutation (as opposed to the G-to-A hypermutation
characteristic of action on the first-strand ¢cDNA replication intermediate)
(Iwatani et al., 2006; Kozak et al., 2006; Lecossier et al., 2003; Yu et al.,
2004c). Binding to RNA may, however, play a critical role in designating active
or inactive forms of the protein. Chiu et al. (2005) have shown that APO-
BEC3G is ineffective in restricting HIV-1 infection in activated CD4+ cells
because it apparently binds cellular RNAs to form high molecular mass com-
plexes. However, in resting T cells or when extracts from activated T cells are
treated with RNAse, APOBEC3G shifts to low molecular mass complexes
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where it appears to be active (Chelico et al., 2006; Chiu et al., 2005; Kreisberg
et al., 2006).

APOBEC3G-mediated retroviral restriction is dependent on the presence of
APOBEC3G in the viral producer cells (Harris et al., 2003; Lecossier et al.,
2003; Mangeat et al., 2003; Mariani et al., 2003; von Schwedler et al., 1993;
Zhang et al., 2003). Thus, to act as a retroviral restriction agent during reverse
transcription in the target cell, APOBEC3G must first get encapsidated into
the viral particle in the producer cells. Western blots performed on Vif-negative
HIV virions clearly show the presence of APOBEC3G (Mariani et al., 2003).
It has been reported that APOBEC3G is lured into assembling HIV particles
essentially through interaction of its amino acids 104-156 located between the
two Zn-coordination motifs and the nucleocapsid region of the retroviral Gag
polyprotein precursor that is responsible for recruiting the viral genomic RNA
(Alce and Popik, 2004; Cen et al., 2004; Svarovskaia et al., 2004). It has been
strongly argued whether the genomic viral RNA is involved in this interaction,
but now it is becoming increasingly likely that APOBEC3G incorporation can
be achieved using RNA of either cellular or viral origin (Khan et al., 2005; Luo
et al., 2004; Schifer et al., 2004; Svarovskaia et al., 2004).

8.1.3. The Arms Race Between HIV and APOBEC3G

Primate lentiviruses appear to have evolved a mechanism to circumvent this
innate APOBEC3G-mediated defense pathway by acquiring the vif gene. A
clue as to how Vif neutralized APOBEC3G-mediated restriction came with the
observations that APOBEC3G was absent from Vif-positive HIV particles and
that APOBEC3G was rapidly degraded in Vif-expressing producer cells
(Conticello et al., 2003; Marin et al., 2003; Mehle et al., 2004a; Sheehy et al.,
2003; Stopak et al., 2003; Yu et al., 2003). Therefore, the role of Vif in nonpermis-
sive cells is to prevent APOBEC3G encapsidation into viral particles. Vif then
recruits an elongin B—elongin C—cullin 5 (E3 ubiquitin ligase) complex through
the interaction of Vif BC box motif and elongin C (Kobayashi et al., 2005; Mehle
et al., 2004b, 2006; Shirakawa et al., 2005; Yu et al., 2003). Vif acts as a bridge to
target APOBEC3G, through its N-terminal domain, for ubiquitination and
subsequent proteasomal degradation (Conticello et al., 2003; Marin et al., 2003;
Mehle et al., 2004a; Sheehy et al., 2003; Stopak et al., 2003; Wichroski et al., 2006;
Yu et al., 2003).

Their role in directly acting on HIV (and probably other pathogens) places
the APOBEC3s under different evolutionary selective constraints from those
operating on the ancestral AID/APOBECs. Thus, AID and APOBEC2 exhibit
a high degree of conservation among the species with values as high as >50%
identity between fish and mammalian AID (>70% similarity), suggesting a
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difficulty in tolerating mutations while retaining function. In contrast, the
APOBECS3s show the hallmarks of positive selection (Sawyer et al., 2004; Zhang
and Webb, 2004), presumably reflecting the distinctive selective pressures on
these molecules as part of the arms race between host and pathogen. In support of
this argument, it appears that the N-terminal domain of APOBEC3G, which
undergoes the strongest positive selection, is the domain which is recognized in a
species-specific way by the Vif proteins of different primate lentiviruses to trigger
APOBEC3G degradation and overcome the host restriction (Bogerd et al., 2004;
Conticello et al., 2003; Mangeat et al., 2004; Sawyer et al., 2004; Schrofelbauer
et al., 2004; Xu et al., 2004; Zhang and Webb, 2004).

8.2. Other APOBEC3 Family Members

The APOBEC3 family has undergone a complex pattern of evolution. The
ancestral APOBEC3 gene is presumed to have derived from a duplication of
AID after the divergence of the marsupial and placental lineages: all of the
APOBEC3s lack the 40-amino acid C-terminal domain characteristic of
APOBECI and their primary sequence is overall closer to that of AID. This
putative ancestral single-domained APOBECS3 gene appears soon to have been
duplicated. Placentals then inherited these ancestral forms of the APOBEC3
gene that either fused together to form a single gene or remained independent.
In primates, the evolution has been even more tortuous with the APOBEC3
locus now comprising eight genes: seven of which originate from one of
the ancestral genes and the single-domained APOBEC3H being a direct
descendant of the second ancestral gene only (Conticello et al., 20053).

Three members of the human APOBEC3 family have been shown to have
significant antiretroviral activity on HIV-1 in vitro (Table 3). Interestingly, these
are all double-domained deaminases (APOBEC3B, -F, and -G), although
APOBECSB is poorly expressed and is unlikely to play a significant role
in vivo (Doehle et al., 2005; Yu et al., 2004b). A major hallmark of their retroviral
activity is the presence of hypermutation in the targeted viral genome.
APOBEC3F and APOBEC3G each has a particular sequence preference for
deamination: APOBEC3G will preferentially deaminate a deoxycytidine if it
is preceded by CC dinucleotide, whereas APOBEC3F prefers a deoxycytidine
preceded by TT (Harris et al., 2003; Langlois et al., 2005; Mariani et al., 2003;
Wiegand et al., 2004; Zheng et al., 2004). Modification of the protein sequence
in a region downstream of the Zn-coordinating causes the deamination target-
site consensus sequence to be altered, suggesting that this region is likely to
be involved in substrate recognition (Langlois et al., 2005). APOBEC3B and
APOBEC3C may possibly have a role in preventing zoonotic transmission of
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Table 3 Characterized APOBEC3s

Deamination
N X context

Human Inhibition of Inhibition of G—A

APOBEC3 retroviruses other viruses hypermutation -2 -1 0
A - + N -

B + N.D. Y cG T C
C + - Y T or C
D/E + N.D. Y T/A TA  C
F + + Y T T C
G + + Y C C C
H - N.D. N -

Mouse A3 + N.D. Y T C C

retroviruses. These APOBEC3s have been shown to have a potent antiretroviral
activity on SIV in vitro (Yu et al., 2004b).

The expansion of the APOBEC3 locus and the apparent positive selection
might also have a broader significance. As discussed below, although first
characterized as inhibitors of primate lentiviruses, the human APOBEC3 pro-
teins can, in transfection assays, exhibit activity beyond lentiviral substrates and
act on other types of retroviruses such as murine leukemia viruses, foamy
viruses, as well as on retrotransposons (Delebecque et al., 2006; Esnault et al.,
2005; Harris et al., 2003; Lochelt et al., 2005; Mariani et al., 2003). It has also
been proposed that AID itself, in addition to its major role in antibody gene
diversification, may also function in an innate defense pathway against trans-
forming retroviruses (Gourzi et al., 2006). It will be interesting to learn whether
these various observations in different experimental systems actually reflect
physiologically significant in vivo restriction pathways.

8.3. Action of APOBEC3 Family Members on Viruses Other

Than Retroviruses

Hepatitis B virus (HBV) is not a retrovirus; it contains a DNA genome that
employs a reverse transcription step as part of its replication process. Studies
performed on HBV have shown APOBEC3G (as well as APOBEC3B, -3C, and
-3F; Table 3) to be capable of restricting viral replication in cotransfection
experiments. Although G-to-A hypermutation of HBV has been seen occasion-
ally in patients, the restriction seen in vitro is not accompanied by massive
hypermutation loads in the viral genome. In fact, mutations are scarce at best
in vitro (Noguchi et al., 2005; Rosler et al., 2005; Suspeéne et al., 2005; Turelli
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et al., 2004a). Human T-cell leukemia virus-1 (HTLV-1) is also found to be
sensitive to restriction by APOBEC3G in vitro but with this restriction only
rarely being accompanied by hypermutation: no mutated sequences so far
have been found from HTLV-1 patients (Mahieux et al., 2005; Sasada et al.,
2005). Finally, the case of APOBEC3G restricting the infectivity of the DNA
virus adeno-associated virus (AAV) is another example of the APOBEC3
proteins exhibiting an antiviral effect in vitro without obvious signs of viral
hypermutation (Chen et al., 2006).

8.4. Action of APOBEC3 Family Members on LTR-Containing

Endogenous Retroelements

There is a striking evolutionary coincidence, when comparing primates
and rodents, between the abrupt drop in retrotransposon activity (Waterston
et al., 2002) and the expansion of the APOBEC3 gene cluster. Indeed, many
APOBEC3s have been shown to be able to control the retrotransposition of
mobile elements, at least as observed using assays in transfected, cultured cell
lines (Table 4).

Retrotransposons are classified into two groups—those that bear long termi-
nal repeats (LTRs), also known as endogenous retroviruses, and those that
do not (non-LTRs). LTR retrotransposons are analogous to exogenous retro-
viruses in their replication cycle, and might therefore be expected to be
vulnerable to similar host control measures. When tested in tissue culture
transfection systems, retrotransposition of the active murine LTR retroele-
ments intracisternal A-particle (IAP) and MusD could be downregulated by
human APOBEC3A, -3B, -3C, -3F, -3G, human AID, African green monkey
APOBEC3G, and mouse APOBEC3 (Bogerd et al., 2006a; Chen et al., 2006;
Esnault et al., 2005, 2006). There is no obvious correlation between the
potencies of an APOBECS3 protein as an antiretroviral and as an antiretrotran-
sposon. For example, APOBEC3A, which is not presently known to inhibit
any retroviruses, was found to have the highest inhibitory activity against
IAP (Bogerd et al., 2006a). Whereas restriction of retrotransposition by most
APOBECS3s in these assays is accompanied by an accumulation of G-to-A
mutations in the integrated retrotransposon DNA (Bogerd et al., 2006a;
Esnault et al., 2005, 2006), this was not the case for APOBEC3A (Bogerd
et al., 2006a; Chen et al., 2006). Furthermore, mutations of the APOBEC3A
Zn-binding and active sites reportedly had no effect on its ability to restrict IAP
transposition (Bogerd et al., 2006a). This suggested the possibility of an alterna-
tive, deaminase-independent pathway of retrotransposon restriction. In mediat-
ing the restriction, the APOBEC3s could access transposition intermediates via
the retrotransposon Gag protein, since (similar to what has been observed with
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Table 4 Effects of the APOBEC3s on Mobile Elements®

Reduced Intact CDA
Inhibits LTR Inhibits non-LTR G—A proviral activity required
retrotransposons retrotransposons hypermutation integration for inhibition
Cellular

APOBEC3  localization ~MusD  IAP Tyl L1 Alu MusD TAP Tyl L1 Alu MusD IAP Tyl MusD IAP Tyl L1
A N + + + + - - - - - + - +
B N/C +/— + + + — — +/—
C N +/— + + + + + - -
D/E C —
F C +/— + + - + + - +
G C + +/— + - + + + + + + +
H N+C
Mouse +/— + + +/— + + +

“Bogerd et al. (2006a,b), Chen et al. (2006), Dutko et al. (2005), Esnault et al. (2005, 2006), Muckenfuss et al. (2006), Schumacher et al. (2005),
Stenglein and Harris (2006), and Turelli et al. (2004b).
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retroviruses) APOBEC3G, -3B, and -3A have been shown to be able to interact
with the TAP Gag (Bogerd et al., 2006a).

It has been proposed that the endogenous IAP and MusD sequences natu-
rally present in the mouse genome bear evidence of GXA-to-AXA substitutions
(Esnault et al., 2005), which shows some similarity to but is clearly distinct from
the mAPOBECS3 sequence preference previously reported (Yu et al., 2004c).
No such mutation patterns were observed in L1Md (murine LINE-1, a non-
LTR retroelement) sequences analyzed. These observations, therefore, provide
a measured degree of support to the idea that APOBECS3 proteins may indeed
have played a role in the hypermutation of LTR (but not non-LTR) retroele-
ments during their evolution in mouse, possibly also functioning to control such
retrotransposition. However, APOBEC3-deficient mice breed well with little
obvious phenotype indicating that maintaining an endogenous retrotransposi-
tion that is low enough to ensure viability, health, and fertility does not require
APOBEC3 (Mikl et al., 2005).

In addition to an effect on mammalian retrotransposons, expression of
human APOBEC3C, -3F, -3G, or of mouse APOBECS3 in yeast can lead to an
inhibition of transposition of yeast Ty element constructs with accompanying
G-to-A mutations on the Tyl plus-strand (Dutko et al., 2005; Schumacher et al.,
2005). These observations made using a Tyl element transposition assay sug-
gest that yeast might provide an attractive system in which to dissect aspects of
APOBECS activity. However, since the APOBECS3s are clearly a vertebrate-
specific gene family, the observations in yeast also caution that even if effects
can be observed by enforced expression of APOBECS3 proteins in a contrived
in vitro retrotransposition assay, care must be taken in extrapolating to conclu-
sions regarding a natural physiological role in regulating transposition in vivo.
The APOBECS3 proteins bind nucleic acid and artifactual effects of ectopic
expression can readily be envisaged.

8.5. Action of APOBEC3 Family Members on Non-LTR-Containing
Endogenous Retroelements

In the human genome, the L1 element is the only autonomous non-LTR retro-
transposon with, on average, only 80-100 of the ~520,000 L1 copies being
retrotransposition competent (Brouha et al., 2003; Lander et al., 2001). A
functional full-length L1 element is ~6-kb long and includes two open-reading
frames (ORFs) (Dombroski et al., 1991). Functional L1 ORF2 protein (ORF2p)
can also mobilize nonautonomous non-LTR retrotransposons such as Alu in
trans (Dewannieux et al., 2003).

Using cell line assays to monitor in vitro retrotransposition of L1 element
constructs, it has been found that L1 transposition activity was reduced
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significantly by APOBEC3A, -3B, and -3C, but not by APOBEC3D, -3G, and
-3H (Bogerd et al., 2006b; Chen et al., 2006; Esnault et al., 2005; Muckenfuss
et al., 2006; Stenglein and Harris, 2006; Turelli et al., 2004b; Table 4). Contra-
dicting results were obtained for APOBEC3F and mAPOBECS3. There appears
to be no correlation between L1 restriction by an APOBEC3 protein and
its intracellular localization, or the potency of its antiretroviral or anti-LTR
retrotransposon activity (Bogerd et al., 2006b; Chen et al., 2006; Esnault
et al., 2005; Muckenfuss et al., 2006; Stenglein and Harris, 2006; Turelli
et al., 2004b). Transfected human APOBEC3A and -3B are also able to reduce
Alu element mobility in cell line assays which utilize either a cotransfected full-
length L1 or just its ORF2p-coding region. The restriction therefore appears
to be independent of the retroviral Gag equivalent ORF1p (Bogerd et al.,
2006b). APOBEC3B and -3F have similar inhibitory potentials, and are 96%
identical between residues 66-190 and 65-189, respectively, whereas the re-
mainders of the proteins share <57% identity. The corresponding region of
APOBEC3G is <50% identical, and is required for association with HIV-1 Gag
during encapsidation. Thus, it is possible that this region in APOBEC3B and
-3F may mediate L1 and Alu inhibition by associating with ORF2p (Stenglein
and Harris, 2006).

It appears that at least one intact Zn-coordination domain in both
APOBEC3A and -3B is required in order to inhibit L1 retrotransposition
(Bogerd et al., 2006b; Chen et al., 2006; Muckenfuss et al., 2006; Stenglein
and Harris, 2006). Indeed, it is notable that the transposition-restricting activity
of the APOBEC3B N-terminal domain (which displays no deaminase activity
on its own) is destroyed by disruption of its Zn-binding consensus sequence.
This is reminiscent of the requirement for a Zn-binding domain in the enzymat-
ically inactive APOBEC3G N-terminus for efficient packaging of APOBEC3G
into HIV-1 virions (Navarro et al., 2005; Newman et al., 2005). Furthermore,
L1 retrotransposition appears similarly inhibited by wild-type APOBEC3B
as by a catalytically dead mutant carrying amino acid substitutions outside
the Zn-coordination domain (Stenglein and Harris, 2006). Perhaps the Zn-
coordination domain sequence mediates L1 inhibition by APOBEC3A and -3B
by allowing a specific interaction with L1 nucleic acid complexes (possibly
involving the cytosine base), although enzymatic activity per se may not be
important. In support of this, L1 or Alu elements retrotransposed in the
presence of APOBEC3A, -3B, or -3C contained no detectable G-to-A hyper-
mutations (Bogerd et al., 2006b; Stenglein and Harris, 2006), and no such
footprints of cytidine deamination could be detected in 30 full-length pre-
existing endogenous L1 sequences (Muckenfuss et al., 2006; Zingler et al.,
2005). L1 ¢cDNA integration was reduced in the presence of APOBEC3B
(Stenglein and Harris, 2006) and so it seems that, at least in these assay systems,
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APOBECS proteins can interfere with L1 retrotransposition at a step prior to
integration and by a process that does not require DNA cytosine deamination.

To investigate the physiological relevance of the restriction of artificial L1
substrates by APOBEC3 proteins observed in these assays, Muckenfuss et al.
(2006) knocked down expression of endogenous APOBEC3C in HeLa cells
using a specific siRNA. Retrotransposition frequency of transfected L1 was
found to increase by ~78%, compared to cells expressing a control siRNA.
In order to propagate, retroelements must transpose in germ cells and/or
during the earliest stages in human embryonic development (Moran et al.,
1996). RT-PCR analyses showed that both APOBEC3B and L1 mRNA, but
not APOBEC3A mRNA, could be detected in three distinct undifferenti-
ated human ES cell lines (Bogerd et al., 2006b). It is possible, therefore, that
APOBEC3B might exert an antiretrotransposon function in very early embry-
onic tissues, where novel L1 and Alu retrotransposition events could lead
to new heritable insertions. Furthermore, immunohistochemistry data from
Uhlén et al. (Uhlén and Ponten, 2005; Uhlén et al., 2005) showed strong
APOBECSF expression in the seminiferous epithelium region of human testes,
consistent with APOBECS3F possibly constituting a male germ cell-specific
barrier to L1 retrotransposition.

Taken together, the data suggest that the inhibition of L1 transposition by
APOBEC3s observed in these in vitro assays occurs by a mechanism distinct
from cytidine deamination of the L1 genome. It is possible that the APOBEC3
proteins might interfere with RNP assembly in the cytoplasm, through seques-
tering RNA or protein, or by competitive binding. Alternatively, APOBEC3s
could directly inhibit L1-encoded protein activity, or repress other steps of the
L1 replication cycle, such as transcription, RNA export, or L1 protein transla-
tion. It remains to be established, however, whether the observations made
using these in vitro culture systems reflect any natural role of APOBECS3 family
members in the restriction of L1 element transposition in vivo.

8.6. Mechanism of APOBEC3-Mediated Restriction

All human APOBECS3 proteins except APOBEC3A and APOBEC3H have
been shown to exhibit DNA deaminase activity coupled to antiretroviral activity
in vitro. Their enzymatic activity targets retroviral replication intermediates
to induce G-to-A hypermutations. Such hypermutations occur during natural
HIV-1 infection in man, as witnessed by the existence of hypermutated HIV-1
sequences with the mutation patterns bearing the hallmarks of DNA deamina-
tion by APOBEC3 family members. Therefore, that some APOBEC3 family
members can and do act on retroviral replication intermediates in vivo is not
in doubt.
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However, it is also clear that, at least in in vitro experimental assay systems,
some APOBECS3 family members are capable of restricting the infectivity of
retroviral and nonretroviral particles, as well as retroelement transposition by
pathways that appear not to depend on DNA deamination. Major questions
therefore arise associated with the issues of (1) Does DNA deamination under-
pin the major pathway of APOBEC3-mediated retroviral restriction and, if so,
what is the restriction pathway downstream of the deamination event? (2) Does
the DNA deamination-independent restriction observed using in vitro assays
reflect a physiologically important pathway of retroelement restriction and, if so,
how does it work?

With regard to deamination-dependent pathways of APOBEC3-mediated
retrovirus restriction, it has been speculated that aside from causing deleteri-
ous mutations in the viral genome, the presence of uracils in the minus-strand
DNA might lead to the recruitment of uracil-excision enzymes which would
lead to the generation of abasic sites. Such abasic sites might compromise the
processivity of the reverse-transcriptase or could provide a target for apurinic-
apyrimidic endonucleases leading to the destruction of the viral cDNA before
its genomic integration. If such mechanisms apply, then it is clear that the
UNG2 enzyme cannot be the sole glycosylase responsible for uracil excision
since experiments performed using a UNG-deficient human cell line revealed
that UNG2 activity is dispensable for APOBEC3G-mediated restriction of
HIV-1 infectivity (Kaiser and Emerman, 2006). Alternatively, it could be
imagined that the deamination of the retroviral replication intermediates
could restrict retroviral infectivity simply by virtue of its mutagenic effect on
the viral genome or through some process involving recognition of the uracila-
tion of the DNA replication intermediates that does not directly involve uracil
excision.

With regard to possible deamination-independent pathways, these have
been observed in cotransfection experiments using cultured cell lines and
mutated APOBEC3G proteins that exhibit little or no deaminase activity but
can nevertheless retain some ability to restrict retroviral infectivity (Bishop
et al., 2006; Iwatani et al., 2006; Navarro et al., 2005; Newman et al., 2005;
Opi et al., 2006; Zhang et al., 2003). This has been proposed to suggest that
APOBEC3G (possibly by virtue of its RNA-binding capacity) may act as a
retroviral restriction factor independently of its own deaminase activity, although
these observations need to be extended to more physiological assays (Alce and
Popik, 2004; Cen et al., 2004; Iwatani et al., 2006; Schifer et al., 2004; Svarovskaia
et al., 2004). Thus, mutants in the first, second, or both Zn-binding domains
of APOBEC3G have mapped the RNA-binding region to the first domain of
APOBEC3G and the main contributor to the cytidine deaminase activity on DNA
to the second domain (Bishop et al., 2006; Iwatani et al., 2006; Navarro et al.,
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2005; Newman et al., 2005; Opi et al., 2006; Zhang et al., 2003). The viral
restriction activity of APOBEC3G is severely compromised by mutation of the
Zn-binding motif in the second domain but much less so by mutation of the first
domain. It is only when both domains of the protein are mutated that deaminase
activity and the viral restriction can both completely be abolished. It is also
becoming clear that the potency of retroviral inhibition does not correlate with
the hypermutation load, although it is possible that just a few deamination events
in the viral genome could suffice to induce restriction (Bishop et al., 2006; Iwatani
et al., 2006; Navarro et al., 2005; Opi et al., 2006).

Taken together with analogous studies on APOBEC3-mediated restriction of
retroelement transposition discussed above, it seems probable that—at least
following enforced expression in cell culture systems—the APOBEC3s are
able to act on retroviruses/retroelements by pathways that do not require cytidine
deamination. While one could readily imagine numerous other ways by which
APOBECS3 proteins could act (presumably involving protein—protein or DNA—
RNA interaction) such pathways remain to be delineated and their importance in
physiological situations (especially in the absence of enforced overexpression)
remains to be assessed.

9. Conclusion

The AID/APOBEC family of polynucleotide deaminases constitutes a vertebrate-
restricted grouping related to a larger deaminase superfamily. With regard to
structure, the AID/APOBEC proteins have conventionally be compared to dea-
minases active on free cytidine; some of the deaminases active on cytosine or
tRNA are likely, however, to provide better paradigms. With regard to function,
although AID, APOBEC1 and APOBECS3s are all able to deaminate DNA
in vitro, only in the case of AID and APOBEC3s is it clear that such deamination
also occurs in vivo. Whereas DNA deamination is central to the activity of AID in
antibody diversification and of APOBEC3s in retroviral hypermutation, the
molecular mechanism by which the APOBECS3s restrict retroviral infection
remains to be elucidated.
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Abstract

Although B and T lymphocytes are similar in many respects including diversi-
fication of their antigen receptor genes by V(D)] recombination, 95% of all
lymphomas diagnosed in the western world are of B-cell origin. Many of these
are derived from mature B cells [Kuppers, R. (2005). Mechanisms of B-cell
lymphoma pathogenesis. Nat. Rev. Cancer 5, 251-262] and display hallmark
chromosome translocations involving immunoglobulin genes and a proto-
oncogene partner whose expression becomes deregulated as a result of the
translocation reaction [Kuppers, R. (2005). Mechanisms of B-cell lymphoma
pathogenesis. Nat. Rev. Cancer 5, 251-262; Kuppers, R., and Dalla-Favera, R.
(2001). Mechanisms of chromosomal translocations in B cell lymphomas. On-
cogene 20, 5580-5594]. These translocations are essential to the etiology of
B cell neoplasms. Here we will review how the B-cell specific molecular events
required for immunoglobulin class switch recombination are initiated and how
they contribute to chromosome translocations in vivo.

ADVANCES IN IMMUNOLOGY, VOL. 94 0065-2776/07 $35.00
© 2007 Elsevier Inc. All rights reserved. DOI: 10.1016/S0065-2776(06)94003-6



76 ALMUDENA RAMIRO ET AL.

1. Introduction

Antibody molecules recognize diverse pathogens and help to eliminate them by
activating a variety of immune effector mechanisms. In humans and mice, three
different molecular events help create the diversity necessary to deal with the
antigenic universe: V(D)] recombination, somatic hypermutation (SHM), and
class switch recombination (CSR). Some species, such as the chicken and sheep,
also diversify Ig gene by gene conversion, but we will not discuss this here.

V(D)] recombination assembles antibody variable regions from random germ
line gene segments in developing B cells in the bone marrow to produce the
initial antibody repertoire. B cells that have successfully rearranged their im-
munoglobulin genes express a cell surface antigen receptor composed of IgM
and associated signal transducers Iga and IgB. Because V(D)] recombination is
random, it produces numerous self-reactive receptors which are eliminated
from the repertoire before B cells can leave the bone marrow and enter the
peripheral lymphoid organs (Wardemann et al., 2003). Although the antibodies
produced by V(D)] recombination are sufficiently diverse to recognize nearly
all potential antigens, the antibodies produced by naive B cells are generally of
low affinity.

B cells develop high-affinity antibodies after initiation of immune responses
by SHM in the germinal center reaction in secondary lymphoid organs
(McKean et al., 1984). The germinal center reaction entails two molecular
processes that modify rearranged Ig loci namely, the SHM and the CSR
reactions. SHM involves the introduction of single nucleotide substitutions
and occasional deletions or duplications in the variable genes of the Ig heavy
and light chain loci. B cells that acquire antibodies with increased affinity for
the immunogen are clonally expanded and induced to differentiate into mem-
ory cells or antibody producing plasma cells (Meffre et al., 2000; Rajewsky,
1996). Conversely, when SHM gives rise to an autoantibody or an antibody with
decreased antigen-binding affinity, the cell will become anergic. CSR is a
region-specific recombination reaction which replaces the IgM constant region
by a downstream constant region, thereby allowing the expression of an anti-
body with specialized functional properties (Stavnezer, 1996). The recombina-
tion reaction takes place between two highly repetitive sequences called switch
regions that precede each of the constant regions (except 8) in the Ig heavy
chain locus and involves the excision of the intervening DNA sequence. It has
long been known that transcription is an absolute requirement for both SHM
and CSR. In the case of SHM, the region of DNA-mutated spans ~1-kb
downstream of the Ig promoter. Similarly, CSR is targeted downstream of a
series of promoters which precede the switch regions and that are activated by
specific cytokines (Barreto et al., 2005b).
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Activation-induced deaminase (AID), a cytidine deaminase that was discov-
ered independently by Honjo et al. and Durandy et al. (reviewed in Honjo et al.,
2002), initiates both SHM and CSR. Although there is still some debate about
how AID functions, most investigators believe that AID catalyzes the deamina-
tion of cytidine residues in single-stranded DNA (ssDNA), thereby producing
U:G mismatches which can be repaired by alternative DNA repair pathways to
produce either SHM or CSR (reviewed in Neuberger et al., 2005). These DNA
lesions also initiate some of the chromosome translocations that are frequently
associated with mature B-cell lymphomas (reviewed in de Yebenes and Ramiro,
2006).

2. Events Preceding the DNA Lesion
2.1. Epigenetic Modifications and Transcription

Eukaryotic DNA is folded and compacted by histone and nonhistone proteins
into a higher-order structure called chromatin which plays a crucial role in the
regulation of a number of processes, including transcription, DNA replication,
recombination, and repair. Euchromatin or active chromatin is generally asso-
ciated with acetylated histones and hypomethylated DNA. Consistent with
this idea, blocking histone deacetylases with trichostatin A (TSA) enhanced
both the transcriptional activity and the mutation rate of a green fluorescent
protein target gene in a hypermutating cell line (Bachl et al., 2001). In addition,
histone H3 acetylation is correlated with hypermutation of the Ig heavy chain
variable region in vitro (Woo et al., 2003). Similarly, switch region transcription
and recombination is associated with histone H3 acetylation in primary mouse
B lymphocytes (Li et al., 2004a; Nambu et al., 2003; Wang et al., 2006b).
However, there was no association between this histone mark and Ig heavy
chain V region mutation in primary B cells (Odegard et al., 2005). Transloca-
tions between Ig switch regions and IgH are initiated by the same molecular
mechanism as CSR (see below, Ramiro et al., 2006), and therefore histone
H3 acetylation of Ig switch regions and c-myc is likely to correlate with
translocation, but this has not yet been examined.

2.2. Transcriptional Activation

As mentioned above, transcriptional activation of the variable and the switch
regions is essential for SHM and CSR, respectively. In the case of the variable
region, transcription is initiated at the Ig promoter immediately preceding
the rearranged variable region. Transcription of switch regions initiates up-
stream of an I exon that precedes each switch region giving rise to noncoding
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germ line transcripts that span the I exon, the switch region, and the immedi-
ately downstream CH exons. Different combinations of LPS, cytokines, and
costimulatory molecules drive the transcriptional activation of individual I
promoters and determine the switch region—and therefore the CH region—
that will be involved in the CSR event (reviewed in Stavnezer, 2000). A number
of early studies addressed the role of cis-acting sequences in SHM and CSR.
Removal of the Ig promoter and of the I exon promoter resulted in a dramatic
decrease of SHM (Fukita et al., 1998) and CSR (Jung et al., 1993; Zhang et al.,
1993), respectively. However, replacement of the endogenous promoters by
heterologous promoters could reconstitute, at least in part, both SHM and CSR
(reviewed in Li et al., 2004c) and (Honjo et al., 2002). Furthermore, duplication
of the Ig promoter in front of a transgenic Ck region promoted the accumula-
tion of mutations in this constant region. The frequency of SHM frequency
decreases with distance from promoter and roughly correlates with transcrip-
tion rate (see below). All these results indicated that transcriptional activation is
closely linked to the SHM and CSR reactions. Today it is believed that the
primary function of transcription during SHM and CSR is to provide AID with
the proper DNA substrate (see below).

3. The DNA Lesion
3.1. AID Function

AID was identified by Honjo and his colleagues in 1999 as a cDNA selectively
expressed in a murine B-cell line activated to undergo CSR (Muramatsu et al.,
1999). Sequence analysis suggested that AID is a deaminase and that it is most
closely related to APOBECI (34% amino acid identity), which is an mRNA-
editing cytidine deaminase (Muramatsu et al., 1999). However, there is no
known mRNA substrate for AID and all of the biochemical, cell biological, and
genetic evidence suggests that AID initiates SHM, CSR, Ig gene conversion,
and chromosome translocations by directly deaminating cytidines in DNA. The
DNA deamination model posits that cytidine deamination produces a uracyl
leading to a U:G mismatch in DNA that is processed by one of several alterna-
tive repair pathways leading to SHM or CSR or chromosome translocations.
Below we summarize the data supporting this idea.

3.1.1. Genetic Evidence

Uracils in genomic DNA are normally removed by ubiquitous uracil deglicosy-
lases (UDGs), leaving an abasic site that is repaired by one of several different
mechanisms. In the absence of UDGs, uracil-containing DNA is replicated
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resulting in a daughter cell harboring a C to T transition. The first evidence that
DNA is the substrate for AID came from experiments in which AID expressed
in Escherichia coli induced C to T mutations, whose frequency increased
dramatically in the absence of UDG (Petersen-Mahrt et al., 2002; Ramiro
et al., 2003; Sohail et al., 2003). These experiments lend strong support to the
DNA deamination model since an mRNA intermediate shared by eukaryotes
and prokaryotes is highly unlikely and uracil removal from DNA was an impor-
tant feature of the reaction. Furthermore, mice, chickens, and humans lacking
uracil-N-glycosylase 1 (UNG) showed the predicted abnormalities in SHM
(increased transitions) (Di Noia and Neuberger, 2002; Imai et al., 2003; Rada
et al., 2002b) and pronounced deficiencies in CSR and translocation (Imai et al.,
2003; Rada et al., 2002b; Ramiro et al., 2006).

U:G mismatches can also be recognized and processed by the mismatch
repair (MMR) machinery and mutations in MMR proteins Msh2 and Msh6 in
mice, chickens, and humans show alterations in SHIM and CSR consistent with
the DNA deamination model (Li et al., 2004b; Martomo et al., 2004; Rada et al.,
1998; Schrader et al., 1999; Wiesendanger et al., 2000). Moreover, the combined
deficiency of UNG and Msh2 results in a complete absence of CSR and SHM
which is entirely limited to transitions from C to T suggesting that deaminated
cytidines can only be recognized by these two repair pathways (Rada et al.,
2004). In summary, the genetic evidence shows that AID promotes the intro-
duction of mutations by a pathway that involves cytidine deamination and that
U:G mismatches are obligate intermediates in the SHM, CSR, and chromosome
translocation reactions (see below).

3.1.2. Biochemical Evidence

AID can bind ssDNA and RNA in vitro (Dickerson et al., 2003) but it only
deaminates ssDNA (Bransteitter et al., 2003; Chaudhuri et al., 2003; Dickerson
et al., 2003). Strikingly, APOBECI, whose bona fide substrate is ApoB mRNA,
is also able to deaminate ssDNA in vitro, although with low efficiency
(Petersen-Mahrt and Neuberger, 2003). Further support for the DNA deami-
nation model comes from analyzing the sequence specificity of the deamination
reaction in vitro. SHM is focused on WRC hot spots (W = A or Tand R = A or
G) and AID shows the same sequence preference in vitro suggesting that AID
recognizes WRC directly (Pham et al., 2003). Finally, AID has been found to be
physically associated with switch region DNA in B cells induced to undergo
CSR in vitro (Nambu et al., 2003), although others were unable to confirm this
result in a murine B-cell line (Begum et al., 2004).
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3.2. Substrate ssDNA Is Liberated During Transcription

Transcription is required for both CSR and SHM and the rate of transcription
is directly related to the frequency of mutation and CSR (Bachl et al., 2001;
Fukita et al., 1998; Okazaki et al., 2002; Ramiro et al., 2003; Yoshikawa et al.,
2002). In vitro biochemistry and E. coli experiments suggest that the role of
transcription is to make ssDNA available to AID. Whereas ssDNA is deami-
nated by AID in vitro, double-stranded DNA (dsDNA) substrates can only
serve as substrates when transcribed and the substrate strand is the non-
template strand (Chaudhuri et al., 2003; Dickerson et al., 2003; Pham et al.,
2003). Similarly in E. coli, it is the nontemplate strand which is preferentially
mutated by AID (Ramiro et al., 2003; Sohail et al., 2003). The precise DNA
structure that is liberated during transcription is not defined and could
include both transcription bubbles and R-loop structures, produced by
RNA-DNA hybrids that displace the G-rich nontranscribed strand in single-
stranded configuration (Shinkura et al., 2003; Tian and Alt, 2000; Yu et al.,
2003, 2005).

Less is known about the mechanism by which transcription facilitates AID
function in vivo. In contrast to the biochemical and E. coli experiments,
mutations are observed on both strands of Ig genes in vivo. The lack of strand
bias in vivo is likely due to AID targeting because mutations in Sp (Nagaoka
et al., 2002; Reina-San-Martin et al., 2003) appear on both DNA strands in
mice that are deficient in Ung and Msh2 where the mutation spectrum can be
attributed to AID targeting alone and not to downstream processing of the
initial DNA lesion (Xue et al., 2006). Two groups have proposed that DNA
supercoiling during transcription may liberate ssDNA on both strands to
produce AID substrates (Besmer et al., 2006; Shen and Storb, 2004; Shen
et al., 2005). Consistent with this idea, supercoiled plasmids exposed to AID
in vitro were mutated on both strands (Besmer et al., 2006; Shen and Storb,
2004; Shen et al., 2005).

3.3. AID Transcriptional Regulation

AID is specifically expressed in germinal center B cells (Muramatsu et al.,
1999). A number of activation stimuli promote AID expression in splenic
B cells, such as LPS alone or in combination with interleukin-4 (IL-4) or
TGFB (Muramatsu ef al., 1999) and CD40 ligation (Dedeoglu et al., 2004).
Therefore, under physiological conditions, expression of AID is linked to the
B-cell activation program taking place in germinal centers. JAK/STAT and
NF-kB pathways have been shown to be involved in IL-4-induced AID
expression in B cells (Dedeoglu et al., 2004; Zhou et al., 2003).
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E-proteins are helix-loop-helix (HLH) transcription factors that bind
E boxes at DNA. E-proteins can also form heterodimers with antagonist
HLH proteins that lack the DNA-binding domain preventing transcription,
known as inhibitors of differentiation (Id1-4). It has been shown that the E47
E-protein can induce the expression of AID in B cells through the activation of
an intronic enhancer in the Aicda gene. This activation seems negatively
regulated by Id3. Accordingly, E47 deficiency and Id3 overexpression result
in a decrease in CSR (Sayegh et al., 2003). Another Id protein, Id2, has been
reported to repress AID expression by antagonizing the activity of the Pax5
transcription factor (Gondaet al., 2003). Further, Blimp1, a master transcription
factor involved in plasma cell differentiation, represses the expression of Pax5
(Lin et al., 2002) and AID (Shaffer et al., 2002) and in the absence of the Blimp1
regulator interferon regulatory factor-4 (IRF-4) CSR and AID expression are
severely impaired (Klein et al., 2006; Sciammas et al., 2006). These results
provide evidence that regulation of AID expression is intertwined in the B-cell
activation and developmental programs to ensure a tight restriction.

3.4. The AID Protein
3.4.1. The AID Protein

AID is one of the ancestral members of the AID/APOBEC family of cytidine
deaminases and it is highly conserved from cartilaginous fish to humans
(Conticello et al., 2005; Zhao et al., 2005). SHM developed before CSR, but
AID’s ability to catalyze CSR developed before the CSR reaction itself (Barreto
et al., 2005a; Ichikawa et al., 2006; Wakae et al., 2006). On the basis of modeling
by threading and comparative computational models that rely on the crystal
structure of a yeast cytidine deaminase, AID is believed to be organized in
an N-terminal catalytic domain spanning roughly the first 150 residues whose
fold may resemble that of yeast and E. coli cytidine deaminase catalytic domains,
and a C-terminal pseudocatalytic domain of more uncertain structure (Xie et al.,
2004; Zaim and Kierzek, 2003). Numerous inactivating AID mutations have
been found in HIGM2 patients affecting both the catalytic and the pseudoca-
talytic domains, implying a strong structural constraint in the molecule
(Quartier et al., 2004; Revy et al., 2000).

Similarly to other cytidine deaminases AID forms dimers and/or multimers
when overexpressed in 293T cells (Ta et al., 2003). A careful analysis of deletion
and point mutants showed that AID forms homodimers in the absence of DNA
or other cofactors, and mapped the region responsible for dimerization be-
tween residues 27 and 56 (Wang et al., 2006a). Functional analysis of mutants
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in this region showed that dimer formation is required for efficient CSR (Wang
et al., 2006a).

3.4.2. Functional Domains

AID-induced DNA lesions are repaired by different pathways to produce
SHM or CSR. For example, Ku, H2AX, and 53BP1 are required for CSR but
not for SHM. How the choice of repair pathway is made in each case is not
known but may involve specific domains of AID. For example, the C-terminal
region (residues 189-198) of AID is required for CSR but dispensable for
SHM and therefore targeting to Ig loci (Barreto et al., 2003; Durandy et al.,
2006; Imai et al., 2005; Ta et al., 2003), and the N-terminal region of AID is
more important for SHM than for CSR (Shinkura et al., 2004). Interestingly,
the R190X mutation in AICDA has an in vivo CSR phenotype inherited as an
autosomal dominant trait (Imai et al., 2005). These observations suggest that
there could be reaction-specific cofactors that interact with different portions
of the AID protein and that AID might also influence lesion resolution.

3.5. AID Nuclear Transport and Posttranslational Modification

AID activity, like that of many proteins with nuclear function, is regulated in
part by active nuclear export. Expression of epitope-tagged AID or AID-GFP
fusions in cells revealed that AID predominantly resides in the cytoplasm (Rada
et al., 2002a). The C-terminus of AID, which is essential for CSR (residues
188-198, see above), is a consensus nuclear export signal (NES) recognized by
the exporting chromosome region maintenance-1 (CRM1) (Brar et al., 2004;
Ito et al., 2004; McBride et al., 2004). CRML is a soluble shuttling factor of the
Karyopherin family that binds and exports NES-containing proteins out of the
nucleus. Mutation of the AID NES or inhibition of CRMI, with the specific
inhibitor leptomycin B, results in an accumulation of nuclear AID. This also
leads to a marked increase in mutation frequency in fibroblasts (McBride et al.,
2004). However, in B cells the rate of CSR and associated hypermutation of
switch regions is not affected, indicating that AID nuclear export may function
to limit AID mutations on non-Ig loci.

It is unclear how AID gains access to the nucleus. By itself AID is small
enough to passively diffuse into the nucleus; however, most nuclear proteins
are actively transported. Ito et al. (2004) have reported that the N-terminal
domain is critical for nuclear accumulation of AID. A similar role for the
N-terminus of APOBECI, with sequence similarity, has also been described
(Yang et al., 2001). Although both proteins contain sequence similar to a
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bipartite nuclear localization signals (NLS) neither one can act as an autono-
mous NLS when fused to a large indicator protein (Brar et al., 2004; McBride
et al., 2004; Yang et al., 2001). Furthermore, mutation of the arginine and lysine
residues, normally critical to NLS function, have negligible effects. Therefore,
it remains possible that AID contains a nonclassical NLS or interacts with a
chaperone protein to translocate to the nucleus.

AID activity is augmented by cAMP-dependent protein kinase A (PKA) phos-
phorylation on serine 38 (S38) (Basu et al., 2005). In B cells undergoing CSR, the
phosphorylated form is a small fraction, perhaps 5-10% of the overall AID
population, but this fraction is preferentially enriched on chromatin and contri-
butes disproportionately to hypermutation and CSR activity (McBride et al.,
2006). AID with S38 mutated to alanine mutation (AID5*%) has greatly dimin-
ished capacity for CSR and hypermutation (Basu et al., 2005; McBride et al.,
2006; Pasqualucci et al., 2006). PKA is a ubiquitous kinase and AID phosphoryla-
tion is not B-cell specific since AID expressed in fibroblasts is phosphorylated and
mutant AIDS®* has greatly diminished hypermutation activity in fibroblasts
(McBride et al., 2006). One way S38 phosphorylation augments AID activity is
by facilitating interaction with replication protein A (RPA), a ssDNA-binding
protein that contributes to AID function (Basu et al., 2005; Chaudhuri et al.,
2004). On the basis of in vitro studies, RPA targets phospho-AID activity to
ssDNA and may also facilitate its interaction with UNG.

AID S38 is within a consensus phosphorylation motif of the PKA and is
phosphorylated by PKA in vitro (Basu et al., 2005). Cells treated with activators
of PKA such as forskolin and IBMX also showed enhanced AID phosphoryla-
tion, and an inhibitor, H89, diminished CSR (Basu et al., 2005; Pasqualucci
et al., 2006). PKA, normally exists as an inactive tetramer of two catalytic units
together with two regulatory units (PKAR). On stimulation with cAMP, PKA is
released from PKAR and activated. Coimmunoprecipitation studies revealed
that AID is in complex with one of the regulatory units PKA regulatory subunit
la (PKARIA) (Pasqualucci et al., 2006). Phosphorylation of substrates is often
controlled at the level of localization due to PKA anchoring at subcellular sites
and limited substrate interaction within subcellular regions. We speculate that
in the case of AID phosphorylation may be regulated by nuclear-anchored
forms of PKA.

3.6. AID Targeting

Cytidine deamination takes place spontaneously during normal cell metabo-
lism and is normally repaired faithfully. For reasons not yet understood,
AID-induced cytidine deamination is channeled to mutations, and in the
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case of CSR to dsDNA breaks. Under normal circumstances, AID expression
is restricted to activated mature B cells (see above), and is mostly localized
in the cell cytoplasm, which may decrease the risk of DNA damage. How-
ever, the mechanisms responsible for AID targeting of Ig genes, and
for sparing other sequences, remains one of the most intriguing issues in the
field.

Variable regions are rich in WRC motifs, which constitute mutational hot
spots for AID activity (see above). Targeting to these motifs seems an intrinsic
feature of AID deaminase activity, although it might be enhanced or modu-
lated by RPA (Chaudhuri et al., 2004), Msh6 (Li et al., 2006), or both. How-
ever, neither the AID requirement for these hot spots is absolute nor is their
complexity sufficient to ensure specificity for Ig sequences. In addition, the
variable region of Ig transgenes has been replaced by a number of heterologous
sequences (Li et al., 2004c) and targeting is still achieved. Likewise, heterolo-
gous palindromic sequences can substitute for the switch regions in supporting
CSR, at least to some extent (Honjo et al., 2002). Therefore, primary sequence
is not a major determinant for AID targeting.

As discussed above, transcriptional activation of target sequences—that is,
Ig variable and switch regions—is required for AID activity and therefore can
be considered a targeting mechanism. Since not all transcribed genes are
mutated the role of specific cis elements of Ig genes in supporting SHM has
been extensively studied [reviewed in Li et al. (2004c) and see above]. Howev-
er, since removal or mutation of cis sequences results in a decreased transcrip-
tional rate of Ig genes, the decrease in SHM observed in these experiments
does not allow one to discriminate a targeting effect from an effect on AID
accessibility. Similarly, some epigenetic modifications associated with the Ig
locus (see above) could be envisioned as a targeting mechanism. However,
there is no evidence so far to assign a role to these modifications—in particular
to H3 hyperacetylation—different from the transcriptional activation of these
regions.

It is tempting to speculate that the main role of Ig cis elements might be to
allow AID activity by promoting transcriptional activation rather than to serve a
targeting/recruiting mechanism specific to the Ig locus. It is counterintuitive
that restriction for AID mutagenic activity would be provided only by the
transcriptional activity of the locus, unless transcriptional rates of Ig genes
are exceptionally high compared to other genes expressed in activated B cells.
More likely, targeting specificity may be achieved by other mechanisms, related
or not to transcriptional activation. One way or another AID targeting to Ig
genes is not infallible, which may be of great consequence to lymphomagenesis
(see below).
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4. DNA Damage Detection and Resolution During CSR

CSR is a deletional recombination reaction and the joining of two heterologous
S regions results in the loss of up to 200 kbps of intervening DNA, which is
released as a circular episome. Because of the deletional nature of CSR,
double-strand breaks (DSBs) in donor and acceptor S regions are obligate
intermediates. The precise mechanism by which DSBs in S regions are gener-
ated is not known, but appears to involve the processing of AID-mediated
lesions by MMR and base excision repair enzymes (Honjo et al., 2005; Rada
et al., 2004; Schrader et al., 2005). For CSR to succeed, DSBs in donor and
acceptor S regions need to be detected, brought to close proximity and ligated.

4.1. Nonhomologous End-Joining and DSB Resolution During CSR

In eukaryotes, DSBs are repaired through two pathways: homologous recom-
bination (HR) and nonhomologous end-joining (NHE]) (Sancar et al., 2004).
HR is used to accurately repair DSBs by copying information from a homolo-
gous template during S/G2-phases of the cell cycle, where sister chromatids are
available (Sancar et al., 2004). NHE], on the other hand, is an error-prone
process that operates primarily during the G1-phase of the cell cycle to rejoin
DNA ends bearing little or no homology (Sancar et al., 2004). Seven factors
specifically required for mammalian NHE] have been described to date: the
DNA-dependent protein kinase (DNA-PK) composed of two DNA-binding
subunits (Ku70, Ku80) and a catalytic subunit (DNA-PKcg), the Artemis
endonuclease, the XRCC4 and DNA-ligase IV complex, and their recently
identified partner Cernunnos/XLF, which is believed to potentiate the ligase
activity of the complex (Ahnesorg et al., 2006; Buck et al., 2006). Mutation in
any of these genes results in a severe combined immunodeficiency (SCID)
phenotype due to abnormalities in resolution of DNA ends produced by the
RAGI1/2 endonuclease during V(D)] recombination (Ahnesorg et al., 2006;
Buck et al., 2006; de Villartay et al., 2003).

4.1.1. Ku70 and Ku80

Direct evidence for NHE] in CSR came from the analysis of mice deficient in
the DNA-binding subunits of DNA-PK: Ku70 and Ku80 (Casellas et al., 1998;
Manis et al., 1998). Mice deficient in these factors fail to develop B lymphocytes
due to abnormal V(D)] recombination, but B-cell development can be rescued
by introducing prerearranged variable regions into the immunoglobulin heavy
and light chain loci by gene targeting (Casellas et al., 1998; Manis et al., 1998).
These mice displayed normal numbers of mature peripheral IgMJr cells but had
no detectable levels of serum Ig other than IgM (Casellas et al., 1998; Manis
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et al., 1998). This phenotype appeared to be B-cell intrinsic and was not due to
the absence of T cells since Ku70/80-deficient B cells were unable to produce
secondary isotypes when cultured in vitro in the presence of LPS, LPS and 114,
and anti-CD40 and IL-4. The CSR defect in the absence of Ku70/80 was
independent of abnormal transcription of S regions as sterile transcripts were
readily detected by RT-PCR and was not due to reduced DSB formation as
assessed by ligation-mediated PCR (Casellas et al., 1998; Manis et al., 1998).
Furthermore, failure to undergo CSR was pinpointed to defective recombination
at the DNA level since no mature switch recombination products were found by
digestion—circularization PCR (Casellas et al., 1998). Ku70/80 deficiency is
associated with growth retardation and it remained possible that abnormalities
in proliferation per se may have accounted for the CSR defect observed. This
issue was, however, addressed by using the vital dye CFSE to show that Ku80-
deficient B cells that respond to stimulation and that undergo several rounds of
cell division are still unable to undergo CSR (Reina-San-Martin et al., 2003).
Therefore, Ku70 and Ku80 are required for CSR.

4.1.2. DNA-PKcs

The role of the catalytic subunit DNA-PKcg in CSR is less clear. The first
indication that it might be involved in CSR was obtained by inducing CSR
in vitro of immature B cells from mice bearing a homozygous mutation in the
DNA-PKcs gene (SCID mice) (Rolink et al., 1996). In vitro stimulation of
SCID pre-B cells with anti-CD40 and IL-4 resulted in a CSR defect to IgE,
suggesting that DNA-PK g is involved in DSB resolution during CSR (Rolink
et al., 1996). In this study, however, CSR to other isotypes was not addressed
and CSR normally involves mature B cells and not pre-B cells.

In an attempt to clarify the role of DNA-PK¢g in CSR, Manis et al. (1998)
rescued B-cell development in DNA-PKgs ™/~ mice using the same approach
as for Ku70~~ mice. Intriguingly, they found that CSR was impaired to all
isotypes except IgG1l (Manis et al., 2002). The defect was not due to altered
switch region transcription or AID expression. Furthermore, they showed that
DNA-PKg-deficient B cells do not display proliferation defects and that CSR
can occur in both alleles as in the wild type. Analysis of Sp—Sy1 switch region
junctions obtained from DNA-PKos ™/~ B cells showed that S region break-
point locations were unaltered and that these junctions were not different from
wild type in the extent of microhomology or in mutation frequency at the
junctions. They concluded that CSR is dependent on DNA-PK¢g and that
switching to IgG1 may be mechanistically different from other isotypes, per-
haps due to intrinsic sequence properties and/or to independence of regulation
by the 3’ IgH enhancer (Manis et al., 2002).
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In another study, Bosma et al. (2002) showed that DNA-PK ¢ is not required
for CSR by examining IgMJr mature B cells from SCID mice with site-directed
heavy and light (k) chain transgenes and where the T-cell compartment was
reconstituted with thymocytes from ]Hf/ ~ mice (Bosma et al., 2002). They
found that reconstitution of the B- and T-cell compartments in an SCID
background resulted in the accumulation of serum immunoglobulins of all
isotypes at levels comparable to wild-type mice. When tested in vitro for
CSR with LPS, IL-4, and/or TGFp, SCID B cells were able to undergo CSR
as determined by surface expression of IgG1, IgG2b, and IgG3. The percent-
age of IgG™ cells in SCID homozygous transgenic B cells was similar to SCID
heterozygous transgenic controls but two- to threefold lower than in nontrans-
genic heterozygous B cells. The formation of post-switch and circle transcripts
was assessed by semiquantitative RT-PCR and was found to be produced at
similar levels in SCID and control heterozygous mice, thus indicating success-
ful CSR events. After failing to detect any DNA-dependent kinase in nuclear
extracts obtained from SCID pre-B and mature B cells, they concluded that
CSR is not severely impaired in DNA-PKcs ™~ B cells (Bosma et al., 2002).
Similarly, Cook et al. (2003) reported that when the SCID mutation is intro-
duced into anti-hen egg lysozyme transgenic B cells capable of undergoing
CSR, switching to all isotypes (including IgG1) is detectable but at reduced
levels when compared to control B cells of the same specificity and lacking the
RAGI gene (Cook et al., 2003). One potential explanation for the difference
between SCID and the engineered mutant is that the latter is a null, while
the SCID mutation results in the expression of a truncated protein lacking
kinase activity that could potentially serve as a scaffold for other proteins
involved in CSR (Bosma et al., 2002; Cook et al., 2003; Manis et al., 2002).

4.1.3. Artemis

Artemis is an endonuclease that processes hairpin ends for ligation and it is
required to open coding ends during V(D)] recombination (Moshous et al.,
2001) but it is not required for CSR (Moshous et al., 2001; Rooney et al., 2005).
Artemis-deficient mice displayed normal levels of circulating switched antibo-
dies and Artemis-deficient B cells were able to undergo CSR to all isotypes at
wild-type frequencies in in vitro cultures (Rooney et al., 2005). This result
indicates that end processing of DNA ends by Artemis is dispensable for CSR.

4.1.4. Cernunnos/XLF, XRCC4, and DNA ligase IV

Cernunnos/XLF, XRCC4, and DNA ligase IV have yet to be analyzed for CSR
by gene targeting. Human patients bearing mutations in Cernunnos display
growth retardation, microcephaly, and immunodeficiency characterized by
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severe T and B lymphocytopenia (Ahnesorg et al., 2006; Buck et al., 2006).
Although these patients display hypoglobulinemia, IgM serum levels were
found to be occasionally elevated as is observed in CSR-deficient hyper-IgM
syndromes (Buck et al., 2006; Durandy et al., 2006). This suggests that
Cernnunos may play a role in CSR but further investigation is required.

Inactivation of XRCC4 or DNA ligase IV results in embryonic lethality and
conditional inactivation mouse models have not yet been generated (Barnes
et al., 1998; Frank et al., 1998; Gao et al., 1998). In contrast to Ku70/80 or
DNA-PKcg, the XRCC4 and ligase IV ligase complex has no reported roles
outside NHE] and analysis of CSR in B cells deficient for these genes may
provide clues as to which DSB repair pathways operate during CSR. Pan-
Hammarstrom et al. (2005) reported the analysis of CSR in peripheral B cells
obtained from human patients bearing homozygous mutations in the ligase IV
gene. Ligase IV-deficient patients appear to accumulate switched IgA+ cells as
determined by a semiquantitative genomic DNA PCR assay amplyfing Sp—Sa.
productive switch junctions. The frequency of IgA™ cells in the patients
appears to be lower than in healthy controls but this was not assessed by flow
cytometry. Although functional in vitro assays were not done in this study,
sequence analysis of Sp—Sa, Sp—Sy2, and Sp—Sy3 switch junctions revealed
that DSB resolution in B cells from these patients was altered and was char-
acterized by a significant increase in microhomology and insertions. These
results link the NHE] pathway to DSB resolution during CSR and suggest
that the requirement for DNA ligase in CSR may not be absolute and that
alternative pathways may operate to resolve DSBs during CSR. This point,
however, needs to be further clarified by gene targeting in mouse models, as
the mutations in the patients are hypomorphic and one cannot exclude the
possibility of some residual DNA ligase IV activity.

4.2. DNA Damage Response During CSR

DNA DSBs represent a severe threat for genome integrity and therefore
highly sensitive DNA damage signaling and amplification mechanisms have
evolved (Sancar et al., 2004). In response to DSB formation, a complex
network of proteins is activated in order to impose cell cycle checkpoints,
regulate cell survival, and induce DNA repair (Sancar et al., 2004). These
responses are tightly coordinated by a family of serine/threonine kinases,
containing a phospatidylinositol-3-kinase domain that includes ataxia—
telangiectasia mutated (ATM), DNA-PK¢s, and ATM- and Rad3-related
(ATR) (Shiloh, 2003). These kinases are the prototype transducers of the
DNA damage signal (Shiloh, 2003). Among these, the ATM kinase plays a
prominent role in the response to DSB and disruption of ATM in mice or in
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humans results in ataxia—telangiectasia (A-T), a syndrome characterized by
radiosensitivity, chromosomal instability, cancer predisposition, and immuno-
deficiency (Barlow et al., 1996; Borghesani et al., 2000; Elson et al., 1996;
Savitsky et al., 1995; Xu et al., 1996). ATM is reported to exist as an inactive
homodimer which in response to DSBs dissociate by an unknown mechanism
leading to the release of active ATM monomers which are autophosphory-
lated in the serine residue at position 1981 (Bakkenist and Kastan, 2003;
Pellegrini et al., 2006). However, in mice, this serine phosphorylation does
not affect the oligomerization status of ATM, its activity, or ability to undergo
class switch recombination (Pellegrini et al., 2006). Activated ATM monomers
then phosphorylate and activate a plethora of substrates including the histone
variant H2AX, the nijmegen syndrome protein 1 (Nbsl), p53-binding
protein 1 (53BP1) among others, that control cell cycle checkpoints and
promote DNA repair (Anderson et al., 2001; Burma et al., 2001; Paull et al.,
2000; Rappold et al., 2001; Rogakou et al., 1998; Shiloh, 2003). Although ATM
activation is crucial in the responding to DSB formation, ATM is not a DNA
damage sensor and its full activation is dependent on the evolutionarily
conserved protein complex composed by Mrell, Rad50, and Nbsl (MRN).
The MRN complex has been implicated in many aspects of DSB detection
and processing (D’Amours and Jackson, 2002; Stracker et al., 2004). Patients
with hypomorphic mutations in Mrell or Nbsl display a syndrome that is
similar to A-T patients (Carney et al., 1998; Stewart et al., 1999; Varon et al.,
1998), indicating that MRN and ATM function in similar pathways in vivo.
Indeed, Nbsl and Mrell are required for the efficient autophosphorylation
of ATM on serine 1981, the recruitment of activated ATM into irradiation-
induced foci, and for the phosphorylation of downstream ATM targets
(Anderson et al., 2001; Burma et al., 2001; Paull et al., 2000; Rappold et al.,
2001; Rogakou et al., 1998; Shiloh, 2003). Similarly, 53BP1 is phosphorylated
by ATM in response to DSB formation, and it accumulates at sites of DNA
damage in a manner dependent on the phosphorylated form of histone H2AX
(Celeste et al., 2003; Fernandez-Capetillo et al., 2002; Mochan et al., 2004;
Ward et al., 2003a). Although 53BP1 was originally described as a mediator of
DNA damage checkpoints, 53BP1 also senses DNA damage by binding to the
methylated lysine 79 of histone H3, a residue which is buried within the
nucleosome and only exposed after DSB formation (Huyen et al., 2004).

4.2.1. y-H2AX

One of the earliest events in response to a DSB is the phosphorylation of the
histone variant H2AX (y-H2AX) (Fernandez-Capetillo et al., 2004). y-H2AX
foci formation is believed to mark the site of a DSB and to facilitate the
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accumulation, but not the initial recruitment, of cell cycle checkpoint and DNA
repair proteins including ATM, Nbs1, and 53BP1 (Fernandez-Capetillo et al.,
2004). The first indication that the DNA damage response is involved in the
mechanism of CSR came from studies by Petersen et al. (2001) who showed
that y-H2AX and the Nbsl protein form foci specifically at the heavy chain
locus in B cells undergoing CSR. y-H2AX/Nbs1 focus formation was depen-
dent on AID expression and y-H2AX/Nbsl foci formed preferentially during
the Gl-phase of the cell cycle, a result that is consistent with DSB resolut-
ion through NHE] (Petersen et al., 2001). Inactivation of the H2AX gene
revealed that y-H2AX is not required for V(D)J recombination as mature B
and T cells were observed, albeit at lower numbers, but bearing normal V(D)]
recombination signal and coding joints (Petersen et al., 2001). H2AX deficien-
cy, however, resulted in genomic instability and defective CSR (Celeste et al.,
2002; Petersen et al., 2001). These experiments strengthened the idea that
DSB are intermediates in the CSR mechanism, directly linked the DNA
damage response to CSR and demonstrated that the function of AID is
upstream of the generation of DSBs.

Having linked the DNA damage response to the CSR mechanism, Reina-
San-Martin et al. (2003) characterized how H2AX deficiency impacts on SHM
and CSR. Interestingly, while H2AX deficiency resulted in defective CSR,
SHM was unaffected, suggesting that DNA damage inflicted by AID in immu-
noglobulin genes is processed through alternative pathways during SHM and
CSR (Reina-San-Martin et al., 2003). The defect in CSR in H2AX '~ B cells
was cell autonomous and independent of proliferation abnormalities. Switch
region transcription and AID accessibility to switch regions were unaffected as
determined by real time RT-PCR and by the induction of mutation in switch
region DNA, respectively. In addition, switch region junctions appeared to
be normal in terms of microhomology, mutation frequency, and distribution.
B cells stimulated to undergo CSR frequently undergo intraswitch region
recombination, an event that is believed to reflect failed attempts at CSR as it
is dependent on AID and Ku80 (Dudley et al., 2002; Reina-San-Martin et al.,
2003). Unexpectedly, the frequency of short-range intraswitch region recombi-
nation in H2AX™"~ B cells appeared to occur at wild-type levels, indicating that
only long-range interswitch region recombination is affected by H2AX defi-
ciency (Reina-San-Martin et al., 2003). On the basis of these observations, it
was proposed that phosphorylation of the C-terminal tail of histone H2AX
alters the structure of nucleosomes in switch regions inducing conformational
changes that facilitate the synapsis of heterologous switch regions during CSR
(Reina-San-Martin et al., 2003).
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4.22. ATM

Consistent with H2AX phosphorylation by ATM in response to y-irradiation
and AID-dependent y-H2AX focus formation during CSR, Reina-San-Martin
et al. (2004) and Lumsden et al. (2004) showed that ATM deficiency resulted in
inefficient CSR. As in H2AX-deficient mice, SHM appeared to be unaffected
by ATM deficiency (Lumsden et al., 2004; Reina-San-Martin et al., 2004). The
defect in CSR was not due to alterations in switch region transcription, acces-
sibility, or DNA damage checkpoint protein recruitment (Lumsden et al., 2004;
Reina-San-Martin et al., 2004). These results showed that ATM is indeed
involved in responding to AID-triggered DNA damage during CSR. However,
given the prominent role of ATM in mediating DNA damage responses, it was
surprising to find that CSR was reduced but not abrogated in ATM-deficient
B cells. This suggested that DNA damage transduction during CSR in the
absence of ATM may be compensated by other serine/threonine kinases,
possibly by DNA-PK¢s and/or ATR and is in agreement with the observation
that H2AX phosphorylation is detectable in ATM ™~ DNA-PK " and ATR ™~
cells (Brown and Baltimore, 2003; Elson et al., 1996; Fernandez-Capetillo
et al., 2002, 2003; Ward and Chen, 2001). Consistent with the phenotype
observed in H2AX-deficient B cells, in the absence of ATM intraswitch region
recombination appeared to occur at wild-type frequency and only long-range
interswitch recombination was affected, indicating that H2AX phosphorylation
by ATM is involved in facilitating long-range interswitch region recombination
during CSR (Reina-San-Martin et al., 2004).

4.2.3. The MRN Complex

On the basis of the AID-dependent y-H2AX/Nbsl1 foci formation during CSR,
it was predicted that the DNA damage sensor Nbsl and the MRN complex
would play a role in sensing AID-triggered DNA damage during CSR
(Petersen et al., 2001). In addition, switch region junctions cloned from pe-
ripheral B cells isolated from patients with hypomorphic mutations in Nbsl
and Mrell showed abnormalities and suggested that the MRN complex may
be involved in the processing of DNA ends prior to joining (Lahdesmaki et al.,
2004; Pan-Hammarstrom et al., 2003). To analyze the role of Nbs1 in CSR (Luo
et al., 2004; Xiao and Weaver, 1997; Zhu et al., 2001), Reina-San-Martin et al.
(2005) and Kracker et al. (2005) conditionally inactivated Nbsl in B cells
using the CRE/LoxP recombination system. Disruption of Nbsl resulted in
impaired proliferation, chromosomal endoreduplication, high levels of sponta-
neous DNA damage, and diminished cell survival (Kracker et al., 2005;
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Reina-San-Martin et al., 2005). In addition, Nbs1 deficiency in B cells led to a
cell intrinsic defect in CSR which was independent of switch region transcrip-
tion or proliferation abnormalities and due to inefficient recombination at the
DNA level (Kracker et al., 2005; Reina-San-Martin et al., 2005). Interestingly,
the efficiency of CSR in the absence of Nbsl was similar to that observed in
ATM ™~ B cells and would be consistent with a role of Nbs1 in sensing DNA
damage, regulating ATM activation and accumulation at switch regions and
thus potentiating the phosphorylation of downstream targets, and the
transduction of the DNA damage signal during CSR.

4.2.4. 53BP1

Among the ATM targets activated in response to DSB formation, 53BP1 has
been implicated in regulating cell cycle arrest at the G2-M and intra-S-cell
cycle checkpoints (DiTullio ef al., 2002; Fernandez-Capetillo et al., 2002; Wang
et al., 2002). 53BP1 forms y-H2AX-dependent foci in response to DNA
damage and at the immunoglobulin heavy chain locus during CSR (Celeste
et al., 2003; Fernandez-Capetillo et al., 2002; Mochan et al., 2004; Reina-
San-Martin et al., 2004; Ward et al., 2003a). In addition, as mentioned above,
53BP1 senses DNA damage by directly binding to methylated histone H3
(Huyen et al., 2004). Similar to ATM and H2AX, 53BP1 is not required for V
(D)] recombination or SHM and its inactivation is associated with hypersensi-
tivity to irradiation, predisposition to T-cell lymphoma, and genomic instability
(Manis et al., 2004; Morales et al., 2003; Ward et al., 2003b, 2004). However,
53BP1 differs from other DNA damage response genes in that its inactivation
completely abolishes CSR (Manis et al., 2004; Ward et al., 2004). The CSR
defect is again B-cell intrinsic and independent of abnormalities in switch
region transcription, AID accessibility, or proliferation (Manis et al., 2004;
Ward et al., 2004). A notable difference between 53BP1, ATM, and H2AX
is that inactivation of 53BP1 results in a significant increase in the frequency
of internal deletions in both donor and acceptor switch regions (Reina-San-
Martin et al., 2007). Therefore, absence of 53BP1 favors short-range over long-
range recombination events and is consistent with the almost complete absence
of CSR.

The precise mechanism by which the DNA damage response genes ATM,
H2AX, Nbsl and 53BP1 facilitate the joining of distal switch regions is not
fully understood. It has been proposed that the accumulation of these proteins
at the site of lesion might facilitate end-joining of switch regions by directly
anchoring DNA ends (Bassing and Alt, 2004; Franco et al., 2006; Manis et al.,
2004). Alternatively, it is possible that DNA damage sensors like 533BP1 and
MRN recognize AID-induced DSB in switch regions, recruit DNA damage
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transducers ATM and DNA-PKs which once activated will phosphorylate
numerous substrates including histone H2AX. Phosphorylation of H2AX
extends over large regions away from the break site, inducing chromatin
alterations that may facilitate the synapsis of distal broken DNA ends.

5. AID and Lymphomagenic Lesions
5.1. Mutations in Non-Ig Genes

AID can target a number of non-Ig genes. This effect has been observed in
E. coli, yeast, fibroblasts, and B-cell lines (Martin and Scharff, 2002; Okazaki
et al., 2002; Parsa et al., 2006; Petersen-Mahrt et al., 2002; Poltoratsky et al.,
2004; Ramiro et al., 2003; Sohail et al., 2003; Wang et al., 2004; Yoshikawa et al.,
2002). An important requirement in all of these experiments is that the target
gene is transcribed and the rate of mutation is directly related to the rate of
transcription (Martin and Scharff, 2002; Okazaki et al., 2002; Ramiro et al.,
2003; Sohail et al., 2003; Yoshikawa et al., 2002). In B-cell lines, the rate of off
target mutation is lower than the rate of somatic mutation in B cells and
the mutations occurred preferentially at WRC hot spots but were biased
toward mutation at G/C pairs, suggesting that the pathways leading to A/T
mutations are compromised in these experimental systems.

How off target mutations in B-cell lines and heterologous cell systems relate
to the mechanism of targeting in authentic germinal center B cells is still
debated. However, B cells from normal donors have been reported to bear
mutations, in a number of non-Ig genes, including Bcl-6 (Pasqualucci et al.,
1998; Shen et al., 1998), Fas (Muschen et al., 2000), B29 (IgB), and mb1 (Iga)
(Gordon et al., 2003), but not in other genes expressed in B cells such as c-myc,
S14, B-globin (Shen et al., 1998), or in genes mutated in large cell lymphomas
PIM1, Pax5, and RhoH (Pasqualucci et al., 2001). AID has not formally been
proved to produce these off target mutations, but it is likely that it does because
mutations are clustered downstream of active promoters, biased toward G/C
transitions and WRC hot spots, and they are found in germinal center and
memory but not naive B cells. Therefore, physiological levels of AID expression
are likely to produce mutations in genes other than Ig.

5.2. Non-Ig Mutations and Lymphomas

Mature B-cell lymphomas, including diffuse large B-cell lymphoma, chronic
lymphocytic lymphoma, and follicular lymphoma, frequently harbor mutations
in multiple proto-oncogenic loci (Klein et al., 1998; Migliazza et al., 1995;
Pasqualucci et al., 2001). These mutations bear the hallmarks of AID-mediated
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SHM in non-Ig genes, namely they are transcription dependent, WRC focused
and highly biased to G/C pairs.

Some of these mutations are in genes such as Fas or Bcl-6 that might
contribute to malignant transformation but this has yet to be proven directly
(Muschen et al., 2000; Pasqualucci et al., 2001, 2003). However, the fact that
some of the genes mutated in lymphomas, such as PIM1, Pax5, or RhoH, are
not mutated in germinal center B cells from normal donors (Pasqualucci et al.,
2003), is very suggestive of a selective growth of cells harboring mutations.

In mouse models, AID-induced mutations can promote lymphoma develop-
ment. Constitutive and ubiquitous expression of AID in transgenic mice leads
to T-cell lymphomas (Okazaki et al., 2003; Rucci et al., 2006) and lung micro-
adenomas (Okazaki et al., 2003) but not B-cell lymphomas. The thymomas
harbored mutations in the T-cell receptor B gene and in a number of tran-
scribed genes including c-myc and PIM1 (Kotani et al., 2005; Okazaki et al.,
2003). Interestingly, CD19 promoter-driven AID expression did not produce
B-cell lymphomas or accumulation of aberrant of mutations (Muto et al., 2006).
These results suggest that there may be a negative regulation of AID that might
protect B cells against excessive DNA damage by AID.

5.3. AID and Chromosome Translocations

Recurrent, reciprocal chromosomal translocations are a hallmark of malignant
lymphomas. Many of these translocations juxtapose Ig loci to proto-oncogenes
whose expression comes under the control of Ig transcriptional regulatory
elements (Kuppers and Dalla-Favera, 2001). For example, Bcl-1 to Ig translo-
cations are found in mantle-zone lymphoma, Bcl-2 to Ig translocations in
follicular lymphoma, and c-myc to Ig translocations in Burkitt lymphoma
(Kuppers, 2005) and each of these plays an essential but nonexclusive role in
the etiology of the lymphoma. Many of the translocation breakpoints associated
with lymphoma occur at Ig variable and switch regions supporting the long
standing speculation that these events might be related to DNA damage
incurred during the SHM and CSR reactions in germinal centers (Kuppers
and Dalla-Favera, 2001).

The idea that ATD might catalyze the initiation of chromosome translocations
was tested in mouse models of plasmacytoma induced by pristane injection or
IL-6 overexpression in transgenic mice (reviewed in Potter, 2003). Pristane is a
mineral oil that induces chronic inflammation and granuloma when injected
intraperitoneally and this is associated with the development of plasmacytomas
bearing c-myc/IgH translocations. These translocations were among the first
chromosome translocations to be characterized molecularly and they involve
the switch region of the Ig heavy chain gene and the 5'-untranslated region of
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the c-myc proto-oncogene, closely resembling translocations in sporadic Burkitt
lymphomas (Potter, 2003). A similar phenotype is observed in IL-6 transgenic
mice, and in fact IL-6 is required for the generation of pristane-induced
plasmacytomas (reviewed in Potter, 2003).

In the absence of AID, IL-6 transgenic mice developed hyperplastic lymph
nodes and plasmacytosis but c-myc/IgH translocations were absent, indicating
that in this model AID is indeed required for translocations (Ramiro et al.,
2004). The initial studies did not distinguish between a direct catalytic role for
AID or an indirect role in facilitating the outgrowth of cells that acquired
c-myc/IgH translocations by an AID independent mechanism (Unniraman
et al., 2004). However, later experiments proved that the translocations were
dependent on AID cytidine deaminase activity and UNG glycosylase, indicat-
ing that CSR and c-myc/IgH translocations are initiated by a common mecha-
nism requiring cytidine deaminase activity (Ramiro et al., 2006). In contrast,
Ku80, one of the components of the classical NHE] pathway was not required
for c-myc/IgH translocations, suggesting that the resolution of DSBs inter-
mediates during CSR and chromosome translocations may proceed through
different pathways (Ramiro et al., 2006).

Under physiological conditions, AID rarely induces c-myc/IgH transloca-
tions (Ramiro et al., 2006; Roschke et al., 1997), suggesting the existence of
surveillance mechanisms that detect DNA damage and prevent DSBs from
being channeled to translocations or that kill cells that overexpress translocated
c-myc. Interestingly, ATM deficiency but not deficiency in H2AX or 53BP1
results in accumulation of translocation events (Ramiro et al., 2006). In addi-
tion, mutations in the tumor suppressor genes p53 and p19 (ARF) also increase
the observed frequency of c-myc/IgH translocations (Ramiro et al., 2006).
Together these results are consistent with two independent mechanisms con-
verging on p53 and protecting B cells against chromosome translocations
namely, the DNA damage response checkpoint through ATM activation and
the oncogenic stress pathway triggered by translocated c-myc and p19 activa-
tion. These pathways may overlap since myc overexpression also induces an
ATM-p53 dependent DNA damage response (Pusapati et al., 2006). Interest-
ingly, defective CSR, even if it results in an accumulation of IgH associated
DSBs, as in the case of H2AX or 53BP1 (Franco et al., 2006; Ramiro et al.,
2006) is not sufficient to increase susceptibility to c-myc/IgH translocations
(Ramiro et al., 2006). Instead, it seems that translocation susceptibility is
related both to the frequency of unresolved breaks and to the degree of
impairment of p53 signaling (Ramiro et al., 2006).

A translocation reaction involves the generation of DSBs at both chromo-
somal partners. While it is established that breaks at the Iglocus are initiated by
AID (see above), there is no direct proof that DSBs at proto-oncogenes are also
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AID dependent or that transcription of the partner is required. The observa-
tions that AID can target genes other than Ig (see above) and that AID can
localize with the myc locus in activated B cells (Duquette et al., 2005) are
compatible with AID mediating these breaks. Alternatively, or additionally,
some of the genes involved in chromosome translocations to the Ig locus may
contain fragile sites prone to breakage under replicative stress.

Translocations to the Ig light chain loci, which undergo SHM but not CSR,
can also occur in B-cell lymphomas (reviewed in Kuppers and Dalla-Favera,
2001). Some of these are likely to involve lesions produced during V(D)]
recombination (Lieber et al., 2006; Reddy et al., 2006), but they could also be
products of SHM. DSBs have been detected on Ig loci during SHM, but they
are not obligate intermediates in this reaction, as shown by direct analysis of
breaks and by the fact that DSB response proteins are dispensable for SHM
(Bross et al., 2002; Chua et al., 2002; Papavasiliou and Schatz, 2002; Petersen
et al., 2001; Reina-San-Martin et al., 2003). Nevertheless, these broken DNA
ends could serve as intermediates in the translocation reaction.

6. Conclusions and Perspectives

AID triggers all B-cell specific DNA modifications reactions that shape the
antibody repertoire and can also initiate chromosome translocations. How
the initial AID-induced DNA lesion is processed determines the outcome of
the reaction and different factors are involved in these processes. ATM is an
interesting example, because it is not required for SHM, but is required for
CSR and in its absence c-myc/IgH translocations are increased.

Why CSR should be preferred to a translocation once a DSB is generated in
the switch regions of the heavy chain locus is an important question that lacks a
complete mechanistic explanation. Local availability of DSBs and limited off
target lesions by AID may be part of the answer, but additional mechanisms
involving local chromatin modification by factors such as H2AX and 53BP1
must also play a role. Finally, as a failsafe mechanism, cells that do undergo
translocation appear to be deleted by the oncogenic stress response. Under-
standing how each of these contributes to maintaining genomic stability and
preventing translocations is an important area for future research.
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Abstract

After their assembly by V(D)J recombination, immunoglobulin (Ig) genes un-
dergo somatic hypermutation, gene conversion, and class switch recombination
to generate additional antibody diversity. The three diversification processes
depend on activation-induced cytidine deaminase (AID) and are tightly linked
to transcription. The reactions occur primarily on Ig genes and the molecular
mechanisms that underlie their targeting to Ig loci h(we been of intense interest.
In this chapter, we discuss the evidence linking transcription and transcription-
al control elements to the three diversification pathways, and we consider how
various features of chromatin could render parts of the genome permissive for
AID-mediated sequence diversification.

1. Introduction

Antigen receptor diversification in B cells is an integral part of potent immune
responses, with a wide variety in antigen receptor-binding specificities allowing
for recognition of almost all foreign antigens entering the body. Sequence
variations are introduced at the level of genomic DNA in the immunoglobulin
(Ig) genes that encode for the B-cell antigen receptor. Such diversification is
first generated via V(D)] recombination; subsequently, three additional pro-
cesses can occur to further diversify Ig genes: somatic hypermutation (SHM),
gene conversion (GCV), and class switch recombination (CSR). All three
postrearrangement diversification processes are dependent on activation-
induced cytidine deaminase (AID) (Arakawa et al., 2002; Harris et al., 2002;
Muramatsu et al., 2000; Revy et al., 2000). It is thought that SHM, GCV, and
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CSR are initiated through deamination of cytosine residues in DNA by AID
(Chaudhuri et al., 2003; Dickerson et al., 2003; Petersen-Mahrt et al., 2002;
Sohail et al., 2003). Resulting uracil residues in DNA are either replicated over
directly or recognized and processed by various DNA repair mechanisms to
give rise to SHM, GCV, or CSR events (Di Noia and Neuberger, 2002, 2004;
Rada et al., 2002, 2004; Saribasak et al., 2006).

The three AID-mediated diversification events are thought to be restricted
primarily to Ig genes. On the basis of genealogical trees of mutations found in
mouse germinal center B cells, the rate of SHM in Ig genes has been estimated
to be 107°~10"* mutations per bp per cell division (Kleinstein et al., 2003;
McKean et al., 1984; Sablitzky et al., 1985), 10°- to 10%-fold higher than sponta-
neous mutation rates calculated for somatic cells. Analyses of several non-Ig
genes in hypermutating B cells revealed very low mutation frequencies. Fluc-
tuation analyses of mouse myeloma B cells and the human Burkitt’s lymphoma
B-cell line Ramos reported rates for acquiring various drug resistances through
mutations in housekeeping genes to be 10%- to 10*-fold lower than mutation
rates in Ig genes (Baumal et al., 1973; Sale and Neuberger, 1998). Direct
sequencing of non-Ig genes confirmed that many of them do not mutate
above background levels, corroborating the idea that SHM occurs specifically
at Ig genes (Shen et al., 1998, 2000).

Nonetheless, it is important to note that a number of non-Ig genes exhibit
elevated mutation levels in hypermutating B cells or B lymphoma cells com-
pared to other non-Ig genes as well as their counterparts in B cells that do not
hypermutate (Gordon et al., 2003; Landowski et al., 1997; Muschen et al., 2000;
Pasqualucci et al., 1998; Shen et al., 1998, 2000). While the non-Ig genes that
do mutate do so at rates more than 50-fold lower than those in Ig genes, these
results indicate that SHM does take place outside of Ig loci. As SHM at non-Ig
loci exhibits key features observed in Ig diversification such as a preference for
similar hot spot motifs, it is reasonable to think that “mistargeting” of SHM to
non-Ig loci is directed by mechanisms that resemble those involved in targeting
to Ig loci.

As AID-dependent diversification processes have the potential to introduce
deleterious mutations and have been linked to chromosomal translocations and
tumorigenesis, it is crucial to understand the molecular basis of targeting
specificity (Franco et al., 2006; Gordon et al., 2003; Kuppers and Dalla-
Favera, 2001; Landowski et al., 1997; Pasqualucci et al., 2001; Ramiro et al.,
2006). Targeting of SHM to specific regions of the genome is likely to be
enforced at the step of AID-mediated deamination but it could also be estab-
lished in part at the repair phase of the reaction. Despite extensive efforts
devoted to the targeting problem, a clear answer has yet to emerge. In this
chapter, we will discuss the recent advances made in our understanding of how
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transcription and cis-acting determinants contribute to the targeting of AID to
Ig genes. In addition, we would like to put forth ideas concerning the molecular
features of Ig genes that render them specific targets of AID in light of some of
our new results.

2. The Link Between Transcription and AID-Mediated
Sequence Diversification

2.1. Transcription Is Necessary for SHM, GCV, and CSR

Transcription is one of the best established characteristics central to Ig gene
diversification. In mouse and human SHM, mutations first appear 100- to
200-bp downstream of the transcription start site, peak at 400-500 bp past
the start site of transcription, and decline gradually as the distance from the
promoter increases further, reducing to background levels 1- to 2-kb down-
stream of the promoter (Lebecque and Gearhart, 1990; Rada and Milstein,
2001; Rada et al., 1994; Winter et al., 1997). This profile maximizes mutations
in the variable regions of Ig genes and spares the Ig constant regions that are
situated further downstream. This window of mutation is defined by the
promoter; changing the position of the promoter in an Igk transgene moved
the mutation region correspondingly, and addition of an Ig promoter immedi-
ately upstream of the constant region in another transgene created a new
mutation window downstream of the inserted promoter (Peters and Storb,
1996; Winter et al., 1997). Moreover, an active promoter is essential for
SHM, as illustrated by the finding that deletion of the endogenous murine
IgH promoter abrogated SHM (Fukita et al., 1998). Such a relationship has also
been found in other AID-dependent diversification processes. Deletion of the
promoter upstream of the mouse Ig heavy chain (IgH) switch p (Sp) region led
to ablation of CSR (Bottaro et al., 1994). We showed that replacement of the
endogenous Ig light chain (IgL,) promoter with a silent promoter in DT40 cells,
a chicken B-cell line, abrogated both GCV and SHM (Yang et al., 2006). These
results suggest a common role for transcription in the three diversification
processes and they establish a clear requirement for active transcription in
AID-mediated diversification pathways.

2.2. Heterologous Promoters Can Substitute for Ig Promoters to
Direct SHM and CSR in Mammalian Cells

Interestingly, the endogenous Ig promoters have been found not to be required
for SHM and CSR in mammalian cells. In a mouse study in which a transgene
formed a hybrid chromosome with the endogenous IgH locus, the B29
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promoter successfully substituted for the endogenous IgH promoter to support
SHM (Tumas-Brundage and Manser, 1997). Several other mouse transgenic
studies indicated that the chicken B-globin and CMV promoters are able to
substitute for endogenous Ig promoters (Betz et al., 1994; Papavasiliou and
Schatz, 2000; Yelamos et al., 1995). In addition, in cell lines expressing AID
endogenously or ectopically, transcription cassettes driven by non-Ig promoters
can be mutated (Bachl et al., 2001; Martin and Scharff, 2002; Parsa et al., 2007,
Ruckerl and Bachl, 2005; Ruckerl et al., 2004, 2006; Wang et al., 2004;
Yoshikawa et al., 2002). Similarly, CSR can take place when transcription is
driven by a heterologous promoter (Bottaro et al., 1994; Okazaki et al., 2002).

Attempts have also been made to drive SHM with non-RNA polymerase II
(RNA pol II) promoters. RNA polymerase I (RNA pol I) and polymerase III
(RNA pol III) promoters have been tested using IgH knockin mice and
transgenic mice, respectively (Fukita et al., 1998, Shen et al., 2001). In these
studies, however, RNA pol II continued to drive transcription at the Ig loci
under study and thus it is yet unclear if non-pol II promoters are able to
support SHM. Nevertheless, the IgH RNA pol I promoter knockin mice
(Fukita et al., 1998) were able to support IgH SHM, demonstrating again the
ability of non-Ig promoters to substitute for Ig promoters.

The dispensability of the endogenous Ig promoters indicates that the speci-
ficity determinants for SHM and CSR do not reside in the promoter region.
These results also suggest that the primary, or perhaps only, function of the
promoter is to drive the transcription necessary for Ig sequence diversification.
Consequently, it has been proposed that the mutation machinery, likely includ-
ing AID, can load onto elongating transcription complexes and be deposited
along the transcription unit to initiate SHM (Longerich et al., 2006; Peters and
Storb, 1996). Moreover, as AID is now thought to initiate the diversification
processes through deamination of single-stranded DNA, transcription has
become an appealing candidate for the process that generates substrates for
AID deamination at least on the nontemplate strand.

An important prediction of this model is that transcription elongation per se
through particular sequences is required for the actions of AID at those
sequences. However, RNA pol II termination mechanisms are not yet suffi-
ciently well understood for a direct experimental test of this to be possible
(Bentley, 2005). One result consistent with such a requirement is the coimmu-
noprecipitation of AID with RNA pol II in B cells stimulated to undergo CSR
ex vivo (Nambu et al., 2003). Experiments performed with AID in vitro and in
bacteria have provided additional support for the prediction (discussed below).

The fact that SHM is biased toward the promoter-proximal end of the gene
might be explained by an important role for transcription initiation in the
loading of the mutation machinery. An alternative explanation is that the
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transition from transcription initiation to elongation (promoter clearance) plays
this role. Transcription pausing immediately downstream of Ig promoters has
been reported (Raschke et al., 1999). Another possibility, not yet tested, is that
RNA pol IT is most densely arrayed at the 5’ end of Ig genes (Schroeder et al.,
2000), localizing a higher concentration of AID in the promoter-proximal
regions. A study performed with the human Burkitt’s lymphoma B-cell line
BL2 showed that inhibition of transcription with actinomycin D for 2 h did not
affect Ig SHM, suggesting that de novo RNA synthesis was not necessary (Faili
et al., 2002). However, it is unclear exactly how much Ig transcription was
affected by the drug treatment, as this parameter was not examined directly.

2.3. Not All Heterologous Promoters Support Efficient GCV/SHM in
DT40 Cells

Our recent experiments replacing the endogenous IgL promoter in DT40 cells
with heterologous RNA pol II promoters yielded results different from those of
studies performed in mammalian B cells. The two promoters tested, chicken
B-actin and human EF1-o, were able to drive transcription at levels higher than
that of the endogenous IgL. promoter (Yang et al., 2006). However, while the
B-actin promoter was able to support GCV/SHM at levels comparable to the
endogenous IgL. promoter, the EF1-a promoter was not. These results were
unexpected given the well-accepted notion that strong, heterologous promoters
are capable of substituting for the endogenous Ig promoters in supporting
AID-mediated sequence diversification in mammalian cells, and they indicate
that the promoter provides additional information to facilitate GCV and SHM
beyond simply driving transcription. In mammalian cells, most promoter-
swapping experiments have been performed using transgenes that typically
mutate at frequencies much lower than endogenous Ig genes (Betz et al., 1994;
Papavasiliou and Schatz, 2000; Yelamos et al., 1995). Transgenes are also
subject to integration site effects and interactions between multiple integrated
copies of the transgene. In the two studies in which targeted replacement of an
endogenous Ig promoter was achieved in mice, both SHM and transcription
levels appeared to be reduced (Fukita et al., 1998; Shen et al., 2001). Therefore,
it is possible that negative effects of the promoter substitutions were masked by
the reduction in transcription levels. Another explanation for the discrepancy
might be that the roles of promoters in GCV/SHM in chicken B cells are not
identical to those in mammalian cells.

Our finding that not all strong, heterologous promoters can support efficient
GCV/SHM does not contradict current models for the role of transcription in
AID-dependent diversification pathways. Instead, we think that the promoter
makes an additional contribution to targeting of AID, and there are several
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ways by which this could happen. Transcription factors present at the Ig
promoters could be involved in the formation of an interaction surface that
recruits AID or that localizes Ig loci to speciﬁc nuclear compartments accessi-
ble to AID. Certain promoters, such as EF1-o, might fail to contribute to the
interaction surface and result in reduced efficiencies in targeting of AID.
Alternatively, GCV and SHM could have specific temporal (e.g., cell cycle)
requirements, and thus other features of transcription driven by the EF1-a
promoter could preclude participation in robust GCV/SHM. Different DNA
repair mechanisms prevail in different stages of the cell cycle and it has been
suggested that the pathway used to process a DNA deamination event could be
significantly influenced by when it occurs in the cell cycle (Di Noia et al., 2006).
The finding that the EF1-o promoter shows a defect in supporting GCV/SHM
has opened doors to addressing these possibilities.

2.4. Can Non-lg Transcription Cassettes Be Targeted for AID-Mediated

Sequence Diversification?

Several studies have showed that transcription cassettes with no Ig sequences can
undergo AID-dependent mutagenesis in various cell lines expressing AID endog-
enously or ectopically (Bachl et al., 2001; Martin and Scharff, 2002; Parsa et al.,
2007; Rucker]l and Bachl, 2005; Ruckerl et al., 2004, 2006; Wang et al., 2004;
Yoshikawa et al., 2002). On the basis of those results, it has been proposed that
high-level transcription is one of the few key characteristics of Ig genes that
render them efficient targets of AID-mediated diversification processes (Wang
et al., 2004). Several different non-Ig mutation cassettes have been tested, and the
most popular design has been the one composed of non-Ig promoters (CMV
promoter, thymidine kinase promoter, or retroviral 5 LTR) driving expression of
an enhanced green fluorescence protein (EGFP) gene bearing a premature stop
codon. The mutated EGFP construct allows for a convenient flow cytometric
assay of mutations at the stop codon that causes reversion to a functional GFP
protein. Most studies were able to detect higher levels of GFP reversion when
cells express AID. However, the GFP" percentages are typically low even when
AID is present, ranging between 0.02% and 0.1% of GFP™" cells accumulated
over 5-30 days, and some studies did not report corresponding sequencing data.
The GFP reversion assay is arguably more sensitive than direct sequencing and it
is possible that mutation rates in the non-Ig constructs are too low to be detected
by direct sequencing. It is also difficult in such studies to compare mutation
frequencies in the non-Ig cassettes to those of Ig genes. Hence, although these
studies indicate that AID can act as a mutator of non-Ig cassettes, it is not always
clear how efficient the process is.
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Recently, we tested the ability of a transfected non-Ig transcription cassette,
containing the human EF1-a promoter, to be mutated in non-Ig loci of DT40
cells (Yang et al., submitted for publication). We found that the cassette was
mutated at frequencies similar to the combined frequency of GCV and SHM at
the endogenous Ig genes but that mutagenesis of the non-Ig construct occurred
only transiently and was lost by 3 weeks postintegration. In contrast, the
endogenous IgL locus performed GCV/SHM robustly at all time points and
provided a critical internal control for the activity of the mutation machinery
in these cells. Curiously, the cassette also mutated only transiently when
integrated into the IgL locus. These results indicate that, despite its robust
transcription, the non-Ig construct lacks information to confer stable targeting
of AID. Together with the finding discussed earlier that the EF1-o promoter
supported robust transcription but poor GCV/SHM of the IgL locus, these
results provide a strong argument against the model that high levels of tran-
scription act as the primary targeting parameter in AID-mediated sequence
diversification. While AID can act as an ectopic mutator at highly transcribed
non-Ig genes, additional mechanisms, perhaps involving several cis-acting ele-
ments, exist to ensure tight regulation and targeting of AID to Ig substrates in
B cells.

2.5. Correlation Between Transcription Levels and Frequencies of
AID-Mediated Sequence Diversification

Using the GFP reversion assay with constructs driven by inducible promoters
in either a B-cell line or a fibroblast cell line overexpressing AID, a positive
correlation was found between transcription levels and SHM (Bachl et al.,
2001; Yoshikawa et al., 2002). Such a correlation is not difficult to imagine if
transcription is responsible for generating the single-stranded DNA substrates
for AID deamination. However, our experiments replacing the endogenous IgL,
promoter with non-Ig counterparts in DT40 cells revealed that GCV/SHM
efficiencies were not proportional to promoter strength (Yang et al., 2006). The
B-actin promoter, which drove levels of transcription more than three times
higher than those of the endogenous IgL. promoter, was no more efficient in
supporting GCV/SHM than the endogenous promoter. The EF1-o. promoter
was at least 1.5-fold stronger than the endogenous promoter but supported
GCV/SHM =3-fold less efficiently. It is possible that Ig promoters are driving
levels of transcription that are saturating for the action of the mutation ma-
chinery, and therefore that levels of transcription higher than that directed by
Ig promoters do not result in increased levels of GCV/SHM. However, these
results could also reflect a lack of a correlation between transcription rates and
GCV/SHM in endogenous Ig loci, or the possibility that the B-actin promoter,
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like the EF1-a promoter, has a defect in supporting GCV/SHM that is com-
pensated for by its strong transcription activity. To resolve this issue, the DT40
IgL promoter could be replaced with an inducible promoter and frequencies of
GCV/SHM determined at different levels of transcription.

2.6. Transcription and AID Deamination /n Vitro

Many aspects of the requirement for transcription in SHM have been recapi-
tulated in Escherichia coli expressing AID and also in AID-directed plasmid
deamination assays in vitro. Transcription is needed for AID-dependent muta-
genesis in bacteria and increased transcription is associated with higher levels
of mutations (Ramiro et al., 2003). In biochemical assays, plasmid deamination
by AID has been demonstrated with transcription driven by bacteriophage
RNA polymerases and by E. coli RNA polymerase (Besmer et al., 2006;
Chaudhuri et al., 2003; Pham et al., 2003; Shen et al., 2005; Sohail et al.,
2003). In addition, RNA polymerase and AID could be UV-crosslinked to
each other in an in vitro AID-deamination assay with E. coli proteins driving
transcription (Besmer et al., 2006). These results provide support for the model
that the act of transcription produces single-stranded DNA substrates for AID
deamination. In addition, the mutation pattern was largely biased toward the
nontemplate strand, suggesting that AID deamination occurs primarily in a
strand-biased manner on the nontemplate strand exposed as single-stranded
DNA during transcription. However, a study showed that such a bias could be
due in part to the drug selection scheme employed in the deamination assays
(Besmer et al., 2006).

In summary, although high-level transcription is not sufficient to confer
accessibility to AID, the promoter is a key element in AID-mediated sequence
diversification, not only for driving transcription but also for regulating the
recruitment of AID via as yet unknown mechanisms. Further experiments will
be required to elucidate the precise role of transcription in SHM, GCV, and
CSR and results from the last few years suggest that in vivo analyses of this
issue should focus on the endogenous Ig loci.

3. Other cis-Acting Determinants Involved in the Targeting of AID
3.1. Targeting DNA Elements in Ig Loci

If high-level transcription by itself does not explain what directs AID to certain
genes and not others, what does? A popular concept has been that DNA motifs
within Ig genes serve as targeting elements. Transcriptional enhancers in mouse
Ig loci have been examined extensively for their potential roles as such targeting
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elements, as detailed in a review (Odegard and Schatz, 2006). To summarize a
large body of work, the mouse Ig enhancers that have been analyzed are not
sufficient to explain how AID is recruited to the Ig genes. In fact, in no case has
deletion of an endogenous mouse Ig enhancer revealed an essential, nonredun-
dant role for these elements in the targeting of SHM. We have investigated the
IgL enhancer in DT40 cells and found that, as in mammalian cells, the enhancer
was largely dispensable for GCV/SHM (Yang et al., 2006).

Conversely, E-box motifs appear to be a positive cis-acting regulator for
AID-mediated diversification pathways. These motifs are found in multiple
locations in Ig genes, including enhancers, and serve as binding sites for a
family of transcription factors that includes the E2A-encoded proteins E12 and
E47. E12 and E47 play important roles at several stages of B-cell development
(Kee et al., 2000), and a number of studies have implicated them as stimulators
of SHM and GCV (Conlon and Meyer, 2006; Michael et al., 2003; Schoetz
et al., 2006). They are also potent stimulators of CSR (Goldfarb et al., 1996;
Quong et al., 1999), which is due at least in part to their ability to stimulate
expression of AID (Sayegh et al., 2003). The mechanism by which the E2A-
encoded proteins increase SHM/GCV is unknown but cannot be explained
solely on the basis of enhanced Ig transcription or AID expression. However, as
E2A-deficient DT40 cells show a significant reduction rather than complete
abrogation of Ig gene diversification (Schoetz et al., 2006), it is unlikely that
E-box motifs are the sole targeting elements in the recruitment of AID. Our
finding that the IgL enhancer is dispensable for Ig GCV/SHM in DT40 cells
suggests that E2A-encoded proteins exert their effects through some other
DNA element. A direct link between the E2A-encoded proteins and the
targeting of AID has yet to be demonstrated.

3.2. DNA Newly Incorporated into the Genome Can Undergo a
Transient Phase of Mutability

A simple mechanism by which cis-acting targeting elements could act is
through the recruitment of AID to Ig loci (either directly or indirectly via
other DNA binding factors). However, another (not mutually exclusive) possi-
bility is that the targeting elements recruit an activity that promotes an Ig locus
organization/structure that is highly accessible to AID. This idea was suggested
by our recent finding, described above, that a non-Ig transcription cassette
undergoes mutation for a short period of time postintegration regardless of its
integration site (Yang et al., submitted for publication). These results show that
while the non-Ig cassette did not contain sufficient targeting information to be
mutated stably over time, this could be overcome by the cassette being recently
incorporated into the genome.
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It is possible that the processes that lead to mutation of Ig loci and of newly
integrated DNA by AID are entirely unrelated. An appealing alternative,
however, is that the two types of DNA are accessed by AID via convergent
mechanisms, which would suggest that newly integrated DNA possesses mo-
lecular properties that mimic those of Ig loci which render them particularly
suitable substrates of AID. The identity of the common molecular character-
istics is currently unknown, but the ability of AID to act on newly integrated
DNA could reflect ATD’s membership in a family of ancient deaminases, some
of which possess host-defense capabilities (Gourzi et al., 2006; Harris and
Liddament, 2004). Curiously, AID expression has been reported in mouse
germ cells (Morgan et al., 2004; Schreck et al., 2006) and while no genes
have yet been shown to mutate as a result of AID expression in those cells, it
is tempting to hypothesize that AID can influence evolution by generating
germ line sequence diversity, perhaps by mechanisms similar to those used in
Ig gene diversification. In the following sections, we discuss several parameters
that might explain how DNA newly incorporated into the genome becomes
transiently accessible to AID, with implications for how targeting of AID to Ig
genes is achieved.

3.2.1. Histone and DNA Structure

A notable difference between newly integrated DNA and genomic DNA is
chromatin packaging. As unpackaged DNA inserted into the genome
will become packaged in chromatin over time, chromatin structure is an
appealing explanation for the transient mutation phenomenon we observe.
Several core histone modifications have been analyzed for their potential
involvement in SHM and CSR in mammalian cells. A study performed in
human BL2 cells found that hyperacetylation of histones H3 and H4 is asso-
ciated with the IgH variable region and not the constant region, suggesting a
correlation between acetylated histones H3/H4 and SHM (Woo et al., 2003).
However, experiments performed on primary mouse B cells showed that while
such a distinction is observed in the heavy chain locus, it is not present in the
Igh light chain locus (Odegard et al., 2005). Therefore, while these histone
modifications might be important for SHM, they are not specific markers for
hypermutating regions. Conversely, a correlation was observed between SHM/
CSR and phosphorylation of serine 14 of histone H2B at Ig variable and switch
regions (Odegard et al., 2005). However, because detectable H2B phosphory-
lation was AID dependent, the simplest interpretation is that it occurs post-
AID recruitment and is not responsible for AID targeting. Hyperacetylated
histones H3 and H4 are found in the appropriate downstream switch regions
when cells are stimulated to undergo CSR (Li et al., 2004; Nambu et al., 2003),
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and H4 acetylation is stimulated by AID (Wang et al., 2006). However, there is
as yet no direct link between histone modifications and the targeting of AID to
switch regions during CSR.

While no core histone modifications examined to date have been strongly
implicated in the targeting of AID, the search has not been exhaustive and
it remains possible that other core histone modifications play a role in AID
recruitment. In addition, other possibilities such as nucleosome positioning
and distribution of histone variants could influence AID recruitment and have
yet to be investigated.

Linker histones are interesting candidates that have not yet been investi-
gated for a contribution to Ig gene diversification. Linker histones are known
to be important in compacting chromatin and regulating accessibility of DNA
to protein factors and have also been implicated in the maintenance of genomic
integrity (Harvey and Downs, 2004). Like core histones, there are many var-
iants of linker histones, and their differential usage could help distinguish
regions accessible to AID from those that are not.

Another difference between newly integrated DNA and genomic DNA
is cytosine methylation, a hallmark of inactive regions of chromatin. Newly
integrated DNA, being bacterial in origin, would completely lack CpG methyla-
tion and hence might be a readily accessed target for AID. Conflicting results
have been reported as to whether methylated cytidine residues could be deami-
nated by AID (Larijani et al., 2005; Morgan et al., 2004). If methylation protects
cytidines from AID deamination, lack of methylation could facilitate the action of
AID on newly integrated DNA and the accumulation of methylation over time
could contribute to the loss of accessibility to AID.

3.2.2. Subnuclear Compartmentalization

A different basis for how newly incorporated non-Ig cassettes are accessed by
AID could be subnuclear compartmentalization. The eukaryotic nucleus is not
a homogeneous mass in which DNA, RNA, and protein factors are distributed
and localized randomly. Subnuclear compartmentalization of transcription
factors is well established (Zaidi et al., 2005) and coregulation of different
genomic loci through coordinated subnuclear localization has also been docu-
mented (Lomvardas et al., 2006; Spilianakis et al., 2005). Therefore, an inter-
esting possibility is that new DNA in the genome is brought to the vicinity of
hypothetical subnuclear compartments where AID and Ig genes are localized;
over time, assimilation of newly integrated DNA into surrounding DNA might
lead to relocalization within the nucleus and its separation from AID activity.
It is not known yet if AID exhibits unique spatial patterning in the nucleus
and if genomic loci targeted for the diversification processes are clustered in
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the same region of the nucleus. A study indicates that phosphorylated (and
hence presumably activated) AID is preferentially associated with chromatin
(McBride et al., 2006), thus a variation of this model would be that phosphory-
lated AID and Ig genes colocalize in specific parts of the nucleus. It would be
interesting to test if an SHM hub consisting of Ig genes, AID, and DNA repair
molecules exists in the nucleus of hypermutating B cells, and if so, whether
there is a correlation between SHM frequencies of non-Ig loci and their
proximity to this hub.

4. Future Outlook

Numerous mysteries remain in our understanding of how cis-acting determi-
nants promote targeting specificity in AID-mediated sequence diversification
pathways. A complex network of elements might be essential for the specificity
observed in the diversification processes, but it is unclear what these elements
are or how they act together. It is possible that several cis-acting elements
contribute substantially to the efficiencies of the processes without being
absolutely required. It is important to note that contributions of different cis-
acting components to the targeting of Ig gene diversification do not have to act
in a mutually exclusive manner. Conversely, possessing only a subset of the
targeting requirements (e.g., high levels of transcription, the presence of Ig
enhancers, and/or E-box motifs) also does not support optimal sequence
diversification by AID. This could explain why transgenes can be mutated
but at levels lower than those of Ig loci; similarly, this could underlie how
certain non-Ig genes in mutating B cells become targeted for SHM, albeit
inefficiently. By carefully analyzing the effects of endogenous Ig locus manip-
ulations and molecular similarities between Ig genes and non-Ig sequences
targeted for diversification, it should be possible to dissect and reconstruct the
map of cis-acting components involved in determining target specificity in
SHM, GCV, and CSR.
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Abstract

Exposure brings risk to all living organisms. Using a remarkably effective
strategy, higher vertebrates mitigate risk by mounting a complex and sophisti-
cated immune response to counter the potentially toxic invasion by a virtually
limitless army of chemical and biological antagonists. Mutations are almost
always deleterious, but in the case of antibody diversification there are muta-
tions occurring at hugely elevated rates within the variable (V) and switch
regions (SR) of the immunoglobulin (Ig) genes that are responsible for binding
to and neutralizing foreign antigens throughout the body. These mutations are
truly purposeful. This chapter is centered on activation-induced cytidine de-
aminase (AID). AID is required for initiating somatic hypermutation (SHM) in
the V regions and class switch recombination (CSR) in the SR portions of Ig
genes. By converting C — U, while transcription takes place, AID instigates a
cascade of mutational events involving error-prone DNA polymerases, base
excision and mismatch repair enzymes, and recombination pathways. Together,
these processes culminate in highly mutated antibody genes and the B cells
expressing antibodies that have achieved optimal antigenic binding undergo
positive selection in germinal centers. We will discuss the biological role of AID
in this complex process, primarily in terms of its biochemical properties in
relation to SHM in vivo. The chapter also discusses recent advances in experi-
mental methods to characterize antibody dynamics as a function of SHM to help
elucidate the role that the AID-induced mutations play in tailoring molecular
recognition. The emerging experimental techniques help to address long-
standing conundrums concerning evolution-imposed constraints on antibody
structure and function.
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1. Introduction

The immune response has evolved to protect us from pathogenic infectious
agents and toxic foreign substances. Aspects of the innate immune response are
present in nonvertebrates and play an important role in vertebrates while
adaptive immunity arose with the advent of vertebrates. In mice and humans,
the adaptive humoral response becomes functional with the differentiation of
antibody (Ab)-forming B cells in the bone marrow that have rearranged their
heavy chain variable (V), diversity (D) and joining (]J) germ line genes, as well as
their light chain V and ] germ line genes, to encode the light and heavy chains
of the IgM Ab that is expressed on the surface of the B cell (Fig. 1). A vast
repertoire of Ab-binding sites is expressed through the combinatorial rear-
rangement of numerous different V(D)] regions, sequence variation during
V(D)] joining, and the expression of different combinations of heavy and light
chain V regions in each of the large numbers of B cells that arise in the bone
marrow every day (Maizels, 2005).

V(D)J rearrangement

Su Sy3 Syl Sa.
/—oftd-

Activation-induced cytidine deaminase

(AID)
Somatic hypermutation \ELass switch recombination
Syl

Sao
vess S sy3 Sl So SV

/—olld— |

SIE Syl So.
* Mutations ‘I:m—o—-—'-m—

Figure 1 In the absence of antigen, pre-B cells in the bone marrow undergo V(D)] rearrangement
and express IgM (V(D)]-Cp) heavy chains on their surface. Following stimulation with antigen, the
V(D)] region undergoes AID-induced mutations (*) to change the affinity and specificity of the Ab
variable region (left diagram). If stimulated by specific lymphokine(s), the B cells make the donor Sp
and recipient Sy3 SR accessible to ATD-induced mutations (*) (right diagram). In this example, Sp
and Sy SR recombine to produce a new, chimeric, Sp/Sy SR to bring the V(D)]J region in close
proximity with Cy3 and encode an IgG3 heavy chain (right diagram).
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In spite of this initial diversity, most of these germ line-encoded IgM anti-
bodies are of low affinity and do not leave the circulation to enter the tissues
and the mucosal secretions. Furthermore, these low-affinity antibodies fre-
quently do not neutralize pathogens and toxins and are not always effective in
protecting us from the environment. When first encountered, infectious agents
have to be dealt with by macrophages and complement, and other participants
in the innate immune response. However, within a few days, higher affinity
antibodies of IgG, IgA, and IgE isotypes that can inactivate invading organisms
appear in the circulation and spread throughout the body and into the mucosal
spaces (Rajewsky, 1996).

These affinity-matured and isotype-switched antibodies are generated when
the B cells interact with antigens (Ags) through their surface immunoglobulin
(Ig) and are stimulated to further differentiate into centroblasts in the germinal
centers of secondary lymphoid organs like the spleen and lymph nodes.
A critical feature of germinal center B cells is that they turn on the expression
of large amounts of activation-induced cytidine deaminase (AID) (Muramatsu
et al., 2000). AID is a B-cell-specific molecule that plays a central role in
adaptive immunity because it initiates the process of somatic hypermutation
(SHM) of V regions to produce antibodies that have higher affinity and changes
in fine specificity (Longo and Lipsky, 2006; Rajewsky, 1996; Fig. 1). At approxi-
mately the same time AID initiates class switch recombination (CSR) to allow
those modified antigen-binding sites to be expressed with all possible constant
(C) regions and carry out a variety of combinations of effector functions
throughout the body (Fig. 1). Patients and mice that are unable to express
AID have a hyper-IgM syndrome and are very susceptible to infections
(Muramatsu et al., 2000; Revy et al., 2000). Thus, AID is the critical molecule
in the initiation of the generation of Ab diversity.

The overexpression of AID in Escherichia coli (Petersen-Mahrt et al., 2002)
and cultured human cells (Martin et al., 2002; Yoshikawa et al., 2002) caused
increased C — T mutations, which strongly suggested that AID is targeting
DNA. Data obtained with partially purified AID provided direct biochemical
evidence that AID deaminates C — U on single-stranded DNA (ssDNA)
(Bransteitter et al., 2003; Chaudhuri et al., 2003; Dickerson et al., 2003;
Sohail et al., 2003). Deamination was not observed on double-stranded DNA
(dsDNA), RNA, or RNA-DNA hybrid molecules (Bransteitter et al., 2003;
Chaudhuri et al., 2003). However, there is an alternative point of view regard-
ing whether AID acts directly on ssDNA in implementing SHM (Honjo et al.,
2004).

AID-induced SHMs accumulate at a rate of ~1 x 10~ mutations per base
per generation (McKean et al., 1984; Rajewsky, 1996) and in vivo it is prefer-
entially targeted to WRCH (W = A/T, R = A/G, H = A/C/T) motifs and the
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complementary DGYW (D = A/G/T, Y = C/T) motifs (Rogozin and Diaz,
2004). Codon usage leads to an enrichment for these motifs in the complemen-
tarity determining regions (CDRs) that encode the antigen-binding sites of the
heavy and light chain V regions (Wagner et al., 1995). This suggests that the
germ line Ig genes have coevolved with AID to focus its action on the antigen-
binding sites and to protect the other parts of the Ab protein from mutations
that might block its assembly, secretion, or effector functions. In the V region,
AID-induced mutations are found in approximately equal abundance on both
the transcribed and untranscribed strand, begin ~100- to 200-bp downstream
from the site of initiation of transcription, are most frequent in the coding
exon of the V region and end ~1.5- to 2-kb downstream of the promoter
sparing the intronic enhancer and C region from mutation (Rada and
Milstein, 2001). In the V region, once AID has deaminated C — U, the G:U
that has been generated can be replicated to generate C — T or G — A
transition mutations, removed by the UNG uracil-DNA glycosylase to create
an abasic site that can then be bypassed by error-prone polymerases (Di Noia
and Neuberger, 2002), perhaps with the help of monoubiquitinated PCNA
(Bachl et al., 2006), or processed by the MRE11 complex (Larson et al., 2005).
Alternatively, the G:U can be targeted by mismatch repair (MMR) to initiate an
error-prone polymerase-mediated mutation process that introduces A:T and
perhaps G:C mutations that are proximal to but not located within hot spots (Li
et al., 2004c). Thus, there are many alternative pathways and enzymes involved
in SHM, but the details of how these different pathways are recruited and
regulated are largely unknown.

CSR s also triggered by and requires AID, but the exact role of AID and of
the other enzymes involved is even less well understood than it is for SHM. It is
clear that there are highly reiterated sequences 5 to the 1, v, €, and o heavy
chain constant region genes that are downstream from the p constant region
and that these switch regions (SRs) are rich in hot spots that are targeted by
AID for mutation (Chaudhuri and Alt, 2004; Fig. 1). The p SR serves as the
donor and the v, €, and o SRs serve as the recipients for the recombinational
event that fuses the V region with one or another of the downstream constant
region genes. CSR allows the B cell to switch from making an IgM to an
IgG, IgE, or IgA Ab. The choice of which SRs serve as recipient for CSR is
determined by which cytokines are released by the helper T cells that interact
with the IgM-producing B cell (Stavnezer, 1996). Furthermore, there is con-
siderable evidence that once AID deaminates C — U in both the donor and
recipient SRs, the resulting G:U recruits all of the same enzymes as are
recruited during SHM and that ssDNA breaks are created through the action
of UNG, BER, MMR, and perhaps as yet unidentified endonucleases and
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other enzymes (Chaudhuri and Alt, 2004). One proposal is that staggered
double-stranded breaks are generated by AID and base excision and MMR
enzymes are recruited to the G:U or G:abasic site that is created and that these
double-stranded breaks then recruit the enzymes that complete the process of
CSR by nonhomologous end joining (Chen et al., 2001; Rush et al., 2004;
Schrader et al., 2005).

It is also important to note that the mistargeting of AID-induced SHM to
proto-oncogenes such as Bcl6 and c-myc, and perhaps many others, sometimes
results in point mutations that lead to the uncontrolled overexpression of these
genes and the malignant transformation of B cells (Gaidano et al., 2003;
Kuppers and Dalla-Favera, 2001). In addition, the dsDNA breaks that occur
in the Ig gene during CSR lead to the chromosomal translocations that place
the same oncogenes under the regulation of Ig gene enhancers and promoters
and also contribute to B-cell lymphomagenesis (Kuppers and Dalla-Favera,
2001; Ramiro et al., 2006). Together these events are thought to be responsible
for 85% of the B-cell lymphomas, which are one of the most common cancers
in young people. In order to understand how Ab diversity is generated and how
the genomic instability that is a critical part of SHM and CSR is sometimes
mistargeted, it is important to understand exactly how AID is normally targeted
to the Vand SRs and not to other parts of the Ig genes or to other genes in the
germinal center B cells.

It is axiomatic that the overwhelming number of mutations are either neutral
or deleterious. But there are enzymes that are designed mutators whose
principal role is to provide the cell with sufficient flexibility to adapt rapidly
in stressful environments and also to evolve on millennia time frames. In this
chapter, we will first describe the biochemical characteristics of one of those
mutagenic enzymes, AID, and examine the degree to which the properties of
the enzyme itself contribute to its highly mutagenic effect and its preferential
targeting of hot spots in the heavy and light chain V region and SRs. We will
then review the evidence that additional factors that are not inherent in
biochemical properties of AID also contribute to the restriction of the muta-
genic activity of AID to Ig genes. We also examine how the involvement of AID
enables complex organisms to make protective antibodies. Finally, we review
recent biophysical techniques that are capable of directly characterizing
changes in protein structure and dynamics as a function of evolution, as it is
these changes that are ultimately responsible for the functional manifestation
of AID-induced mutations. By including recent advances in immunology,
biochemistry, and biophysics, we hope to provide a more comprehensive
and interdisciplinary view of the mechanisms of, and the selection pressures
shaping, Ab diversification.
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2. Biochemical Basis of C Deamination by APOBEC Enzymes

There are 12 members of the APOBEC family of nucleic acid-dependent
C deaminases. APOBECI, the first to be discovered, has the unusual highly
selective property of deaminating just a single C residue on mRNA (Davidson
and Shelness, 2000). The remaining APOBEC enzymes are either known to
deaminate C at multiple sites on ssDNA or have no known substrate. We have
examined the biochemical basis of C deamination for AID and Apo3G, and we
will describe current approaches to delineate their biochemical properties and
mechanisms.

2.1. AID Targets C Motifs on ssDNA

In 1999, AID was found to be required for SHM and CSR (Muramatsu et al.,
2000), but it was not until 2003 that the partially purified enzyme was shown to
act on ssDNA (Bransteitter et al., 2003; Chaudhuri et al., 2003; Dickerson et al.,
2003; Sohail et al., 2003). The initial problem was that attempts to purify AID
did not provide active enzyme (Muramatsu et al., 1999). This was overcome
when we discovered that the activity of AID purified from insect cells had been
masked owing to the presence of an avidly bound ssRNA inhibitor (Bransteitter
et al., 2003). AID has biochemical properties that recapitulate several basic
properties of V-gene C — T mutations in vivo (Pham et al., 2003). Perhaps the
most important of these is its ability to select out specific mutational hot
spots by favoring deamination of canonical WRC motifs (W = A/T, R = A/G)
while suppressing deamination of SYC (S = G/C, Y = T/C). The deamination
specificity of AID in vitro was determined using a lacZ reporter gene located in
an ssDNA-gapped region of bacteriophage M13 dsDNA. Following incubation
with AID, the DNA was transfected into uracil-glycosylase deficient E. coli.
AID-catalyzed deaminations generate C — T mutations in the lacZ reporter
gene, leading to the production of clear or light blue mutant M13 phage
plaques, or nonmutated wild-type dark blue plaques. The C — T mutations
occur precisely at the C — U deamination sites. The DNA sequence analysis
revealed that under conditions for which there was a very low frequency of
mutant plaques (~2 to 5%), roughly half of the mutant DNA clones had
between 1 and 20 mutations and the other half had between 21 and 80
mutations (Pham et al., 2003). Since a large majority of DNA molecules contain
no mutations, the observation that multiple mutations occur on a single DNA
molecule strongly suggests that AID is acting processively on ssDNA in this
in vitro system.

The distribution of mutations in sparsely deaminated clones showed just a
few mutant sites, typically but not always in WRC hot spot motifs, separated by
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sizable regions containing nonmutated hot spot motifs. In the much more
densely deaminated clones, one observes mutational clusters often containing
3-5 deaminated C residues within about a 10-base region with deaminations
occurring in WRC motifs as well as neighboring cold spot SYC and all other
motifs. The upshot of the clonal analysis is that AID appears to bind randomly
to ssDNA and is able to deaminate a large number of C residues while bound to
the same DNA substrate. Since only ~25% of C residues mutated to T in lacZ
result in a lacZ mutant phenotype, it was essential to sequence DNA clones
isolated from “nonmutated” blue plaques to ensure that silent C sites were not
mutated. Data showing that there were in fact no lacZ mutations occurring in
more than 50 DNA clones isolated from wild-type lacZ (dark blue) plaques
strongly support a processive scanning mechanism (Pham et al., 2003).

But what exactly is meant by the term “processive” in the context of the
behavior of AID? The familiar definition of processivity was coined for DNA
polymerase as a measure of the number of nucleotides incorporated after the
enzymes binds to a primer/template DNA substrate prior to its dissociation. In
the case of DNA polymerase, once released from DNA, the enzyme reequili-
brates in the bulk solution and subsequently binds to any available primer/
template DNA. In contrast, APOBEC enzymes which do not have to act on
each nucleotide as they move along the DNA may have a number of micro-
scopic dissociations from ssDNA, but are much more likely to reassociate with
and continue to deaminate the same DNA substrate (Chelico et al., 2006; Pham
et al., 2003). The property of preferential association with a single substrate
accounts for the processive action of AID; a similar processive mechanism has
been proposed for restriction nucleases (Halford and Marko, 2004).

A second important distinction between AID and DNA polymerase is that
while each template base is a candidate for copying by polymerase, APOBEC
C deaminases only attack C residues. Individual ssDNA molecules attacked by
AID exhibit significantly different patterns both for the number and distribu-
tion of deaminations (Bransteitter et al., 2004; Pham et al., 2003). An examina-
tion of individual DNA clones shows the presence of densely clustered
mutations separated by lightly mutated regions (Bransteitter et al., 2004;
Pham et al., 2003). The wide variability in the locations and number of muta-
tions for different clones suggests that AID initially binds at a random position
on ssDNA and deaminates C residues processively over a short (~10 base)
region but then translocates randomly to a different region on the same DNA
substrate. Further support for a random binding mechanism is that AID
exhibits a similar apparent equilibrium-binding constant to ssDNA substrates
containing multiple WRC hot spot or SYC cold spot motifs, no C residues, or
only product U residues (R. Bransteitter, P. Pham, and M. F. Goodman,
unpublished data).



134 MYRON F. GOODMAN ET AL.

Although AID favors deamination of WRC hot spot motifs by a ratio of
about six to one over SYC cold spot motifs (Pham et al., 2003), there are many
instances when non-hot spot C residues are attacked while proximal hot spot Cs
are not. This observation reveals an essential stochastic aspect of AID that is
consistent with V-gene mutational patterns in vivo. A “mutability index” char-
acterizing SHM is defined as the frequency of mutations found to occur in a
specific V-gene sequence motif compared to mutation frequency predicted to
occur with no sequence bias (Shapiro et al., 2002). We have shown that the
average mutability index for both hot WRC and cold SYC motifs generated by
AID acting on ssDNA in vitro is virtually indistinguishable from SHM in vivo
(Pham et al., 2003; Table 2), which validates the importance of studying AID in
a variety of model biochemical systems. The fact that V-gene mutations are
relatively few and far between may imply that most of the deaminated Cs
are repaired. Even so, SHM mutations in a 3’ intronic region of VD] from
mice (Rada et al., 2004) reveal a clustered deamination pattern reminiscent of
the T7-transcriptional deamination pattern (Pham et al., 2005), suggesting that
the biological consequences of AID might be reflective of its biochemical
properties in vitro.

A model for AID that perhaps best reflects its behavior pictures the enzyme
binding randomly to ssDNA and then scanning along the DNA by jumping
and sliding in either direction to catalyze multiple deaminations, preferenti-
ally, although not exclusively in WRC motifs. A sketch showing how AID
might act depicts the enzyme as a multimer, most likely a dimer (Fig. 2).
If each monomer, constrained to operate as part of a dimer, can in principal
bind to different regions on ssDNA independently of whether the other
monomer is bound, then independent sliding motions of each of them over
distances ~10 nt can give rise to clustered deamination patterns with regions
containing few or no deaminations in between clusters, as has been observed
in vitro when AID acts on naked ssDNA (Pham et al., 2003) or when super-
coiled circular dsDNA is transcribed by T7 RNA polymerase (Bransteitter
et al., 2004). On the basis of data from Honjo (Wang et al., 2006a), AID appears
to be active as a dimer. Mutations that are predicted to interfere with multimer
formation strongly reduce AID activity (Procknow et al., 2007; Wang et al.,
2006a).

The presence of an unusually high concentration of basic amino acids
located near the N-terminal domain of AID, resulting in a localized +11
charge, is likely to result in a strong interaction with the negatively charged
ssDNA phosphate backbone (Bransteitter et al., 2004). The replacement of two
basic amino acids by acidic residues to reduce the N-terminal charge to +7
(R35E/R36D) causes a significant decline in AID processivity revealed by the
in vitro system, with far fewer C deaminations observed on individual ssDNA
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Figure 2 Jumping and sliding model for processive C — U deaminations catalyzed by Apo3G or
AID. Apo3G or AID is shown as a dimer, with one of the monomers binding prior to the other.
Binding occurs randomly, and sliding occurs in either direction along the ssDNA substrate. In
the case of Apo3G, deamination occurs only when either monomer confronts a target 5CCC
(ie., X = C, Y = C) while sliding 3" — 5. Structural constraints might favor binding of other
monomer toward the 5" end of the substrate, with either sliding or jumping constraints strongly
favoring deamination in a 3 — 5, in the absence of an external energy source, for example ATP or
GTP hydrolysis. Once bound, the other monomer also moves bidirectionally and deaminates C only
when sliding 3 — 5. Asymmetric catalysis and jumping could account for the strong 3' — 5
deamination polarity of Apo3G, shown in Fig. 3. AID binds randomly to ssDNA and performs
processive deamination of C — U on ssDNA, but, unlike Apo3G, deamination is unbiased,
occurring equally in 5" and 3’ directions, with preferential targeting in WRC motifs (W = A/T,
R =A/G).

molecules accompanied by a significant reduction in clustered mutations
(Bransteitter et al., 2004). Although mutations in these specific amino acid
residues have not been associated with human disease, it is important to note
that two mutations in the N-terminal domain, K10R and R24W, have been
linked to a Hyper-IgM2 syndrome (Revy et al., 2000). Although patients with
this syndrome usually have normal or elevated serum IgM levels, they do not
appear to have IgG, IgA, and IgE nor do they have V-gene mutations (Revy
et al., 2000).

The likely importance of N-region positive charge in modulating the pro-
perties of AID raises the key issue of the role of phosphorylation in Ab diver-
sification. It is incontrovertible that AID isolated from B-cell nuclei is
phosphorylated, for example, at Ser38, and possibly at other residues. Yet only
a small fraction (~10%) of nuclear AID appears to be phosphorylated at S38
(Basu et al., 2005; McBride et al., 2006; Pasqualucci et al., 2006). One report
suggests that although AID purified from human cells can attack ssDNA in the
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absence of phosphorylation, it cannot deaminate linear dsDNA transcribed by
T7 RNA polymerase (Chaudhuri et al., 2004). It was reported that human
single-stranded binding protein (RPA) was also required for transcription-
dependent deamination by B-cell-phosphorylated AID (Chaudhuri et al.,
2004). We are currently investigating the effect of phosphorylation on partially
purified GST-tagged human AID expressed in baculovirus-infected cells. Our
preliminary data substantiate the importance of phosphorylation of AID vis-a-
vis its biochemical activity. We observe, for example, that the recombinant
AID from insect cells is phosphorylated at at least two residues, Ser38 and
Ser43. The specific activity of AID is reduced significantly by replacing these
amino acids with Ala, and it is increased by replacement of Ser38 and Ser43
with phosphorylation-mimic Asp residues (S. Allen et al., unpublished data).
However, we have not as yet been able to identify an essential role for phos-
phorylation or for RPA in T7 RNA polymerase transcription-dependent deami-
nation. A more extensive biochemical analysis will likely be necessary to
simulate transcription-dependent AID-catalyzed deamination and to elucidate
the roles of accessory protein factors, cis-transcriptional elements, and AID
phosphorylation.

We have measured the activity of AID on model transcription bubbles
(Bransteitter et al., 2003) and on dsDNA undergoing active transcription
(Bransteitter et al., 2004; Pham et al., 2003). AID is able to deaminate C in
bubbles with as few as three displaced nucleotides, but appears to be most
active with a displaced strand of nine nucleotides (Bransteitter et al., 2003). We
have used two types of dsDNA substrates containing a T7 promoter to measure
transcription-dependent C deamination, one composed of covalently closed
supercoiled M13 DNA containing a lacZ reporter sequence (Pham et al., 2003),
and one which is linear containing a single WRC target motif (S. Allen et al.,
unpublished data). The lacZ mutational spectra show a decided preference for
deaminations in WRC motifs. Sequence data from individual DNA clones
reveal a clustered mutational pattern (Bransteitter et al., 2004) reminiscent of
the action of AID on nontranscribed ssDNA (Pham et al., 2003). An added
element specific to the transcription assay is the observation that the mutations
exhibit a polar gradient beginning proximal to the T7 promoter, gradually
diminishing for about 500 nt further downstream from the promoter. The
data suggest that AID might move with the transcription bubble, perhaps by
jumping and sliding in accordance with our proposed model (Fig. 2). We
speculate that the reduction in mutations with distance from the end of the
promoter might be caused by a peeled-off ssRNA transcript binding to AID—
recall that AID is strongly inhibited when bound to ssRNA (Bransteitter et al.,
2003). In neither the M13 nor the linear dsDNA assay do we observe an
absolute requirement either for phosphorylation or for RPA.
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We have no explanation for why our T7 transcription-based assay with linear
dsDNA differs from a similar assay which requires phosphorylated AID + RPA
(Chaudhuri et al., 2004). Since human AID expressed in insect cells is phos-
phorylated at S38 as observed for AID from human B cells, perhaps there are
more subtle features of B-cell AID or other factors in B-cell extracts that can
account for the differences. The T7 transcription assays all show a strong
preference (about 15:1) for deamination on the nontranscribed strand. These
results are in accordance with AID’s ability to bind to and catalyze C deamina-
tion on ssDNA; whereas AID cannot bind to nor deaminate dsDNA or
RNA-DNA hybrids (Bransteitter et al., 2003). Presumably, low levels of deam-
ination occurring on the transcribed strand result from transient melting of
the RNA-DNA hybrid. Yet V-gene mutations occur roughly equally on both
nontranscribed and transcribed DNA strands in vivo.

Several interesting questions and possibilities are raised by the large num-
bers of mutations that occur on the transcribed strand in vivo. Initially it was
suggested that sites of AID-catalyzed C deamination were processed in parallel
in either of three ways (Di Noia and Neuberger, 2002; Poltoratsky et al., 2000):
replication of U giving rise to C — T mutations at the deamination site,
processing of a U:G mismatch by MMR enzymes, and conversion of U to an
abasic moiety by UNG which could be processed by a BER pathway. The latter
two repair pathways would expose the transcribed strand to copying by error-
prone DNA polymerases thus facilitating mutations at A and T sites, perhaps in
accord with the specificity of pol n (Rogozin et al., 2001) inaccurately copying a
secondary WA hot spot motif, or perhaps to further attack by AID. Although
data from mice deficient in MMR or BER provide definitive support for this
model (Li et al., 2004b; Martomo et al., 2004; Rada et al., 2004), the question
still remains “is the transcribed strand accessible to AID during transcription”?
The short answer in our opinion is “probably no,” or at least not to any major
extent. Yet there are data that suggest the opposite could be true. It has
been suggested that unwinding of supercoiled regions at the end of a transcrip-
tion bubble might make both strands accessible to AID (Shen and Storb, 2004).
An experiment using an E. coli transcription system finds mutations occurring
in equal numbers on both strands (Bessmer et al., 2006). Although these
authors proposed that the E. coli system was considerably more eukaryotic-
like than the T7 system, it is also the case that the T7 promoter is strictly
unidirectional, whereas bidirectional transcription might be occurring in
E. coli. A potential difficulty using E. coli transcription is that there are several
promoters having opposite orientations on the same plasmid substrate, which is
not the case for T7, which just has a single T7 promoter on the plasmid
substrate. Data were not presented to rule out this possibility. Much more to
the point is a study mapping transcription in B cells, which showed that
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Figure 3 Analysis for Apo3G and AID processive C — U deaminations on ssDNA. An ssDNA
substrate containing two C target motifs and either a fluorescent molecule or 32p Jocated in
between the two motifs is incubated with Apo3G or AID, leading to three alternative outcomes,
asingle C — U conversion in the target motif located either nearer the 3" end or nearer the 5’ end,
or double C — U conversions occurring in both 3’ and 5" target motifs. Incubation with uracil
glycosylase (UDG) will convert U to an abasic moiety (X), and subsequent exposure to hot alkaline
conditions will cause a break in the DNA strand at X, resulting is DNA strands having different
lengths. Strands arising from 5’ C, 3’ C or 5’ C, and 3’ C deamination events are resolved by gel
electrophoresis. Enzyme, ssDNA substrate concentrations, and incubation times are adjusted to
ensure that C — U deaminations result from the action of no more than one Apo3G or AID
encounter with an ssDNA substrate, which we refer to as single-hit conditions (Chelico et al., 2006).
Data are shown for Apo3G, where one observes favored deamination at 5’ over 3'-target motifs,
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transcription is occurring bidirectionally (D. Ronai and M. Scharff et al., unpu-
blished data). If this observation proves to be correct in vivo, AID could
deaminate both DNA strands in B cells by attacking the nontranscribed strands
of transcription bubbles moving in opposite directions.

Whether E. coli transcription is more eukaryotic-like than T7 transcription, an
in vitro mammalian transcription model system will be required not only to
address nontranscribed versus transcribed strand C deamination and the reasons
for the lack of mutations in the first 100-200 bases, but more importantly to begin
investigating how AID is targeted to V-gene, but not C-gene transcription bub-
bles. And, more generally, how AID and other APOBEC C deaminases are
prevented from acting in an inopportune manner at the wrong place or at the
wrong time (Pham et al., 2005). Clearly a variety of cis- and ¢rans-acting tran-
scriptional elements must be involved such as enhancer and MAR elements.
There could well be a combination of positive and negative regulatory factors that
determine how, when, and where AID acts during transcription. One idea is
that AID might be recruited to a specific region undergoing transcription by a
transcription factor while perhaps interacting with RPA (Chaudhuri et al., 2004).
Alternatively, it is possible that AID access is negatively regulated by factors that
prevent AID from binding to ssDNA during transcription, as deduced from data
in Ronai et al. (2005) or, a combination of negative and positive acting factors
might be required to govern the access of AID to ssDNA exposed during
transcription.

2.2. APOBEC-Targeting Mechanisms Involve Jumping and Sliding
Along ssDNA

Random binding to ssDNA and bidirectional processive movement of AID was
deduced, as described above, from the distribution of C deamination clusters
on individual DNA clones (Bransteitter et al., 2004; Pham et al., 2003). To
obtain a more precise picture describing the dynamics of scanning for any
APOBEC enzyme, we have designed an assay to measure correlated multiple
C deaminations occurring on individual ssDNA molecules that interact at most
once with an APOBEC enzyme (Chelico et al., 2006). In its simplest form, the
assay monitors deamination of two target C residues located on an ssDNA
substrate, separated by an arbitrary number of nucleotides, containing either a
32p or fluorescent (fluorescein) tag located between the two motifs (Fig. 3).
There are three possible outcomes for an ssDNA substrate acted on by an

along with processive coordinated double deaminations at 5’ C and 3" C occurring during a single
encounter of Apo3G with an ssDNA substrate.
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APOBEC C deaminase: a single conversion of C — U in either the 3’-motif or
5-motif, or double C — U conversions occurring in both 3'- and 5'-motifs on
the same DNA molecule. Treatment with UNG to convert U to an abasic site
followed by strand breakage at the abasic moiety results in different length
fluorescent or 32P-tagged fragments that are clearly resolved by PAGE (Fig. 3).
An APOBEC enzyme acts processively if it catalyzes C deaminations in both
motifs. Practically speaking, to ensure that double deaminations are in fact
catalyzed by the action of at most one APOBEC molecule, enzyme/substrate
ratios and incubation times are chosen so that no more than about 10% of the
substrates are deaminated. A thorough description of the assay is given in
Chelico et al. (2006).

The analysis reveals a remarkable scanning mechanism for Apo3G. Apo3G
catalyzes coordinated double deaminations caused by the action of a single
enzyme at 3'- and 5'-target motifs sevenfold more frequently than predicted by
the product of independent deaminations at 3'- and 5'-sites catalyzed by two
different Apo3G molecules on the same ssDNA substrate (Chelico et al., 2006).
Apo3G acts processively over at least 100 nt, but what’s “remarkable” is that
although the enzyme appears to bind randomly to ssDNA, deamination pro-
ceeds predominantly 3’ — 5/, as seen by the presence of much more deamina-
tion at the 5'- compared to 3'-target motif. In other words, the band intensities
corresponding to single deaminations are far more intense for deamination of
the 5'-target (Fig. 3). However, there is no apparent energy source present to
impart directionality—notably, the strong asymmetry favoring 5'- over 3'-C
deamination occurs to the same extent either in the absence or presence of
nucleotides, for example ATP or GTP. To account for the differential pattern of
deamination, we have proposed that Apo3G attacks its preferred CCC target
motif with a strong 3’ to 5 polarity, that is Apo3G attacks from the 3'-side.
In the absence of a source of energy to impart directional motion, the enzyme
can move along the ssDNA in either direction, but catalysis is restricted to
occur from the 3’ to 5’ direction. Apo3G cannot bind to dsDNA (Chelico et al.,
2006). By annealing an ssDNA oligonucleotide in between the two target
C motifs to create a partially dsDNA region on the ssDNA substrate along
which Apo3G cannot slide, we have shown that in addition to sliding along
ssDNA, the enzyme can also jump over the dsDNA block (Chelico et al., 2006).

A sketch depicting a sliding and jumping action of Apo3G is shown in Fig. 2.
Apo3G is believed to operate as a multimer, possibly as a dimer (Chelico et al.,
2006). We have speculated that an asymmetric head to tail arrangement of
monomer subunits could in principle provide for the type of asymmetric 3’ to 5’
attack (Chelico et al., 2006). Using the same assay, we observe that AID slides
and jumps along ssDNA, thus acting in a manner similar to Apo3G. However,
AID behaves very differently from Apo3G in that it deaminates 5'- and 3'-target
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motifs equally well (Pham et al., 2007). One can imagine a symmetric head-
to-head arrangement of monomers for AID. Imagination aside, it is essential to
determine just what the biochemically and, of course, biologically active forms
are for Apo3G and AID. A study using an Apo3G mutant incapable of forming
dimers finds that the monomer is catalytically active both in vitro and in vivo
(Opi et al., 2006). Although, it would be interesting to see if the mutant is able
to catalyze processive deaminations, what would be unquestionably most ben-
eficial at this time would be to have a crystal structure for AID and Apo3G,
even better, a cocrystal with ssDNA.

Although a precise structural explanation for the scanning awaits high-
resolution crystal structures for the APOBEC nucleic acid deaminases, the
scanning behavior of Apo3G and AID appears to simulate their most salient
in vivo properties. For example, it is known that the HIV-1 AIDS virus contains
a strong mutational polarity with C — U deaminations concentrated toward the
5'-region of the virus minus strand (Yu et al., 2004). The intrinsic ability of
Apo3G to carry out a 3 to 5’ attack on proviral cDNA in vitro could account for
the distribution of viral mutations skewed heavily toward the 3'-DNA end of
the plus strand. A finding that there’s actually a twin gradient emanating from
two priming positions for second-strand DNA to DNA synthesis (Suspene
et al., 2006), makes matters somewhat more complicated, but the intrinsic
3 — 5 attack by Apo3G involving sliding and jumping might account
(Chelico et al., 2006), at least in part, for both mutational gradients on different
parts of the cDNA. A strict directionality might also be imposed on AID by the
requirement that deamination takes place while tracking along with a moving
transcription bubble translocating 5 to 3’ along V-gene DNA.

3. How and Why Might AID-Specific Mutations Be Targeted?

The properties of AID that have been revealed by the biochemical studies
described above suggest that it is targeted to specific motifs within highly
transcribed genes. The sparing of the first 100-200 bp and decrease in SHM
1.5-kb downstream from the transcription start site may ultimately be attribut-
able to the inherent properties of the enzyme as it interacts with DNA and the
transcription apparatus. However, the inherent biochemical properties of AID
probably are less likely to explain how its mutagenic action is preferentially
targeted to Ig heavy and light chains and why it is sometimes mistargeted to
other highly transcribed genes in centroblast B cells. It is likely that associated
proteins contribute to the targeting to the Ig genes and to the apparent
differential targeting to V and SRs. This is supported by the finding that
mutations in the C-terminal end of AID lead to an inability of the enzyme to
mediate CSR, while mutations in the N-terminal portion lead to the loss of
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ability to mediate V region mutation while CSR continues (Barreto et al., 2003;
Shinkura et al., 2004). Further support for the differential targeting to V and
SRs occurs comes from the observation that when AID is induced in naive
mouse B cells, those cells carry out what appears to be normal CSR and
undergo high rates of mutation in the SRs including the regions 5 to the
i SR, but no mutations occur in the V regions of those same cells (Nagaoka
et al., 2002; Reina-San-Martin et al., 2003). AID has been reported to associate
with RNAP II (Nambu et al., 2003), but the detailed relationship between AID-
induced mutations and the transcription have yet to be elucidated. It has been
suggested that there may be a mutasome that includes AID and some or many
of the other proteins that participate in SHM and CSR, but such complexes
have yet to be identified (Reynaud et al., 2003).

In addition to the role of associated proteins, there are probably other
mechanisms that are responsible for the selective targeting of AID to the
V and SRs of the Ig genes and the protection of other highly transcribed
genes in centroblast B cells. Some of the studies suggesting such mechanisms
have been reviewed in detail (Odegard and Schatz, 2006). Briefly, various
combinations of cytokines target AID to the different SR that are 5 to the
o, €, and each of four IgG constant regions. This selective targeting could be
facilitated by increased accessibility that is associated with changes in acetyla-
tion and methylation of chromatin (Li et al., 2004a; Nambu et al., 2003; Wang
et al., 2006b). These changes in chromatin structure are also associated with the
onset of transcription in these regions, so it is unclear whether specific patterns
of chromatin modifications are required for the correct targeting of AID to
particular SRs (Li et al., 2004a; Wang et al., 2006b). However, the different
patterns of histone modifications suggest that chromatin structure may play a
greater role than just providing accessibility for RNAP II. Studies in tissue
culture cells undergoing SHM show that the protection of the first 100-200 bps
and of the C region is lost when there is global hyperacetylation of histones,
suggesting that chromatin structure may play some specific role (Woo et al.,
2003). Differences in the acetylation of the histones associated with Vand C are
also observed in vivo in mice but precede the induction of AID, so it is still
unclear if targeting requires changes in chromatin structure (Odegard and
Schatz, 2006; Odegard et al., 2005).

There are similar uncertainties about the requirement for and the role of cis-
acting sequences in the targeting of AID to the V region. The observations that
when AID is overexpressed both in cultured cells and in vivo it can target non-
Ig genes (Gaidano et al., 2003; Gordon et al., 2003; Okazaki et al., 2003; Wang
et al., 2004), including itself (Martin and Scharff, 2002), suggest that particular
cis-acting DNA motifs are not required. Although there is evidence of a need
for enhancers and promoters in ectopically located Ig genes in cultured cells
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and in vivo (Jolly et al., 1996; Tumas-Brundage et al., 1996), the deletion of
some of these elements in the endogenous genes does not always confirm these
findings (Odegard and Schatz, 2006; Tumas-Brundage et al., 1996). However,
the specific deletion or manipulation of some of these elements in cultured cells
suggests that the targeting of AID to the Vregion may be complex and that are a
mixture of negative and positive controls (Ronai et al., 2005). The potential role
of enhancers and promoters is particularly difficult to dissect because transcrip-
tion is required for AID-induced mutations so any change in the putative cis-
acting sequences that results in a decrease in transcription will also cause a
decrease in SHM. It is also possible that there are particular DNA structures,
such as G-quartets in SRs, that serve as a niche for the targeting of AID (Maizels,
2005).

It will probably be necessary to reconstruct the processes of SHM and CSR
in vitro to determine the role of chromatin modifications, cis-acting sequences,
and specific DNA structures in creating and fixing the large numbers of
mutation that are required for both SHM and CSR.

4. Selection of AID-Induced Mutations During Ab Maturation

Why might AID hot spots have been selected for during evolution? To frame
this question in an appropriate context, it is critical to consider the various
selection pressures under which antibodies evolve. It is obvious that no muta-
tions are tolerated which prevent assembly or appropriate folding of the Ab
(Horne et al., 1982; Kranz and Voss, 1981; Wiens et al., 1998). Thus, germ line
gene sequences may have been selected that are prone not to mutate residues
that form parts of the interchain interface or structural motifs within the
framework (FR) regions.

However, more subtle selection pressures may have helped select for AID hot
spot sequences. One of the earliest understood challenges to the immune
system was “horror autotoxicus” (Silverstein, 2001). How are Ab molecules
generated with the bewildering array of specificities required to recognize a
virtually infinite set of foreign epitopes, without producing Ab that bind any
self molecules (Landsteiner, 1936). This problem is at least partially solved if
evolution has selected for germ line antibodies that are polyspecific, thus,
greatly expanding the range of foreign molecules that are recognized with
sufficient affinity to initiate SHM. But this immediately leads to another prob-
lem, if these antibodies remain polyspecific, they are also likely to bind self
molecules and cause autoimmunity. How might the control of AID-dependent
mutations help select against the evolution of self-reactive antibodies

One way that AID-dependent mutations might simultaneously optimize
affinity and specificity is by manipulating protein flexibility. Flexible germ line
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combining sites that adopt different conformations would be able to recognize a
broad range of Ags with an induced-fit-like mechanism (Berzofsky, 1985;
Bosshard, 2001; Foote and Milstein, 1994; Ma et al., 2002; Sundberg and
Mariuzza, 2003). Although these flexible antibodies would also be expected to
bind self-molecules (Comtesse et al., 2000), they are only present in low con-
centrations (Souroujon et al., 1988). A rapid change in the concentration or
presentation of a foreign molecule may then induce SHM (Baumgarth, 2000;
Jegerlehner et al., 2002). If mutations are introduced that rigidify the protein in
a conformation suitable for target recognition, they may be selected as they will
decrease the entropic cost of binding and increase affinity (Comtesse et al.,
2000; Guigou et al., 1991; Hodgkin, 1998; James et al., 2003; Joyce, 1997;
Mason, 1998; Patten et al., 1996; Souroujon et al., 1988; Wedemayer et al.,
1997). The mature antibodies may then be produced in the large quantities
required to fight an infection because they are now highly specific, recognizing
only their target with a lock-and-key-like mechanism (Pauling, 1946; Sundberg
and Mariuzza, 2003).

By comparing Ab structures with and without bound small molecule Ags,
researchers began in the 1990s to characterize Ab—Ag recognition in terms of
induced-fit and lock-and-key. The first reported studies by Wilson of an anti-
peptide antibody (Stanfield et al., 1990) and by Poljak and Milstein of an anti-2-
phenyloxazone Ab (Alzari et al., 1990) in 1990 found that Ag binding did not
induce a significant change in protein structure. However, significant changes
in Ab structure on Ag binding were observed in several subsequent studies,
most notably with an anti-DNA Ab (Herron et al., 1991), an antiprogesterone
Ab (Arevalo et al., 1993), and another antipeptide Ab (Rini et al., 1992).

The structural consequences of SHM have been elegantly examined by the
groups of Ray Stevens and Peter Schultz. They approached the problem by
characterizing the protein rearrangements induced by Ag binding in both germ
line and mature Ab (Hsieh-Wilson et al., 1996; Mundorff et al., 2000; Patten
et al., 1996; Wedemayer et al., 1997; Yin et al., 2001). These studies unambigu-
ously illustrated two important aspects of SHM: first, many of the selected
mutations are distal from the combining site and second, at least some of them
appear to preorganize the combining site for Ag recognition. Two examples are
especially illuminating. During the affinity maturation of Ab 48G7, which binds
a p-nitrophenyl phosphonate analogue (Jacobs, 1990), nine mutations were
introduced, none of which directly contact the Ag (Patten et al., 1996). Com-
parison of the Ag-free and Ag-bound combining sites of mutated, affinity-
matured Ab 48G7 shows that there are no significant changes on Ag binding.
However, significant structural changes are observed on Ag binding to
the germ line Ab (Wedemayer et al., 1997). Thus, it was suggested that several
of the somatic mutations, especially heavy chain mutations N"56D and G55V,
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preorganize the combining site appropriately to bind Ag. Ab 28B4 provides a
second example. 28B4 evolved to bind an aminophosphonic acid analogue
(Hsieh et al., 1994) via nine mutations. Again, germ line and affinity-matured
Ab structures, both with and without bound Ag, were determined (Hsieh-
Wilson et al., 1996; Yin et al., 2001). While in this case the differences were
smaller, heavy chain CDR3 and light chain CDR1 of the germ line Ab dis-
played conformational changes on Ag binding that were not apparent in the
mature receptor. It was suggested that the D"95W mutation in the heavy chain
is important for preorganizing the CDR3 loop.

The structural studies described above identify regions of the Ab that under-
go Ag-induced changes in structure. However, in other cases the observed
structural changes are small in the germ line as well as the mature Ab
(Romesberg et al., 1998). Even when large structural changes are apparent, it
is not clear if they reflect interconversion between two well-ordered and rigid
conformations, or if they actually reflect the ability of the combining site to
adopt a wide range of structures, that is flexibility. To more rigorously test the
hypothesis that SHM optimizes Ab flexibility and conformational heterogeneity,
a combination of structural and dynamic approaches is required.

Protein dynamics have been described as conformational disorder according
to Frauenfelder’s model of a hierarchical energy landscape wherein proteins
exist in a limited number of conformations, each consisting of a large number
of conformational substates (Frauenfelder and Leeson, 1998; Frauenfelder
and McMahon, 2000; Frauenfelder et al., 1988, 1991; Kitao et al., 1998).
Fluctuations between different conformational substates result in diffusive
motion on the picosecond to nanosecond timescale, while large-scale confor-
mational changes result from a superposition of diffusive motions, and accord-
ingly they occur on a slower timescale (Frauenfelder et al., 1988; Parak, 2003;
Zaccai, 2000). While NMR is a promising technique to measure Ab dynamics,
potentially as a function of SHM, it has not yet been applied to this problem.

One optical technique that has been applied to the problem is 3-photon echo
peak shift spectroscopy (3PEPS). The 3PEPS experiment is similar to the well-
known NMR spin echo experiment, but requires three pulses of light resonant
with the absorption of the bound chromophore. Briefly, in these experiments a
force is applied to the chromophore’s environment by absorption-induced
changes in the chromophore’s dipole moment, and the time scale and energy
of the protein’s response to this force are characterized by following coherence
decay with second and third pulses of femtosecond light. Additionally, in a
homogeneous environment (i.e., a single well-ordered Ab combining site), the
3PEPS signal decays to zero; however, in a heterogeneous environment,
the 3PEPS signal decays asymptotically to a nonzero value. This feature is
particularly interesting as it renders 3PEPS the only technique that can detect
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conformational heterogeneity under biological conditions (i.e., above cryogenic
temperatures) (Fleming and Cho, 1996; Homoelle and Beck, 1997; Homoelle
et al., 1998; Nagasawa et al., 1997, 2003). The 3PEPS technique was developed
to study solvation dynamics, but is easily adopted to study Ab evolution with the
use of antichromophoric antibodies.

To examine how protein dynamics may be manipulated by SHM, the well-
characterized antifluorescein Ab, 4-4-20, for which there is also a published
crystal structure, was employed. The germ line precursor of 4-4-20 was evolved
to bind fluorescein via two light chain mutations and 10 heavy chain mutations
(Jimenez et al., 2004). While the light chain mutations are proximal to the bound
fluorescein, the heavy chain mutations group into two clusters, one >10 A from
the binding site and other >20 A. Each mutation was individually examined
in the context of both a germ line or mature Ab, and the effect on fluorescein
affinity measured by surface plasmon resonance (Zimmermann et al., 2006).
Remarkably, the greatest impact on affinity was due to a Cys to Arg mutation at
position 38 of the heavy chain, located more than 20 A removed from the
binding site. In addition, because affinities must increase during affinity matura-
tion, it was possible to conclude that the maturation of the heavy chain preceded
the evolution of the light chain (Zimmermann et al., 2006).

The germ line Ab, a potential intermediate (with an evolved heavy chain and
a germ line light chain), and the mature Ab were recombinantly expressed
and characterized using 3PEPS (Fig. 4). The 3PEPS time domain data was
Fourier transformed into a spectral density, where the amplitude of the protein
motions induced by fluorecein excitation is plotted versus their frequency
(Fig. 4B and C). It is immediately apparent that SHM systematically reduced
the amplitude of low-frequency motion resulting in a fully mature Ab that
displays only high-frequency motion. Remarkably, analysis of the spectral den-
sities demonstrate that during maturation the average force constant of the
protein motions displaced by fluorescein excitation was increased by 400-fold
(Zimmermann et al., 2006). Even more remarkably, the 3PEPS terminal
peak shift, a quantitative measure of heterogeneity, was systematically reduced
during maturation (Fig. 4).

A physical basis for SHM-induced rigidification is apparent from a compari-
son of the structure of the mature Ab (Whitlow et al., 1995) with the computa-
tional model of the germ line. The heavy chain mutations appear to play a
central role despite the fact that none involve residues that directly contact Ag.
Instead, these mutations appear to rigidify the protein by introducing two
clusters of mutually dependent interactions that act to cross-link B-strands
and CDR loops of the combining site, localizing it to a conformation most
appropriate for Ag binding (Fig. 4). Further deconvolution of the structural
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and dynamic changes associated with the evolution of Ab 4-4-20 should be
provided by structural analysis of the germ line progenitor.

While still at a very early stage in our understanding, the characterization of
protein structure and dynamics as a function of SHM suggests that during
evolution AID-dependent mutations are selected that convert flexible and
polyspecific Ab into rigid and highly specific Ab. Further testing this model
will require the use of other techniques, such as NMR-based approaches that
are capable of characterizing dynamics as a function of maturation in both the
free and Ag-bound Ab as well as additional structural studies. Nonetheless, the
structural and dynamic data discussed suggest that evolution may have selected
for AID-induced mutational hot spots in order to focus the mutations to sites
within the combining site and to those elsewhere that tailor protein dynamics
for molecular recognition. Thus, AID and the other proteins involved in SHM
may have coevolved along with the Ig gene sequences to ensure elsewhere
that mutations that evolve molecular recognition are quickly introduced.
Further characterizing both the mechanisms of AID activity and how the
selected mutations facilitate molecular recognition should test and refine the
proposed models and also help to clarify the role of purposeful mutations in Ab
evolution.
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Abstract

To mount an optimum immune response, mature B lymphocytes can change the
class of expressed antibody from IgM to IgG, IgA, or IgE through a recombina-
tion/deletion process termed immunoglobulin heavy chain (IgH) class switch
recombination (CSR). CSR requires the activation-induced cytidine deaminase
(AID), which has been shown to employ single-stranded DNA as a substrate
in vitro. IgH CSR occurs within and requires large, repetitive sequences,
termed S regions, which are parts of germ line transcription units (termed
“Cu genes”) that are composed of promoters, S regions, and individual IgH
constant region exons. CSR requires and is directed by germ line transcription
of participating Cy; genes prior to CSR. AID deamination of cytidines in
S regions appears to lead to S region double-stranded breaks (DSBs) required
to initiate CSR. Joining of two broken S regions to complete CSR exploits the
activities of general DNA DSB repair mechanisms. In this chapter, we discuss
our current knowledge of the function of S regions, germ line transcription,
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AID, and DNA repair in CSR. We present a model for CSR in which transcrip-
tion through S regions provides DNA substrates on which AID can generate
DSB-inducing lesions. We also discuss how phosphorylation of AID may
mediate interactions with cofactors that facilitate access to transcribed S
regions during CSR and transcribed variable regions during the related process
of somatic hypermutation (SHM). Finally, in the context of this CSR model, we
further discuss current findings that suggest synapsis and joining of S region
DSBs during CSR have evolved to exploit general mechanisms that function to
join widely separated chromosomal DSBs.

1. Overview of Genetic Alterations in B Lymphocytes

B lymphocytes are critical components of the mammalian immune system as
they can generate antibodies against almost any foreign pathogen. This enor-
mous diversity is achieved by the unique ability of a B cell (and a T cell)
to somatically modify its genome. Somatic diversification of immunoglobulin
genes in B cells occurs in several developmental stages and involves three
distinct processes. First, developing B cells in fetal liver and adult bone marrow
assemble the variable regions of the immunoglobulin heavy (IgH) and light
(IgL) chain genes from component variable (V), diversity (D), and joining (J)
gene segments by the process of V(D)] recombination. This site-directed
recombination reaction is initiated by the lymphoid-specific RAG-1 and
RAG-2 endonuclease and completed by components of the nonhomologous
end-joining (NHE]) machinery (Dudley et al., 2005; Jung and Alt, 2004; Jung
et al., 2006; Schatz and Spanopoulou, 2005). Productive V(D)] recombination
at the IgH locus leads to the generation of a transcription unit in which the
complete variable region exon lies upstream of a series of Cp heavy chain (HC)
constant region exons. Processing of the resulting primary transcripts generates
a mature mRNA that encodes the V(D)J-Cp protein known as a pHC (Fig. 1).
The PHC pairs with a « or A light chain (LC) synthesized from a productively
recombined « or A locus to form an IgM molecule, which leads to the genera-
tion of a surface IgM™ B cells. The mature IgM™* B cell then migrates to
the secondary lymphoid organs such as the spleen and lymph nodes, where it
may encounter a cognate antigen and be activated to undergo two additional
diversification reactions, namely IgH class switch recombination (CSR)
(Chaudhuri and Alt, 2004; Dudley et al., 2005; Honjo et al., 2002; Kenter,
2005; Maizels, 2005; Manis et al., 2002b; Min and Selsing, 2005; Stavnezer,
1996) and somatic hypermutation (SHM) (Goodman et al., 2007; Li et al., 2004;
Martomo and Gearhart, 2006; Neuberger et al., 2005; Papavasiliou and Schatz,
2002a).
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Figure 1 IgH CSR. The assembled V(D)] variable region segment together with Cp (or C3) exons

constitutes a transcription unit (arrows depict promoters) which synthesizes a pHC that pairs
with a ¥ or A LC to generate an IgM-expressing mature B cell. On encountering antigens in the
peripheral lymphoid compartments, B cells undergo IgH class switching. CSR replaces Cp with
one of the downstream Cy; genes so that a new antibody isotype (IgG1 is shown) can be expressed.
CSR occurs between repetitive S region sequences (ovals) that precede each Cy; gene and requires
transcription, AID and components of several DNA repair pathways including BER, MMR, end-
joining, and general DNA DSB response proteins. UNG, a component of BER plays an essential
role in CSR downstream of AID activity. The IgH enhancers Ep and 3’ regulatory region (3'RR) are
shown. The 3’ regulatory region is represented as 3'RR. See text for more details.

CSR is a process that, within a clonal B-cell lineage, allows the assembled

D)]J exon to be expressed first with Cp exons and then with one of several sets
of downstream Cy; exons (referred to as Cyy genes) (Honjo and Kataoka, 1978).
Thus, CSR allows production of different IgH isotypes or antibody classes (e.g.,
IgG, IgE, and IgA), which are determined by the different IgH constant region
genes (e.g., Cy, Cg, and Ca), with maintenance of the same variable region
antigen-binding specificity. The Cyy region of the HC molecule determines the
effector function of the antibody molecule, for example where the antibody
goes in the body or what types of downstream antigen elimination pathways are
activated once cognate antigen is bound (Chaudhuri and Alt, 2004; Honjo et al.,
2002). The mouse IgH locus consists of eight Cy; genes (Chaudhuri and Alt
2004; Honjo and Kataoka, 1978; Stavnezer, 1996), each of which is preceded
by long switch (S) regions. Unrearranged Cy genes are also organized into
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germ line transcription units in which transcription is initiated from a pro-
moter lying upstream of individual S regions (see below). CSR is a deletional
recombination event that occurs via the introduction of DNA double-stranded
breaks (DSBs) into two participating S regions followed by joining of the
broken S regions to each other accompanied by deletion of all of the interven-
ing sequences, including the various Cy; genes (Cory and Adams, 1980; Iwasato
et al., 1990; Matsuoka et al., 1990; von Schwedler et al., 1990). Thus, CSR
juxtaposes the expressed V(D)] exon to a new, downstream Cy gene (Fig. 1).
We have learned that the initiation of the normal CSR process has several
required components, including S regions, transcription through the partici-
pating S regions, and activation-induced cytidine deaminase (AID) (Chaudhuri
and Alt, 2004; Honjo et al., 2002) (Fig. 2). The functions of each of these
components will be discussed in detail below. In our current model for the
initiation of CSR, germ line transcription is required to allow AID to access
targeted S regions and, thereby, to generate lesions that are ultimately turned
into DSBs. This model for CSR also suggests that once DSBs are generated in
two S regions, that, at least in large part, they are synapsed (e.g., brought

G-rich
S region Nontemplate

(o]

1-12 Kb Template

B Iy C, exons o _
Cy transcription unit

l Transcription

F@/ \ \ Primary transcript

l Splicing/polyadenylation

e (A)n Sterile germ line transcript

C Activation-induced cytidine deaminase (AID)

Figure 2 Basic requirements for the initiation of IgH CSR. (A) Switch regions are characterized
by repetitive DNA sequences with a G-rich nontemplate strand. (B) Cy; genes are transcription units
with transcription initiating from a cytokine-inducible promoter (P) upstream of an I exon. The
primary transcript undergoes splicing to remove the S region (S,) and is polyadenylated, but the
mature product, referred to as germ line transcript, does not encode a protein. (C) The activated
B-cell-specific protein AID is essential for CSR and somatic hypermutation as outlined in the text.
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together over large distances) and joined by general DNA repair processes with
the actual joining employing forms of general cellular DNA end-joining and
DNA repair pathways (Zarrin et al., 2007). We will also discuss briefly the
synapsis and joining pathways employed for CSR.

The mechanism by which CSR is initiated is intimately related to that of
SHM, and, as we discuss later, CSR well may have evolved from SHM. For
comparison to CSR in this chapter, we provide here only a very brief introduc-
tion to SHM. More detailed discussions of SHM can be found elsewhere
(Goodman et al., 2007; Li et al., 2004; Neuberger et al., 2005; Odegard and
Schatz, 2006). SHM introduces point mutations, and sometimes, small inser-
tions and deletions, at a very high rate (~103to 1074 per bp per generation)
into the variable region exons of both IgH and IgL genes to allow selection
of B cells that generate mutated variable regions that have increased affinity
for antigen (Crews et al., 1981; Griffiths et al., 1984; McKean et al., 1984;
Rajewsky, 1996; Sablitzky et al., 1985). SHM can occur throughout the assem-
bled variable region exon; however, a majority of the mutations are focused to
the so-called RGYW “hot spot” sequence (where R = purine, Y = pyrimidine,
and W = A or T nucleotide) (Rogozin and Diaz, 2004; Rogozin and Kolchanov,
1992). While other nomenclature is used, for example the RGYW complemen-
tary sequence WRCY or the subset WRC (Goodman et al., 2007; Pham et al.,
2003; Yu et al., 2004), we will use RGYW as a generic term to cover all SHM hot
spot motifs.

RGYW motifs are particularly abundant in the complementarity determining
regions of IgH and IgL variable region genes that encode the antigen-binding
domains (Wagner et al., 1995). SHM requires AID and transcription through
the assembled variable region exons, with mutations being observed from 100
to 200 bp from the promoter and extending 1.5- to 2-kb downstream of it,
sparing the constant regions (Gearhart and Bogenhagen, 1983; Lebecque and
Gearhart, 1990; Pech et al., 1981; Rada et al., 1994; Rothenfluh et al., 1995;
Winter et al., 1997). In transgenic SHM substrate studies, variable region exons
or their promoters could be replaced with various other sequences (Michael
et al., 2002; Peters and Storb, 1996; Tumas-Brundage and Manser, 1997;
Yelamos et al., 1995) and non-Ig promoters (Betz et al., 1994; Tumas-
Brundage and Manser, 1997), respectively, without markedly affecting the
mutability of the sequence, indicating that the primary sequence of the
V genes are not unique in ability to target the SHM machinery. SHM can
also function to varying degrees on certain non-Ig genes (Gordon et al., 2003;
Muschen et al., 2000; Muto et al., 2006; Pasqualucci et al., 1998, 2001; Shen
et al., 1998). At this time, the precise sequence requirements and cis-acting
elements that target SHM in vivo have not been defined fully. Potential factors
that influence targeting of SHM have been discussed elsewhere (Odegard and
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Schatz, 2006; Yang, 2007) and will be covered only in part here, mainly in the
context of the topic of factors that help target AID activity in CSR.

2. Activation-Induced Cytidine Deaminase

The discovery of AID represented a huge advance in our understanding of
mechanisms of immunoglobulin gene diversification (Muramatsu et al., 1999,
2000). AID was discovered in a subtractive hybridization screen for genes that
are upregulated in a B-cell line (CH12-F3) undergoing CSR (Muramatsu et al.,
1999). AID is a 24-kDa protein expressed almost exclusively in activated B cells
(Muramatsu ef al., 1999). Targeted deletion of AID in mice or mutations of the
gene in hyper IgM patients led to a complete block in both CSR and SHM
(Muramatsu et al., 2000; Revy et al., 2000). While the function of AID in CSR
and SHM is a subject of debate (see below), the most widely accepted view is
that AID functions as a single-stranded (ss)-specific DNA deaminase that
catalyzes the deamination of cytidine residues in transcribed S regions and
V genes during CSR and SHM, respectively (see below; Goodman et al., 2007).
In this regard, biochemical data indicates that efficient deamination of chro-
mosomal DNA by AID may rely, at least in part, on structural features of
transcribed double-stranded (ds) DNA substrates that allow them to form
ssDNA structures or on additional factors that interact with AID to promote
its access to transcribed dsDNA substrates (Chaudhuri et al., 2004; see below).
The deaminated DNA then appears to be processed by components of several
DNA repair pathways, that for CSR lead to the generation of DSBs required to
initiate CSR. In chicken B cells, AID also is required to initiate the gene
conversion process that is involved in diversifying assembled Ig variable region
genes in this species (Arakawa et al., 2002; Harris et al., 2002b; Yang, 2007).

2.1. AID Is the Major Specific Factor for CSR and SHM

In addition to being absolutely required for initiation of CSR and SHM, ectopic
AID expression in nonlymphoid cells promoted CSR and SHM of artificial
substrates, indicating that AID is also sufficient to induce these processes in
nonlymphoid cells (Martin et al., 2002; Okazaki et al., 2002, 2003; Wang et al.,
2004; Yoshikawa et al., 2002). However, in these studies, the rate of CSR was
low, the spectrum of SHM was limited (primarily transition mutations at G:C
bases), and there was no target or region specificity, as several transcribed
genes were found to be mutated independent of chromosomal location. Thus,
while current studies clearly identify AID as the key factor for B-cell-specific
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initiation of CSR and SHM, reminiscent of the key role of the RAG endonu-
clease in initiating V(D)] recombination in developing lymphocytes (Jung et al.,
2006), the possibility remains that other B-cell-specific factors, yet to be
identified, may still function to mediate efficiency and specificity of CSR and
SHM in vivo.

2.2. AID Is Required Upstream of DNA Lesions

Several studies suggested that AID is required for the generation of DNA
lesions in S regions. First, foci of phosphorylated histone H2AX (YH2AX),
which normally form around chromosomal DNA DSBs (Rogakou et al., 1998),
were observed around S regions in an AID-dependent fashion (Petersen et al.,
2001). Second, DSBs detected by ligation-mediated PCR (LM-PCR) in S
regions of B cells undergoing CSR (Wuerffel et al., 1997) were found to be
AID dependent (Catalan et al., 2003; Schrader et al., 2005). In addition, S region
somatic mutations, which may be related to AID function in initiation of CSR,
are abrogated in AID-deficient mice (Nagaoka et al., 2002; Petersen et al.,
2001). Also internal deletions of S regions, that most likely reflect joining of
DSBs on individual S regions during CSR (see below), are largely AID depen-
dent (Dudley et al., 2002). We note, however, that LM-PCR assays were
reported to detect AID-independent DNA breaks in V genes leading to the
suggestion that AID may have functions downstream of DSBs (Bross and
Jacobs, 2003; Papavasiliou and Schatz, 2002b; Zan et al., 2003); however, it is
not clear that these DSBs actually represent lesions directly related to SHM
(Faili et al., 2002). Thus, the generally accepted view is that AID is required
upstream of the cleavage reaction in CSR.

2.3. DNA Deamination Versus Putative RNA Editing Activities of AID

The role of AID in generating DNA lesions in S regions has been a subject
of intense debate and significant controversy. Early on, both DNA and RNA
were proposed to be potential substrates of AID with respect to SHM and CSR
(Martin et al., 2002; Muramatsu et al., 2000; Neuberger and Scott, 2000;
Petersen-Mahrt et al., 2002; Tian and Alt, 2000a). Here, we will discuss current
evidence in support of each model. Evidence argued to support an RNA editing
model for AID activity will be presented first and is covered in more detail
elsewhere (Muramatsu et al., 2007). Subsequently, evidence in support of the
DNA deamination model will be presented along with a critical evaluation of
data that has been proposed to argue against the DNA deamination model.
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2.4. The RNA Editing Hypothesis

There are two major lines of evidence that have been used to argue for the
hypothesis that AID effects CSR via RNA editing. The original line of evidence
for RNA editing was based on the homology of AID to an RNA editing cytidine
deaminase APOBEC1 (Muramatsu et al., 1999). In this regard, AID was
proposed to edit a cellular mRNA to generate a new mRNA that encodes a
novel endonuclease required to activate CSR and SHM (Muramatsu et al.,
2000). This proposal was later extended to include the proposal that there are
specific SHM and CSR mRNA targets of AID, based on observations that
certain mutations in AID block CSR but not SHM and vice versa (Shinkura
et al., 2004; Ta et al., 2003). Thus, it was argued that AID could associate with
particular proteins so that the resulting complex edits one mRNA that encodes
a factor required for SHM and another mRNA that encodes a factor required
for CSR (Honjo et al., 2005). To date, however, no SHM or CSR-specific AID
cofactor or mRNA substrates have been identified. Moreover, it is now clear
that APOBECI is a fairly recent evolutionary arrival and is apparently derived
from AID. The only other descendants of AID whose function is known are the
APOBECS3 family, members of which deaminate the DNA of retroviral repli-
cation intermediates (Conticello et al., 2007; Gourzi et al., 2006; Petersen-
Mahrt, 2005; Rosenberg and Papavasiliou, 2007).

A second line of evidence that has been argued to support the RNA editing
hypothesis versus a DNA deamination model of AID activity was based on the
observation that de novo protein synthesis is required for generation of AID-
dependent binding of YH2AX to the IgH S regions in activated B cells (Begum
et al., 2004b) and for CSR (Doi et al., 2003). However, an alternative explanation
of these findings, that would not be inconsistent with the DNA deamination
model, is that CSR requires highly labile proteins that function downstream of
deamination to generate DSBs.

Thus, the RNA-editing model is still based largely on a presumed analogy
with APOBECI function, without direct evidence in its support. In particular,
no biochemical RNA editing activity has been described for AID. However, it is
conceivable that if AID does indeed edit a particular RNA, the specific RNA
sequence and/or specific cofactors would be required to demonstrate the
editing activity. Finally, to date, no one has found any edited mRNA sequences
that encode the putative SHM and CSR lesion-generating enzymes.

2.5. The DNA Deamination Model for AID Function

The DNA deamination model forms the basis for much of our current thinking
and understanding of how AID initiates the CSR and SHM reactions. Thus, the
basic tenets of this proposal, as put forward by Neuberger and colleagues for
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SHM and CSR (Petersen-Mahrt et al., 2002), are outlined below. There is also
a significant body of data that relates the AID deamination models to potential
functions of AID in initiating gene conversion as a mechanism to diversify
chicken variable region genes that is discussed in detail elsewhere (Arakawa
et al., 2002; Harris et al., 2002b; Yamazoe et al., 2004; Yang, 2007).

It has been proposed that AID functions in SHM to convert dC to dU in
variable region exons (Petersen-Mahrt et al., 2002). Subsequently, during DNA
replication, dU is read as dT by DNA polymerase, resulting in transition muta-
tions that change dC:dG base pairs to dA/dT base pairs. In addition, dU in DNA
can be converted into an abasic site by removal of uracil base by uracil DNA
glycosylase (UNG), an isoform of which, UNG2, is expressed highly in prolif-
erating B cells (Kavli et al., 2005). This reaction is normally an early step in the
repair of mismatches by the base excision repair (BER) pathway. However, if
UNG activity, instead, is directly followed by replication across the abasic site,
then any of the four nucleotides could be inserted, thereby leading to both
transition (purine to purine, pyrimidine to pyrimidine) and transversion (purine
to pyrimidine and vice versa) mutations at dC:dG bases. Finally, the mismatch
repair (MMR) pathway also could process the dU:dG mismatch. The Msh2/
Msh6 mismatch recognition complex, and its associated proteins such as Pms2/
Mlh1 and exonuclease 1 (EXO1), can introduce nicks or single-stranded gaps
distal to the initial site of deamination (Li et al., 2004). Subsequently, gap-filling
by recruited error-prone polymerases, such as polymerase eta (Wilson et al.,
2005), could lead to additional mutations. Thus, AID-mediated DNA deamina-
tion of dCs, followed by activities of UNG and MMR proteins, theoretically can
explain the entire spectrum of mutations observed during SHM in vivo
(Petersen-Mabhrt et al., 2002).

For CSR, the DNA deamination model predicts that UNG activity followed
by activity of the apurinic/apyrimidinic endonuclease (APE1), another normal
BER component, will create a nick in S region DNA (Petersen-Mahrt et al.,
2002). Two closely spaced nicks on opposite strands of S regions could then
lead to a DNA DSB. In addition, gaps and nicks created by MMR proteins as
described for SHM, if overlapping on opposite strands of S region DNA, could
also lead to DSBs in S regions (Chaudhuri and Alt, 2004; Li et al., 2004; Min
and Selsing, 2005). More details about the role of S regions as substrates for
generating multiple AID-initiated DSBs required for CSR will be discussed
below. However, we note that several key aspects of the DNA deamination
model as applied to CSR remain to be elucidated, in particular, the mechanism
by which AID-initiated lesions are turned into DSBs rather than just being
repaired by the BER or MMR pathways (see below). A very intriguing question
is why these lesions are turned into mutations in variable region exons during
SHM and DSBs (as well as mutations) in S regions during CSR. One simple
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possibility may be just the increased density of AID target motifs in S regions
versus variable regions (Chaudhuri and Alt, 2004); while another, not mutually
exclusive, possibility could be the existence of specific cofactors that might
direct one process versus the other (Barreto et al., 2003; Shinkura et al., 2004;
Ta et al., 2003). Evidence relevant to consideration of the DNA deamination
model of AID function is discussed in the next section.

2.6. Experimental Findings Relevant to Consideration of the DNA
Deamination Model for AID Function

2.6.1. AID Mutates DNA in Bacteria

The first evidence in support of the DNA deamination model was based on the
observation that enforced expression of AID in Escherichia coli, which is not
expected to harbor an mRNA substrate for AID, led to mutations of several
bacterial genes (Petersen-Mahrt et al., 2002; Ramiro et al., 2003). It is to be
noted, however, that DNA deamination activity appears to be a function of all
polynucleotide cytidine deaminases, as other members of this family, includ-
ing APOBEC3 and even APOBEC]I, had similar mutagenic activities in bac-
teria (Harris et al., 2002a). Still, the finding that AID can mutate DNA in
bacteria (Petersen-Mahrt et al., 2002) provided the impetus to test and prove
whether AID indeed functions by deaminating DNA during CSR and SHM.
Below, we describe the various experimental approaches employed to test
predictions of the DNA deamination model and also discuss results that have
been presented in the context of challenging some of the interpretations of

these findings.

2.6.2. AID Is an ssDNA-Specific Cytidine Deaminase In Vitro

Biochemical assays, using either recombinant or purified B-cell AID, showed
that AID efficiently deaminates dC to dU on ssDNA but not ds DNA
(Bransteitter et al., 2003; Chaudhuri et al., 2003, 2004; Dickerson et al., 2003;
Pham et al., 2003; Sohail et al., 2003; Yu et al., 2004). More details about
biochemical analyses of AID activity in relationship to transcription of dsDNA
substrates will be discussed below and elsewhere (Goodman et al., 2007).
Notably, RGYW SHM hot spot motifs served as preferred sites for deamination
in vitro (Chaudhuri et al., 2004; Pham et al., 2003; Yu et al., 2004). Therefore,
the in vitro biochemical activity of AID provides a striking recapitulation of the
in vivo targets for SHM and CSR. In this regard, in addition to variable region
exons, mammalian S regions and Xenopus S regions, the latter of which unlike
mammalian S regions cannot form R-loop structures that are AID targets
(see below), are very rich in RGWY sequences (Zarrin et al., 2004). Thus, the
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matching pattern of biochemical activity of AID with its in vivo SHM and CSR
target sequence preferences provides very strong support that AID directly
works on DNA substrates in vivo. The alternative RNA editing view would
need to make the cumbersome argument that AID edits two different tran-
scripts to generate two different DNA-modifying enzymes with the same
general DNA substrate specificity as found, by biochemical analyses, for AID
itself.

2.6.3. Binding of AID to S Regions

When overexpressed as a tagged protein in B cells, AID was found to specifi-
cally localize to Sy and Se regions via chromatin immunoprecipitation (ChIP)
assays performed with B cells activated for CSR (Nambu et al., 2003). The
association of AID with S regions strongly supported the notion that AID
functions directly on DNA. However, this conclusion was questioned by an-
other study that argued tagged AID did not go to the Sp region based on ChIP
analyses of activated B cells (Begum et al., 2004a). However, subsequent
studies, in which ChIP experiments were carried out on the authentic endoge-
nous AID protein in primary B cells activated for CSR, revealed a clear and
definitive correlation between activation-dependent transcriptional activation
of specific Cy; genes and AID binding to the appropriate downstream regions
(Chaudhuri et al., 2004), confirming the earlier findings with the tagged AID
proteins (Nambu et al., 2003). Thus, in splenic B cells activated with lipopoly-
saccarides (LPS) (that directs CSR to IgG2b, see below), AID associated
primarily with Sy2b as opposed to Sy1, while in B cells activated with LPS ©
interleukin 4 (IL-4) (that promote CSR to IgGl, see below), AID was bound
primarily to Syl as opposed to Sy2b. In studies of the normal cellular AID
protein, binding of AID to Sp was also clearly observed (Chaudhuri and Alt,
unpublished observations). Thus, the association of AID with appropriate
CSR target sequences in activated B cells strongly supports the notion that
AID acts directly on DNA in vivo.

2.6.4. UNG/MMR Mutations Alter the Spectrum of SHM and Severely
Impair CSR

Genetic studies have provided very strong support for the DNA deamination
model. Inhibition or mutation of UNG in chickens, mice, and humans leads to a
pronounced skewing of SHM to transitions at dC (Di Noia and Neuberger,
2002; Imai et al., 2003; Rada et al., 2002b; see also, Durandy et al., 2007), as
would be expected if most of the mutations incorporated are due to replication
at dU. Furthermore, UNG deficiency led to a severe block in CSR in mice and
humans (Imai et al., 2003; Rada et al., 2002b). Moreover, the majority of residual
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CSR activity in UNG-deficient mice could be eliminated in UNG/Msh2-
double-deficient B cells, indicating that both UNG-related and MMR pathways
contribute to CSR (Rada et al., 2004). In addition, in the double mutant, SHM
was primarily restricted to transition mutations at dG:dC base pairs as one
would predict if all mutations are generated due to replication at dG:dU bases
(Rada et al., 2004). It is very difficult to explain the skewing of the SHM pattern
and the severe block in CSR without invoking the presence of dU in DNA. This
evidence provided very strong support for the DNA deamination model. In this
regard, the unrelated uracil-excision enzyme SMUGI can restore CSR to UNG-
deficient B cells (Di Noia et al., 2006) suggesting that the CSR defect caused by
UNG deficiency somehow results from a failure to recognize/excise uracil rather
than some speculative nonuracil-related function of UNG.

2.6.5. Studies That Have Challenged the Proposed Function of
UNG in CSR

Several studies have challenged the proposed role of UNG in CSR. First, using
accumulation of YH2AX as a marker for DSBs, it was shown that inhibition of
UNG (using a specific inhibitor Ugi) did not impair DNA cleavage at the IgH
locus in B cells undergoing CSR (Begum et al., 2004a). Second, UNG mutants
that had apparently lost their U-removal activity rescued CSR in UNG-
deficient B cells (Begum et al., 2004a). Finally, B-cell hybridomas derived
from UNG-deficient or UNG/Msh2-double-deficient mice revealed similar
levels of internal deletions in Sp (a marker for AID-dependent DSBs in
S regions, see below) as observed in wild-type B-cell hybridomas (Begum
et al., 2006). These observations led to the proposal that the U-removal activity
of UNG is dispensable for the generation of the DSBs in S regions. Instead,
UNG was proposed to participate in an as yet undefined step in CSR down-
stream of DNA DSBs (Begum et al., 2004a). Since one of the basic tenets of
DNA deamination model proposes UNG-mediated removal of AID-created
dU residues prior to DSBs, the above results were interpreted as requiring a
reevaluation of the DNA model (Honjo et al., 2005). However, even if this
interesting hypothesis that UNG has a novel function downstream of DSBs was
proven correct, it would not directly argue against the DNA deamination
model for CSR. Moreover, there are several alternative interpretations of
these findings outlined in this paragraph that do not invoke a completely
novel role of UNG in CSR.

It is possible that UNG inhibition does lead to decreased DSBs in S regions;
however, the decrease may not be readily apparent in an indirect DSB assay
such as accumulation of YH2AX molecules. In this regard, a single DSB can
cause the nucleation of YH2AX over megabases of DNA (Rogakou et al., 1999).
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Indeed, a more direct LM-PCR assay revealed significantly reduced S region
DSBs in UNG-deficient B cells from human patients and mice (Imai et al.,
2003; Schrader et al., 2005). Another explanation offered for the finding of
catalytically impaired UNG mutants that support CSR is that they still bind
DNA dU-DNA and, in this way, may lead to a replication block severe enough
to force resolution via MMR pathway (Lee et al., 2004a). It has also been
argued that the UNG catalytic mutants analyzed may have low levels of residual
U-removal activity (Stivers, 2004). Thus, overexpression of such hypomorphic
mutants in the retroviral transduction experiments (Begum et al., 2004a) might
result in sufficient UNG activity to restore CSR in UNG-deficient B cells.
Another apparent set of contradictory findings involved a human UNG mutant
that is severely defective in supporting CSR in a patient (Imai ef al., 2003) but
which was found to complement the CSR defect of UNG-deficient mouse
B cells (Begum et al., 2004a). However, this difference appears to be explained
by differential degradation of this mutant AID in human cells versus when
overexpressed in UNG-deficient mouse cells (Durandy et al., 2007; Kavli et al.,
2005). Also the observed internal deletions within Sy in UNG or UNG/Msh2-
deficient B cells might be explained by accumulation of AID-mediated deami-
nated residues in the mutant B cells that are channeled into DSBs and deletions
on fusion via expression of UNG and/or Msh2 that is present in the hybridoma
fusion partner.

2.7. AID Function: Conclusions

There is strong, direct genetic, and biochemical data to support the proposal
that AID-mediated DNA deamination is an obligatory step in CSR and SHM.
On the other hand, support for an RNA-based model essentially rests on
drawing a parallel with apolipoprotein B RNA editing by APOBECI. Thus,
given the compelling body of evidence that supports AID function in CSR via
DNA deamination, we will only focus on this working model of AID function in
the remaining chapter.

3. Role of Germ Line Transcription and Switch Regions in CSR
3.1. Overview

Most current evidence supports the model that transcription through S regions
provides DNA structures that allows AID to initiate CSR on genomic dsDNA.
Here, we will review the current evidence that bears on the potential functions
that S regions serve in the CSR along with a summary of findings that impli-
cated a role for transcription in regulating and mechanistically targeting CSR.
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Then, we will discuss our current understanding about how transcription of
S regions makes them accessible to the CSR initiating activities of AID.

3.2. Organization of the IgH Cy Locus

The mouse IgH locus consists of eight sets of Cy exons that are arranged
as 5'VDJ-Cp-Cd-Cy3-Cy1-Cy2b-Cy2a-Ce-Ca  (Chaudhuri and Alt, 2004;
Stavnezer, 1996) (Fig. 1). Each set of Cy; exons (except C8) is preceded by a
1- to 10-kb long switch (S) regions that are composed of repetitive sequences.
In mammals, S regions are unusually G-rich on the template strand and are
primarily composed of tandem repetitive sequences within which certain
motifs, such as TGGGG, GGGGT, GGGCT, GAGCT, and AGCT, predominate
(Davis et al., 1980; Dunnick et al., 1980; Kataoka et al., 1981; Nikaido et al.,
1982; Obata et al., 1981; Sakano et al., 1980; Takahashi et al., 1980) (Fig. 2A).
The length and the distribution of the individual repetitive sequences vary
among different S regions. Sp is exceptionally high in the degree of repetitive-
ness and enriched in the GAGCT motifs, with the short AGCT palindrome
representing the canonical form of the RGYW motif. Sy1, at about 10 kb, is the
largest S region. The Sy1 sequence, like other Sy sequences, carries multiple
repeats of a characteristic 49-bp unit that among other features is also rich in
RGYW (including AGCT) motifs (Obata et al., 1981). Notably, S regions
precede all Cy genes that undergo CSR, although in some species the S region
sequences can be quite divergent (see below). In addition, the vast majority of
CSR junctions occur within (and occasionally just beyond) the S regions
(Dunnick et al., 1993; Kinoshita et al., 1999). Thus, it has been reasonably
assumed for decades that S regions are the main targets of CSR.

3.3. S Region Function in CSR

Formal proof for the role of S regions in CSR came from gene targeted
mutation and replacement experiments. Thus, deletion of the majority of Sp
led to a severe block in CSR to all downstream Cy; genes (Khamlichi et al.,
2004; Luby et al., 2001). Likewise, deletion of Syl led to a nearly complete
block in CSR to IgG1 but left CSR to other downstream Cy; genes intact
(Shinkura et al., 2003). In addition, at least for the Syl, there is a direct
correlation between length of the Syl 49-bp repeat sequence and its ability
to promote CSR, as shown by replacing endogenous Sy1 with varying lengths of
the core Sy1 49-bp repeat units (Zarrin et al., 2005). As CSR to IgG1 is the most
frequent form of CSR in mice and Syl is by far the longest S region, the
observed correlation between repetitive S region length and CSR frequency
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may imply that S region length, at least in part, may have evolved to modulate
CSR frequency (Zarrin et al., 2005). Finally, it must be noted that the decrease
in CSR associated with S region deletions or truncations does not prove a
specific role for S region sequences per se in CSR, as it remained possible that
any sufficiently long spacer sequence would be sufficient. However, additional
gene replacement studies showed that non-S region sequences that lacked
unusual characteristics of S regions (e.g., repeat structure, G/C rich structure,
and so on) did not support CSR, strongly supporting the notion that S region
structure, and not just having a certain length of intronic sequence flanking Cy
genes, is important for mediating CSR (Shinkura et al., 2003; Zarrin et al.,
2005). Together, these experiments provide compelling evidence that S region
sequences evolved to serve as specialized targets for the CSR.

3.4. The Role of Germ Line Cyy Gene Transcription in Targeting CSR

The germ line Cy; genes (except Cd) are organized into characteristic tran-
scription units (Fig. 2) whose induction directly correlates with CSR potential
of the associated S region (Manis et al., 2002b). Germ line transcripts that were
considered “sterile” because they did not encode any detectable protein were
first noted to occur for Abelson murine leukemia virus (A-MuLV) transformed
pre-B cells that had an inherent capacity to switch from p to y2b expression in
culture; the transcripts also were considered to be germ line based on the fact
that they lacked Vyy sequences and “sterile” in that they did not encode proteins
that cross-reacted with anti-y2b antibodies (Alt et al., 1982a,b; Yancopoulos
et al., 1986). Similarly, a B-cell lymphoma line (1.29) was found to transcribe
several Cyy genes, again in an apparently germ line fashion, prior to CSR
(Stavnezer-Nordgren and Sirlin, 1986). The transcription of germ line Cyy
regions in cell lines that were predisposed to switch to those IgH isotypes led
to the proposal that germ line transcription of particular Cy genes rendered
them “accessible” for CSR (Stavnezer-Nordgren and Sirlin, 1986; Stavnezer
et al., 1988; Yancopoulos et al., 1986). This suggested mechanism of control was
analogous to that previously suggested for differential control of Ig and TCR
gene V(D)] recombination via accessibility to a common V(D)J recombinase
(Yancopoulos and Alt, 1985, 1986). As we will discuss, this accessibility mecha-
nism for controlling CSR has been born out by studies of AID function and we
now know far more about how transcription of germ line Cyy genes renders
them accessible for AID function and CSR than we do about how germ line V,
D, and | segments become accessible to the RAG endonuclease and V(D)]
recombination.

Cloning and sequencing of a “germ line” transcript of the Cp gene provided
the first structure of a germ line Cy transcript (Lennon and Perry, 1985).
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The Cp transcript was found to be initiated from the intronic enhancer region
between Jy and Cp and the primary transcript was spliced to generate a
“mature” transcript in which a novel noncoding exon was attached to the Cp
exons. This transcript did not have any open reading frames that could encode a
Cp-containing protein, agreeing with the notion that it was sterile (Lennon and
Perry, 1985). Subsequently, cloning and sequencing of a germ line Cy2b
transcript derived from an A-MuLV transformant and comparing it to the
structure of the genomic region encompassing the corresponding genomic
sequences revealed a similar structure to that of the germ line Cp transcript
(Lutzker and Alt, 1988). Subsequent studies of other germ line Cy; transcripts in
mice and humans showed that all of the downstream Cy; genes were organized
into similar transcription units (Manis et al., 2002b; Stavnezer, 2000) (Fig. 2B).
In particular, germ line Cyy transcripts are initiated from a promoter that lies just
upstream of a noncoding 5 exon referred to as an “intervening” or I exon
(Lutzker and Alt, 1988), proceed through the S region sequence, and are
terminated/polyadenylated downstream at normal positions downstream of
the Cy; exons. The primary Cyy transcripts undergo splicing which fuses the I
exon to the Cy; exons and removes intronic sequences including S regions.
However, the processed germ line transcripts are “sterile” because they lack
an open reading frame and fail to encode any detectable protein (Manis et al.,
2002b). The inability of the germ line Cyy transcripts to encode proteins and the
correlation of their expression with CSR potential provided the first support for
the notion that they might function mechanistically to target CSR (discussed
further below).

Treatment of B cells with various combinations of activators and cytokines
induces them to switch to particular IgH isotypes (Snapper et al., 1988b). For
example, treatment of splenic B cells with bacterial LPS induces switching to
IgG2b (and IgG3) (Kearney and Lawton, 1975); while also treating LPS-
stimulated splenic B cells with IL-4 inhibits switching to IgG2b and induces
switching to IgG1 and IgE (Calvert et al., 1983; Kearney et al., 1976; Snapper
et al., 1988a). In this regard, studies of normal LPS or LPS + IL-4 treated
splenic B cells showed that germ line transcription through the Sy2b and Cy2b
sequences was induced prior to actual CSR recombination to Sy2b; while
treatment of normal splenic B cells with LPS + IL-4 inhibited induction of
v2b germ line transcription and CSR to y2b, while promoting germ line
transcription of and CSR to Cyl and Ce (Lutzker and Alt, 1988; Rothman
et al., 1988; Stavnezer et al., 1988). Similar findings were made for other Cyy
genes and/or cytokines (Esser and Radbruch, 1989; Jabara et al., 1993; Kepron
et al., 1989; Mandler et al., 1993; Severinson et al., 1990; Stavnezer, 1995), and
subsequent studies showed that downstream germ line I region promoters had
elements that allowed them to be specifically activated by particular cytokines
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Figure 3 Overall model for CSR. Transcription through S regions generates higher-order RNA—
DNA structures, including R-loops, that probably allow both RPA-dependent and -independent
access to the nontemplate strand of S regions. The activities of BER and MMR proteins convert the
deaminated residues into nicks, and closely spaced nicks on opposite strands of DNA are converted
into DSBs. The mechanism that allows AID deamination on the template strand is not well
understood, but it is possible that a high density of breaks on the nontemplate strand coupled
with a few breaks on the bottom strand is sufficient to generate DSBs. The DSBs between Sy and a
downstream S region are synapsed, probably by components of the general DSB response pathway,
including ATM, the Mrell/Nbs1/Rad50 (MRN) complex, 53BP1, and MDCI. Subsequently, the
DNA breaks are ligated, by the NHE] or other alternative pathways discussed in the text. See text
for more details.

(Manis et al., 2002b; Stavnezer, 2000). Of note, the germ line Cu transcripts
appear constitutive and not specifically responsive to any form of B-cell activa-
tion or cytokine, perhaps in accord with the fact that Spis the donor in all types of
CSR to downstream Cy genes (Li et al., 1994). Therefore, these studies
provided strong support that induction of germ line transcription through
particular Cyy genes was somehow linked to determining accessibility for CSR
in response to normal physiological stimuli (Figs. 1 and 3). Finally, while not
discussed further here, the conserved structural organization and splicing
patterns of all germ line Cyy units also suggest the possibility that transcripts
themselves or splicing per se may have some role in the CSR process, a
possibility with some experimental support (Lorenz et al., 1995) but which
mechanistically has remained unclear.
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Direct evidence for the mechanistic requirement for germ line transcription
in CSR came from gene-targeting studies. Deletion of I exon promoters
severely impaired CSR to the corresponding IgH isotypes (Jung et al., 1993;
Lorenz et al., 1995; Zhang et al., 1993). Moreover, replacement of I exon
promoters with heterologous constitutive promoters activated CSR to particu-
lar Cy; genes under conditions where CSR to that Cy; gene would not normally
be induced (Bottaro et al., 1994; Jung et al., 1993; Kuzin et al., 2000; Lorenz
et al., 1995; Qiu et al., 1999; Seidl et al., 1998; Zhang et al., 1993); these studies
provided the most direct evidence that germ line transcription per se and not
just elements deleted with the germ line promoters somehow targeted CSR.
Finally, other studies showed that the integrity of elements at the 3’ end of the
IgH locus, referred to as the 3'IyH regulatory region (Fig. 1; reviewed in
Birshtein et al., 1997), were necessary for the induction of germ line transcrip-
tion from the various downstream Cy genes (Cogne et al., 1994; Pinaud et al.,
2001) and led to a “promoter” competition models to, in part, explain how
different stimulatory treatments could turn off as well as turn on different
germ line promoters and, as a result, CSR to particular Cy; genes (Cogne et al.,
1994; Manis et al., 2002b). Together, these studies also led to the notion that
induction of germ line transcription through S regions might somehow be
directly mechanistically involved in targeting the CSR process and not just a
correlate of S region “accessibility.” In contrast, it is commonly thought that
germ line V segment transcription may not be required for V(D)] recombina-
tional accessibility (Cobb et al., 2006; Jung et al., 2006; Sen and Oltz, 2006).

3.5. Mechanisms by Which Transcription Through S Regions Promotes CSR

The role of germ line transcription was a subject of intense speculation. Tran-
scription was proposed to be required for several nonmutually exclusive steps in
CSR, including modifying chromatin configuration (Stavnezer-Nordgren and
Sirlin, 1986), providing accessibility to enzymes required for CSR (Stavnezer
et al., 1988; Yancopoulos et al., 1986), or generating DNA structures that allow
access to a CSR recombinase (Daniels and Lieber, 1995b; Lutzker et al., 1988;
Reaban et al., 1994; Stavnezer et al., 1988; Tian and Alt, 2000b). While none of
these proposed mechanisms are mutually exclusive, it now appears that tran-
scription through S regions functions, at least in large part, to provide AID
access chromosomal S regions during CSR.

3.5.1. R-Lloops

As mentioned above, mammalian S regions consist of 1- to 12-kb-long DNA
sequences that are characterized by a G-rich nontemplate strand and the
presence of repeat sequences that, in the mouse, can vary in length between
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5 bp (Sp) and 80 bp (So). By virtue of the G-richness of the nontemplate
strand, transcription through S regions leads to the generation of higher order
DNA structures in which the transcribed RNA stably hybridizes to the tem-
plate strand (Daniels and Lieber, 1995a, 1996; Mizuta et al., 2003; Reaban and
Griffin, 1990; Reaban et al., 1994; Tian and Alt, 2000b). More detailed studies
showed that the transcription of mammalian S regions in vitro leads to the
generation of stable R-loops in which the nascent transcript hybridizes to the
template strand and displaces the nontemplate strand as an ssDNA loop (Tian
and Alt, 2000b; Yu et al., 2003) (Figs. 2 and 3). Moreover, stable R-loops have
also been shown to form on transcription of S regions in vivo (Yu et al., 2003).
The looped-out nontemplate strand can also assume additional structures such
as stem-loops from the abundant palindromic repeats (Tashiro et al., 2001) or
can form G4 DNA in which four DNA strands associate via Hoogsteen bonding
between planar arrays of G-residues (Dempsey et al., 1999; Larson et al., 2005;
Sen and Gilbert, 1988).

Genetic support that R-loops may influence CSR came from the observation
that inversion of the endogenous 12-kb Sy1 inhibited R-loop formation in vitro
and was accompanied by a significant decrease (to 25% of WT levels) in CSR to
IgG1 in activated mutant B cells in vivo (Shinkura et al., 2003). Furthermore,
a 1-kb synthetic G-rich sequence that could form R-loops when transcribed
in vitro, but which had no S region motifs, could replace Sy1 to mediate CSR to
IgG1, albeit at significantly lower levels than the 12-kb full length Sy1 sequence
(Shinkura et al., 2003). Strikingly, the ability of the synthetic sequence, like the
endogenous Syl sequence, to mediate CSR was orientation dependent, with
CSR observed only in the orientation that favored R-loop formation (G-rich on
the nontemplate strand) (Shinkura et al., 2003).

AID is an ssDNA deaminase with no activity on dsDNA (Bransteitter et al.,
2003; Chaudhuri et al., 2003; Dickerson et al., 2003; Sohail et al., 2003). As most
DNA in cells is in a duplex form, the mechanism by which AID can gain efficient
access to dsDNA in vivo has also been a topic of considerable interest. The
observation that transcribed S regions display ssDNA substrates in the context
of R-loops, both in vivo and in vitro (Tian and Alt, 2000b; Yu et al., 2003),
suggested that AID could potentially gain access to S region DNA via such
structures. The finding that purified AID efficiently deaminates ssDNA, but not
dsDNA, in vitro also supports the proposed function for R-loops in the context
of CSR. Moreover, purified AID did not deaminate T7 in vitro transcribed
dsDNA sequences (such as Vi genes) that do not form R-loops but did effi-
ciently deaminate nontemplate strands of an in vitro transcribed dsDNA sub-
strates, including S regions, that could form R-loops (Chaudhuri et al., 2003).
In agreement with the proposed function of the R-loop, the in vitro studies
showed that AID only efficiently deaminated the transcribed dsDNA when it
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was transcribed in the R-loop forming but not in the reverse, non-R-loop
forming orientation (Chaudhuri et al., 2003). Thus, these findings suggested
that mammalian S regions may have evolved the capability to generate R-loops
on transcription as one means of optimizing AID access to double-stranded
chromosomal S region DNA and provided the first clear mechanistic link
between S regions, germ line transcription, and AID activity in the context of
CSR (Chaudhuri et al., 2003, 2004). Yet, these findings did not explain how AID
accesses variable region exons, during SHM, since transcribed variable region
exons are not predicted to and were not found experimentally to form R-loops.
Additional studies of this issue revealed that AID access to S regions also likely
employs additional mechanisms beyond R-loop formation (Fig. 3) as outlined
below.

3.5.2. RPA Functions as a Cofactor to Allow AID to Access Certain
Transcribed dsDNA Sequences That Do Not Form R-Loops

The R-loop mechanism does not provide an explanation as to how AID gains
access to transcribed variable regions during SHM, which are not G-rich
on their nontranscribed strand and which do not have a clear-cut propensity
to form R-loops. To determine if cofactors could allow AID deamination
of substrates that do not form R-loops, an in vitro assay was established that
measured AID-mediated deamination of transcribed synthetic dsDNA sub-
strates that consisted of repeated RGYW motifs (Chaudhuri et al., 2004).
Such substrates do not form R-loops when transcribed in vitro. These studies
identified the trimeric, ssDNA-binding protein, RPA, as a potential cofactor that
allowed AID to efficiently deaminate transcribed DNA, including the RGYW
synthetic sequences and several tested variable region exons (Chaudhuri et al.,
2004) (Fig. 4). In this context, RPA interacts with AID purified from B cells via
its 32-kDa subunit (the trimeric RPA complex consists of 17-, 32-, and 70-kDa
subunits) and the AID/RPA complex, but not the two proteins separately, binds
well to transcribed RGYW containing DNA in vitro, and leads to deaminations
that occur near the known SHM hot spot motifs (Chaudhuri et al., 2004). As
AID preferentially deaminates RGYW sequences in vitro (Pham et al., 2003; Yu
et al., 2004), and RPA can bind to ssDNA bubbles as small as four nucleotides
(Matsunaga et al., 1996), the AID/RPA complex was proposed to bind to and
stabilizes ssDNA in the context of transcription bubbles, thus providing ssDNA
substrate for AID-mediated deamination (Chaudhuri et al., 2004) (Fig. 4).
While both AID and Ig gene SHM are found in bony fish, CSR is first
observed evolutionarily in amphibians including Xenopus, suggesting that CSR
evolved after SHM (Mussmann et al., 1997; Stavnezer and Amemiya, 2004).
Notably, the S regions of Xenopus are long, repetitive sequences that are
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Figure 4 Model for access of AID to DNA during SHM and CSR. Phosphorylation of AID on
Ser38 (P-Ser38) by PKA allows interaction with the 32-kDa subunit of the ssDNA-binding protein
RPA. The ATD/RPA complex can bind to and stabilize ssDNA in the context of small transcription
bubbles of transcribed RGYW containing SHM substrates, allowing AID-mediated DNA deamina-
tion. Deamination of ssDNA in R-loops formed on transcription of S regions during CSR is
probably RPA independent. However, S regions are also rich in RGYW sequences and RPA-
dependent AID deamination could provide an additional mechanism to target S regions during
CSR. See text for more details.

actually A/T rich and would not be predicted to form R-loops on transcription, a
prediction that was confirmed by in vitro transcription studies (Zarrin et al.,
2004). The fact that Xenopus S regions are not R-loop forming structures raised
the possibility that either amphibian AID gained access to transcribed dsDNA
S region targets by a different mechanism than mammalian AID or that there
were other mechanisms that can target AID, even to mammalian S regions.
The latter possibility gained further support from the finding that the inverted
Syl sequences, that do not form readily detectable R-loops on transcription,
possess residual CSR activity in vivo. Strikingly, the A/T rich Xenopus Sp region
was able to replace mouse Syl to promote substantial CSR to IgG1 in mouse
B cells in vivo (Zarrin et al., 2004). Analysis of CSR junctions showed
that Xenopus Sp-mediated CSR in mice occurred primarily within AGCT
sequences (a subset of the RGYW motif) that are present at a high density in
the 3’ portion of the Xenopus Sp employed and that when this sequence was
inverted in vivo, CSR junctions tracked with the AGCT motifs (Zarrin et al.,
2004). Notably, the dense AGCT motifs within the Xenopus Sp were also the
preferred sites of deamination by the AID/RPA complex when this sequence
was transcribed in vitro, regardless of orientation (Zarrin et al., 2004).
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These findings support the notion that CSR activities of AID may have evolved
from SHM functions of AID (Barreto et al., 2005a; Wakae et al., 2006), the
latter of which may rely in part on ability of AID to access sequences rich in
transcribed SHM motifs in the context of a complex with RPA (Fig. 4; see
below). In this regard, the RGYW SHM motifs may also serve as primordial
motifs for the targeting of AID/RPA during CSR (Zarrin et al., 2004). More-
over, because mammalian S regions are particularly rich in RGYW sequences,
these motifs are likely to have a role for AID targeting during CSR in mammals
(see below; Fig. 3).

3.6. Open Questions Regarding AID Access to Transcribed dsDNA
3.6.1. Template Versus Nontemplate Strand Activities

The generation of DSBs in S regions calls for AID activity on both the non-
template and the template strand of DNA, as has been observed (Xue et al.,
2006). The issue of AID targeting both DNA strands is also pertinent for SHM
where mutations occur on both DNA strands. Neither AID nor the AID/RPA
complex (see below) deaminated the template strand of transcribed substrates
in vitro (Chaudhuri et al., 2003, 2004; Pham et al., 2003; Ramiro et al., 2003),
thereby raising the question as to how deamination of both strands is achieved
in vivo. For CSR, if a high density of nicks were generated on the nontemplate
strand, only a few nicks would need to be generated on the template strand
to make DSBs (Chaudhuri and Alt, 2004). In the context of an R-loop mecha-
nism, AID might act on the ssDNA exposed at the transition between duplex
DNA and the R-loop structure or RNaseH-mediated collapse of R-loop struc-
tures could lead to missalignment of repeats on opposite strands, resulting in
ssDNA loops on both DNA strands (Yu and Lieber, 2003). Another possibility,
for both SHM and CSR, is that there are other, as yet undefined, factors that
allow AID to target both strands of transcribed DNA. It is also possible that
bidirectional transcription through V genes or S regions could serve to target
both strands. In this context, antisense transcription through rearranged vari-
able region exons and S regions has been observed in naive and activated B cells
from wild-type mice and in B-cell lines (Perlot and Alt, unpublished observa-
tions; Ronai et al., 2007). Finally, it has been proposed that AID itself can target
both DNA strands either in the context of supercoiled DNA (in the absence of
transcription) (Shen and Storb, 2004) or in the context of transcription with
E. coli. RNA polymerase (Besmer et al., 2006). In the latter context, it is
conceivable that transcription by mammalian RNA polymerase may generate
access to AID or the AID/RPA complex differently that what is found for the
T7 RNA polymerase used in prior studies.
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3.6.2. Targeting of AID Activity

A matter of continued debate is the mechanism that allows specific targeting of
AID to the Ig locus during CSR and SHM (Barreto et al., 2005b; Chaudhuri
and Alt, 2004; Li et al., 2004; Longerich et al., 2006; Odegard and Schatz,
2006). The specificity of AID on S regions could potentially be explained by the
uniqueness of S region sequence that predispose them to form higher order
structures that could be targeted by AID (Chaudhuri et al., 2003). The target-
ing of V genes during SHM, however, does not appear to rely on specialized
structures, as the V genes could be replaced with non-Ig genes in the context of
transgenic SHM passenger gene substrates without obvious effect on mutation
rate (Betz et al., 1994; Tumas-Brundage and Manser, 1997). Of all the tran-
scribed genes analyzed in a B cell, the V genes and only a very small number of
non-Ig genes (BCL6, CD95, mbl, B29) have been found to be mutated
(Gordon et al., 2003; Pasqualucci et al., 1998; Peng et al., 1999; Shen et al.,
1998, 2000; Yang, 2007). Other non-Ig genes that do undergo mutations, for
example the proto-oncogenes cMYC, RHO/TTF, and PIM1 (Gaidano et al.,
2003; Montesinos-Rongen et al., 2004; Pasqualucci et al., 2001), probably
represent misstargeted AID activity. Studies with ectopically expressed AID
in transgenes have extended the range of genes and cell types in which AID was
shown to function in vivo (Kotani et al., 2005; Okazaki et al., 2003).

What then allows AID to specifically target the Ig locus during SHM. It is
possible that AID is recruited to the transcribing Ig locus via interaction with
other protein(s) that interact specifically with cis-elements of the Ig locus.
In this regard, transgenic studies on a rearranged Igk locus suggested that two
enhancers in the Igk locus-iEx (known as the intronic enhancer, located
between Jk5 and Ck) and 3’Ex (3’ enhancers, located 9-kb 3’ of Ck) are
required for SHM of a transgenic Igk substrate (O'Brien et al., 1987; Sharpe
et al., 1991). However, mutational studies of the enhancers in the endogenous
locus gave somewhat different results as mice lacking 3'Ek (van der Stoep et al.,
1998) or iEk (Inlay et al., 2006) individually did exhibit major alterations in the
frequency of SHM, although more subtle differences were not ruled out.
In addition, deletion of either the core Ep enhancer or the 3'IgH enhancer
does not appear to substantially impair SHM (Perlot et al., 2005; Ronai et al.,
2005). In light of these findings, it will be necessary to further evaluate the
putative roles of the enhancers in directing SHM and to assess whether there
are additional endogenous elements that may have redundant activities (Odegard
and Schatz, 2006). Overall, targeting of AID to the Ig locus could be due to
a combination of several factors including transcription rate, presence of the cis-
sequences in the DNA (such as transcription factor E2A-binding sites; Michael
et al., 2003), and the concentration of RGYW hot spot sequences. In the latter
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context, it has been shown that efficiency of deamination by the AID/RPA
complex is proportional to the density of RGYW (or AGCT) sequences in vitro
(Chaudhuri et al., 2004) and possibly in vivo (Zarrin et al., 2004).

Elucidating the mechanism of AID specificity is of utmost relevance to our
understanding of the ontogeny of mature B-cell lymphomas. Overexpression of
AID converts it into a general mutator (Martin et al., 2002; Okazaki et al., 2003;
Yoshikawa et al., 2002), and deregulated AID activity has been implicated in
the ontogeny of mature B-cell lymphomas that form the most common lym-
phoid malignancies in humans. A large number of diffuse large B-cell lympho-
mas (DLBCLs) as well as AIDS-related non-Hodgkins lymphoma harbor
multiple mutations in several proto-oncogenes including BCL-6 and ¢cMYC,
with a mutation pattern reminiscent of that observed during SHM of V genes
(Pasqualucci et al., 2001). Such aberrant SHM possibly results from a loss of
AID target specificity and could thus be a major contributing factor toward
DLBCL pathogenesis. Furthermore, a direct role for AID in the generation of
MYC-IgH translocations has been shown in murine models B-cell malignancies
(Ramiro et al., 2004, 2006; Unniraman et al., 2004).

It is clear that AID activity has to be stringently harnessed to prevent its loss
of specificity and it is, thus, not surprising that AID expression and activity is
regulated at multiple levels. These include transcription (Muramatsu et al.,
1999) (i.e., AID is expressed only in activated B cells), intracellular localization
(Rada et al., 2002a) (i.e., AID is primarily found in the cytoplasm, although it
acts on DNA in the nucleus), and now, as described in detail below, AID
phosphorylation has emerged as a major mode of regulating AID activity
(Basu et al., 2005; Chaudhuri et al., 2004; McBride et al., 2006; Pasqualucci
et al., 2006). Finally, it must be remembered that a further level in which AID
activity could be controlled is via repair of deaminated cytidines via normal
BER or MMR activities, as opposed to further, apparently, aberrant processing
of these residues to initiate SHM or CSR. Thus, a further form of control might
involve channeling AID-induced lesions into a normal repair pathway versus a
pathway that leads to mutations and DSBs (Di Noia et al., 2006). In this regard,
the potentially high level of the latter pathway in B cells might also reflect
specific factors.

4. Posttranscriptional Regulation of AID
4.1. Nuclear Versus Cytoplasmic Localization

Multiple reports indicate that the majority of AID present in B cells is seques-
tered in the cytoplasm of B cells (Basu et al., 2005; Pasqualucci et al., 2004;
Rada et al., 2002a; Schrader et al., 2005). Considering that AID directly
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deaminates DNA at the Ig locus, the cytoplasmic sequestration of AID may
be a mechanism to harness its activity. In this regard, AID shuttling between
the nucleus and the cytoplasm may be required for optimal regulation of CSR
and SHM. AID possesses a defined nuclear localization signal (NLS) at its
N-terminus, in addition to a nuclear export signal (NES) at its C-terminus
(McBride et al., 2004). Mutation of either of these motifs leads to the abro-
gation of nucleocytoplasmic shuttling of AID (Barreto et al., 2003; McBride
et al., 2004; Shinkura et al., 2004). Recent work also indicated that increased
cellular AID levels in mouse B cells led to decreased CSR (Muto et al., 2006).
How the cellular level of the AID protein would alter AID activity in CSR is
unclear. Perhaps, higher cytoplasmic AID levels may inhibit AID nuclear entry.
Notably, phosphorylated AID also appears to be preferentially present in the
nucleus of B cells as opposed to the cytoplasm (Basu et al., 2005; McBride
et al., 2006). Moreover, studies that employed an antibody that recognizes a
major form of phosphorylated AID (see below) have shown that phosphory-
lated AID is enriched in the chromatin-bound AID fraction (McBride et al.,
2006). Thus, phosphorylation-dependent interaction of AID with RPA may
promote chromatin association of AID in B cells and, thereby, also contribute
to its activity and nuclear localization.

4.2. AID Phosphorylation

Initial clues that AID may be phosphorylated were derived from in vitro
deamination assays on transcribed SHM substrates (Chaudhuri et al., 2004).
It was observed that while AID purified from B cells could efficiently deami-
nate transcribed dsDNA SHM substrates in an RPA-dependent fashion,
AID isolated from ectopically expressing 293 cells could neither interact
with RPA nor efficiently promote deamination of transcribed dsDNA
in vitro (Chaudhuri et al., 2004). Metabolic labeling of activated splenic
B cells with 32P-orthophosphate revealed that AID is much more highly
phosphorylated in activated B cells than in the line of 293 cells employed for
these studies. Significantly, phosphatase treatment of B-cell AID led to a concom-
itant decrease in the ability of AID to mediate RPA-dependent deamination of
transcribed SHM substrates, associated with a failure of dephosphorylated AID
to interact with RPA (Chaudhuri et al., 2004).

Mass spectrometric studies revealed that a portion of AID purified from
B cells is phosphorylated at two sites, Ser38 and Tyrl84 (Basu et al., 2005;
McBride et al., 2006). Notably, Ser38 in AID exists in the context of a cAMP-
dependent protein kinase A (PKA) consensus motif. In this regard, AID can be
phosphorylated in vitro by PKA at Ser38 and coexpression of PKA with AID in
fibroblast cells led to phosphorylation of AID at Ser38 (Basu et al., 2005;
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Pasqualucci et al., 2006). Nonphosphorylated AID that has been phosphory-
lated by PKA in vitro gains ability to bind RPA and mediate dsDNA deamina-
tion of transcribed SHM substrates (Basu et al., 2005). Notably, through use of
an antibody that detects AID phosphorylated at Ser38, AID ectopically
expressed in certain nonlymphoid cell lines was found to be phosphorylated
to the same level as AID in activated B cells (McBride et al., 2006). The
difference between this result and the lack of phosphorylation observed in
293 cells observed in an earlier study (Chaudhuri et al., 2004) most likely
reflects cell type differences. As PKA is a ubiquitous kinase, it would not be
surprising that there are cell type and growth condition variations that can alter
its activity.

Mutation of AID(Ser38) to alanine AID(Ser38A) markedly decreased ability
to phosphorylate AID in vitro by PKA and, correspondingly, impaired ability of
AID to interact with RPA and mediate deamination of a transcribed SHM
substrate in vitro (Basu et al., 2005). However, the Ser38A mutation had no
observed effect on the ssDNA deamination activity of AID(Ser38A) in vitro,
indicating that this mutation did not affect the basic catalytic activity of the AID
protein. Significantly, AID(Ser38A), expressed from retroviral vectors, was
markedly reduced (10-20% of wild-type levels) in ability to restore CSR activity
to AID-deficient B cells stimulated to undergo CSR in culture (Basu et al.,
2005; McBride et al., 2006; Pasqualucci et al., 2006), consistent with proposal
that phosphorylation of AID at Ser38 plays an important role in allowing AID
to function at optimal efficiency to effect CSR in vivo (Basu et al., 2005).
Pharmacological inhibition of PKA in B cells also decreased CSR, whereas
conditional deletion of the regulatory subunit of PKA, so as to constitutively
activate PKA, led to increased CSR (Pasqualucci et al., 2006), providing
additional in vivo evidence for the relevance of AID phosphorylation by
PKA. Thus, work from multiple laboratories has strongly supported the
model that AID phosphorylation is important for augmenting ability of AID
to function in CSR, likely through an RPA-mediated mechanism for accessing
transcribed S regions (Fig. 4).

In the types of retroviral transduction assays used to measure CSR activity of
AID(Ser38A) mutants, expression of the transduced protein can significantly
exceed wild-type levels in B cells (Ramiro e¢ al., 2006). Thus, for hypomorphic
mutants, such as AID(Ser38A) which retain baseline catalytic activity in CSR,
sufficient overexpression could potentially mask the effect of mutations that
just decrease the overall activity of the protein in the CSR process. For
example, given that the Ser38A mutant AID retained full catalytic activity on
ssDNA, residual CSR activity observed for the mutant protein within the
retroviral transduction studies might reflect CSR occurring via a non-RPA-
dependent (e.g., R-loop) mechanism (Basu et al., 2005; Longerich et al., 2006).
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In this regard, one study, in contrast to the findings of others outlined above,
reported that the AID(Ser38A) mutation had little effect on CSR in a similar
retroviral overexpression assay (Wang et al., 2006). A potential explanation for
this apparent discrepancy, supported by preliminary data (Basu et al., 2007), is
that retroviral expression vectors employed for the latter study may have led to
even higher levels of AID expression than those obtained in the other studies
and generated “saturating” expression levels of this hypomorphic mutant.
Finally, because AID may be expressed at levels greater than those of the
endogenous AID protein in all of the reported retroviral overexpression type
assays used to measure ability of the mutant proteins to affect CSR, it remains
possible that integrity of the Ser38A residue may prove even more important
than estimated. In this regard, the relative contribution of phosphorylation-
independent versus phosphorylation-dependent mechanisms to CSR likely will
be most accurately evaluated via knock-in approaches that would allow mutant
protein expression to occur at normal physiological levels.

It is notable that AID of bony fish, which undergo SHM but not CSR, lacks a
Ser38-equivalent PKA-phosphorylation site. Yet, expression of zebra fish AID
(zAID) could substantially restore CSR to AID-deficient mouse B cells
(Barreto et al., 2005a; Wakae et al., 2006). This intriguing observation opened
up several possibilities, including (1) zAID does not require RPA interaction or
phosphorylation at a Ser38-equivalent site to efficiently catalyze CSR; (2) zZAID
acts via RPA, but through phosphorylation at a different amino acid; and
(3) zAID acts via RPA, but through a phosphorylation-independent pathway.
In the latter context, it was speculated that a D44 residue in zZAID might act as
constitutive mimic of a phosphorylation site that allows constitutive RPA
interaction (Basu et al., 2003). Indeed, preliminary studies suggest that zZAID
interacts constitutively with RPA and constitutively catalyzes transcription-
dependent dsDNA deamination in vitro, with both activities being dependent
on integrity of the D44 site (Basu and Alt, unpublished). In this regard, it will
be of interest to determine whether mutation of D44 to an alanine impairs
ability of zAID to mediate IgH CSR in B cells. If so, phosphorylation may have
evolved in higher vertebrates as a means to regulate AID activity.

The potential role of AID phosphorylation in SHM also was assessed by a
similar retroviral transduction approach (McBride et al., 2006). In these stud-
ies, AID(Ser38A) had significantly reduced capacity to mediate SHM on both
physiological (Sp in B cells) and artificial substrates (in fibroblasts) as compared
to wild-type AID. On the basis of the biochemical studies, it seems quite
possible that the strong effect of the Ser38A mutation on SHM may also be
due to an inability of AID to access its targets, possibility due to a failure to bind
RPA. Indeed, AID phosphorylated on Ser38 was highly enriched in the chro-
matin fraction (McBride et al., 2006). As for CSR, a more complete assessment
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of the potential influence of AID(Ser38A) mutation on SHM of endogenous V
genes awaits the generation of B cells with a knock-in mutation.

5. Mechanisms Involved in Synapsis of AID Initiated DSBs in Widely
Separated S Regions

5.1. Overview

The completion phase of CSR requires the close juxtaposition of DSBs in two
S regions, referred to as synapsis, followed by their ligation. The mechanism that
synapses DSBs in S regions, that exists as far as 200 kb apart, is only beginning to
be understood. Germ line V, D, and ] segments are flanked by short conserved
recombination signal sequences (RSs) that are targets for the RAG endonucle-
ase (Jung et al., 2006). During V(D)] recombination in progenitor lymphocytes,
an RAG complex binds RS sequences of two participating V, D, or | segments
and introduces DSBs between the RSs and the flanking coding sequences. Such
RAG cleavage occurs only in the context of a preformed synaptic complex (Jung
et al., 2006). Thus, it is thought that RAG itself may be involved in synapsis of V,
D, and | segments for V(D)] recombination (Jung et al., 2006). Subsequent to
cleavage, V, D, and ] DSBs are joined by the NHE] pathway of DNA DSB repair
(Bassing et al., 2002b; Rooney et al., 2004), and RAG appears to be involved in
shepherding broken V, D, and ] segments specifically into the NHE] pathway
(Lee et al., 2004b). By analogy, it seemed possible that AID and/or S regions may
play specific roles in the synapsis and joining processes of CSR. However, as we
discuss below, recent work suggests that mechanisms of S region synapsis and
joining may predominantly exploit general cellular mechanisms and, at least in
part, not rely on AID or S regions per se.

5.2. CSR Versus Internal S Region Deletions as Mechanisms to Resolve
S Region DSBs

In contrast to RAG activity on 'V, D, and ] segments, AID activity on S regions
does not require coordinate interaction between two S regions, as AID can
deaminate single S regions in vitro (Chaudhuri et al., 2004). Moreover, consti-
tutively transcribed S regions randomly integrated into the genome of a pro-B-
cell line undergo high rate of AID-dependent internal deletions (Dudley et al.,
2002). In this regard, internal deletions in S regions have been extensively used
in the interpretation of data related to synapsis. Internal deletions are readily
observed in the endogenous Sy region in splenic B cells or B-cell lines activated
in culture to undergo CSR (Alt et al., 1982a; Dudley et al., 2002; Gu et al., 1993;
Yancopoulos et al., 1986). Such internal deletions are thought to reflect joining
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of two DSBs within Sp regions, perhaps in the absence of, or synapsis with, a
DSB in a downstream S region (Dudley et al., 2002) (Fig. 5). In addition, Sp also
undergoes mutations at a high rate, again possibly reflecting AID activity on
S regions independent of CSR (Nagaoka et al., 2002; Petersen et al., 2001).
Given that S region mutations and internal deletions are AID dependent
(Dudley et al., 2002; Nagaoka et al., 2002; Petersen et al., 2001; Schrader
et al., 2005), they probably represent the same general process as CSR, although
this has never been formally proven.

While internal deletions in Sp can be readily detected, those in the down-
stream S regions are observed less frequently (Dudley et al., 2002; Reina-San-
Martin et al., 2003, 2004, 2007; Schrader et al., 2003). One possible explanation
for this observation is that Sp may be a preferred AID substrate due to its
sequence and/or proximity to the strong IgH intronic enhancer Ep, with target-
ing of AID to downstream S regions constituting the rate-limiting step of CSR.
In this scenario, Sp would be the target of a higher level of DSBs, with some
occurring simultaneously, than occurs in downstream S regions. Thus, a signifi-
cant proportion of simultaneous Sp breaks may be resolved via short-range
intra-S recombinations leading to internal deletions (Fig. 5). This possibility
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Figure 5 Internal Sp deletions versus long-range CSR. In addition to productive CSR by long-
range DSB repair between two distal S regions, B cells stimulated to undergo CSR also undergo a
high rate of internal deletions in Sp. Such intra-S recombination probably represents resolution of
two DSBs (arrows) within Sp. CSR represents resolution of two DSBs in different S regions. While
internal deletions are readily observed in Sp, those in the downstream S regions are less frequent,
possible reasons for which are discussed in the text. See text for more details.
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is consistent with the observation that when Sp was inhibited from being a donor,
internal deletions in Sy1 could be readily detected (Gu et al., 1993). However, it
must be acknowledged that there are other possible explanations for the appear-
ance of increased internal Sy deletions versus downstream S region deletions,
including different efficiencies or mechanisms (e.g., internal deletion versus
simple rejoining) of repair of one versus the other. In the latter context, only
deletions visible via Southern blotting have generally been assayed in prior studies
for internal deletions. It is conceivable that DSBs in downstream S regions may
occur more frequently but be repaired via smaller internal deletions/rearrange-
ments, as have been observed in the sequence of an Sy2b region downstream of
an Sp junction (Yancopoulos et al., 1986). In this regard, it was shown that both
the acceptor and donor S regions in B cells undergoing CSR accumulate muta-
tions with comparable frequency in B cells undergoing CSR (Xue et al., 2006).

5.3. CSR Has Adopted a General Repair Mechanism to Join/Synapse
Distant DSBs

At least three different, not necessarily mutually exclusive, models have been
put forward to explain how distal DNA DSBs are synapsed during CSR. First,
by analogy to RAG proteins, AID itself may have a direct role in synapsis by
binding to two participating S regions and bringing them together by its ability
to dimerize (Prochnow et al., 2006; Wang et al., 2006). Certain C-terminal
mutations in AID impair CSR without affecting SHM or Sp mutations, sug-
gesting that ATD activity and targeting to Sp is intact (Barreto et al., 2003) and
that the C-terminal portion of AID, itself or by recruiting other proteins, could
contribute to such a synaptic role. Second, S regions themselves have been
proposed to be involved in synapsis. For example, colocalization of transcribed
S regions to transcription complexes assembled at the IgH locus may aid
in the juxtaposition of S regions (Manis et al., 2002b). In addition, an S region
function in synapsis might also involve the binding of MMR complex Msh2/
Msh6 to transcribed S regions and to itself (Larson et al., 2005). Formation of
S region higher order structures has been implicated in synapsis (Dempsey
et al., 1999; Larson et al., 2003). Finally, DNA damage response proteins, such
as ATM, 53BP1, and H2AX, have been proposed to facilitate synapsis and
joining of distal DSBs by mediating changes in chromatin structure and
potentially by physically anchoring distal DSBs (see below) (Bassing and Al,
2004a; Reina-San-Martin et al., 2003). The first evidence in support of the
latter hypothesis came from observations that mutations in these proteins lead
to CSR defects, without obviously affecting the rate of large internal Sp
deletions that were visible via Southern blotting of IgM+ hybridomas made
from activated B cells (Reina-San-Martin et al., 2003, 2004, 2007).
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To elucidate potential mechanisms of synapsis during CSR, a novel system
was established to test whether “recombinational IgH switching” could be
established without S regions or AID when DSBs are artificially generated in
place of S regions (Fig. 6) (Zarrin et al., 2007). To accomplish this, S regions
were replaced with cassettes containing an 18-bp target to generate for the
rare-cutting yeast homing endonuclease I-Scel that recognizes its targets and
introduces staggered DSBs (Colleaux et al., 1988; Rouet et al., 1994). B cells
were generated via gene targeted mutation in ES cells in which the entire
endogenous mouse Sy1 sequence was replaced by two I-Scel sites separated by
a 500-bp fragment of DNA that is inert with respect to ability to catalyze CSR
in vivo. Replacement of Syl with this cassette led to an essential inhibition of
CSR to IgG1 on the mutant allele. However, on expression of I-Scel endonu-
clease from a retrovirus in activated mutant B cells, switching to IgG1 was
stimulated to levels that in some experiments approached the lower range of
wild-type levels (Zarrin et al., 2007). Characterization of recombination junc-
tions revealed that Sp was fused to one or the other I-Scel sites, consistent
with the direct dependence of IgH class switching to IgG1 on I-Scel expression
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Figure 6 I-Scel-dependent class switching and a model for the role of general DNA repair during
IgH CSR. In the absence of S regions and AID, the frequency of I-Scel-mediated DSBs can
promote class switching. Short-range recombinations (0.5 kb apart) are joined more frequently
(45-60%) than DSBs that are 100 kb away (5-10%). These results (discussed in details in the text)
suggest that CSR utilizes the general DNA DSB repair pathway to synapse and join distal S region
breaks during CSR. See text for more details. This figure is adapted from Zarrin et al. (2007).
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in this system. These findings provided strong evidence that a DSB in an
S region could bypass some of the requirements for an S region, at least for
switching to Syl. Moreover, the findings showed that AID-initiated DSBs in
the Sp region, apparently unlike RAG generated DSBs during V(D)] recombi-
nation, can be joined efficiently to DSBs generated by an entirely different
mechanism. This finding may also be relevant for mechanisms that lead to
chromosomal translocations involving AID-initiated DSBs in S regions (Zarrin
et al., 2007).

In the experiments described above, only the downstream acceptor Syl
region was replaced with an I-Scel site and AID was still present. To formally
test potential roles of S regions, B cells were generated in which I-Scel
replaced both the Syl and Sp sequences. The two I-Scel sites that replaced
Su were only 40 bp apart, compared to the 500 bp that separated the I-Scel
sites in Sy1; however, these two pairs of I-Scel sites in the place of Sp and Sy1
were about 100 kb apart within the IgH locus (Fig. 6). The double mutant
B cells showed essentially complete loss of ability to switch to IgG1 on the
mutant allele that, again, was rescued to substantial levels via retroviral intro-
duction of I-Scel endonuclease expression, showing that S region sequences
were not necessary. In fact, I-Scel-dependent switching to IgG1 in B cells in
which both Sp and Sy1 had been replaced with I-Scel sites occurred at levels as
high or higher than in B cells with a full-length endogenous Sp and a 1-kb Sy1
(Zarrin et al., 2005, 2007). To address the requirement for AID, IgM+ hybri-
domas were generated from B cells harboring Sy and Sy1 replacements. As
expected from earlier studies, these hybridomas did not express detectable
AID or germ line transcripts of the Cyl locus; nevertheless, infection with
I-Scel retrovirus led to a substantial level of class switching to IgG1 (Zarrin
et al., 2007). Thus, it would appear that neither S regions nor germ line
transcription (within the level detectable by this assay) are required for a
relatively high level of recombinational IgH class switching mediated by two
I-Scel generated DSBs in the IgH locus. These studies do not rule out roles for
either AID or S regions in the joining phase of CSR, for example to promote
the most efficient degree of synapsis and joining. However, the surprisingly
high rate of recombinational IgH switching mediated via I-Scel DSBs in
absence of these factors reveals an unanticipated general repair process that
promotes the joining of widely separated IgH locus DSBs. Therefore, S regions
and germ line S region transcription may have evolved, at least in large part, to
provide structures for AID recognition and deamination en route to generation
of DSBs with more general mechanisms leading to synapsis and joining
(Fig. 6).

The I-Scel model system also allowed a comparative assessment of efficiency
of joining between short-range (500-bp internal deletions) and long-range
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(100-kb IgH class switching events) I-Scel-generated DSBs. Surprisingly, long-
range DSBs were joined at a rate that was as much as 10-20% of the frequency
of short-range joins between the two I-Scel sites in the downstream cassette.
This pattern is somewhat reminiscent of internal deletions versus long-range
CSR events observed in normal activated B cells (Figs. 5 and 6). These results
led to the proposal that S regions may have evolved as structures to allow
generation of a sufficiently high level of AID-initiated DSBs that CSR would be
ensured by a general mechanism that promotes a relatively high frequency of
long-range joins between DSBs within a chromosome with respect to the
frequency of short-range joins or simple rejoining of a single DSB (Zarrin
et al., 2007). However, the question remains as to what mechanisms lead to
the frequent synapsis and joining of chromosomal DSBs that are 100 kb or
more apart. It is possible that there are features of the IgH locus structure in
activated B cells that put S regions in proximity to promote such joining
(Chaudhuri and Jasin, 2007; Zarrin et al., 2007). On the other hand, it is also
possible that aspects of the normal DSB response, including the generation of
repair foci over large (greater than 100 kb) distances may function to join
widely separated general DSBs (Zarrin et al., 2007).

6. General DNA Repair Systems in the Joining Phase of CSR
6.1. DNA Damage Response

In mammalian cells, DSBs can be introduced into a cell due to external insults
such as exposure to ionizing radiation (IR), metabolic processes such as oxida-
tive stress, as well as via developmentally regulated processes which include
V(D)J recombination and CSR in lymphocytes (Bassing and Alt, 2004b). If left
unrepaired, DSBs can cause cell death or can give rise to potentially oncogenic
translocations (Bassing and Alt, 2004b; Franco et al., 2006a; Xu, 2006). Mam-
malian cells have therefore evolved a complex network to sense, signal, and
repair DSBs. There are two major characterized pathways of DSB repair in
mammalian cells. Homologous recombination is a postreplicative repair pro-
cess that requires large regions of homology and provides accurate repair. The
other major known mammalian repair pathway is NHE] which joins ends that
lack homologies or have only short homologies (Bogue et al., 1997, 1998;
Li et al., 1995; Roth et al., 1985) and appears to be most important in
prereplicative phases of the cell cycle when HR is not operative (Mills et al.,
2004). Joining of DSBs via either of these pathways first involves the activation
of a DNA damage response, which involves a large number of different
proteins. There have been several comprehensive reviews of the DNA damage
response (Bassing and Alt, 2004b; Burma et al., 2006; Franco et al., 2006a;
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Povirk, 2006; Stucki and Jackson, 2006; Xu, 2006) and it is also covered more
extensively by another chapter in this volume (Ramiro et al., 2007). Here,
we will introduce the DNA damage response as it pertains to the mechanism
of CSR.

The exact sequence of events that lead to the recognition of a DSB and the
assembly of proteins that effect cell cycle arrest and mediate repair is still
emerging. One of the earliest responders to DSBs is the MRN complex (Lee
and Paull, 2005) that consists of the proteins Mrell, RAD50, and Nbsl
(Carney et al., 1998). The MRN complex associates with DSBs immediately
following DNA damage (Lee and Paull, 2005) and recruits ATM, which is a
serine/threonine kinase. ATM is considered to be one of the master regulators
of the DSB response, via direct interaction between the C-terminal domain of
Nbsl and ATM (Falck et al., 2005). ATM is a member of a large family of PI3-
related kinases that include ATR (ATM and RAD3-related) and DNA-PKcs
(DNA-dependent catalytic subunit catalytic subunit) (Shiloh, 2003). ATM and
the related kinases can phosphorylate a large number of DNA repair and cell
cycle checkpoint proteins, including the G1 checkpoint protein p53, as wells as
Nbs1 (Falck et al., 2005), H2AX (Burma et al., 2001; Paull et al., 2000), 53BP1
(Anderson et al., 2001; Rappold et al., 2001), and MDC1 (Lou et al., 2006).
Activation of these downstream molecules leads to ATM-dependent cell cycle
arrest in response to DSBs and the subsequent repair of the damage (Fig. 7).

An early and critical event in the ATM-dependent response to DSBs is the
phosphorylation of DSB-proximal H2AX molecules on Ser139 to form yH2AX
(Rogakou et al., 1998). H2AX phosphorylation leads to the rapid, hierarchical
assembly of several repair factors, including MDC1, 53BP1, and NBS1, which
via their ability to bind to YH2AX form multiprotein complexes or foci at sites of
DNA damage (Kobayashi et al., 2002; Stewart et al., 2003; Stucki et al., 2005;
Ward et al., 2003a). Although H2AX phosphorylation is not required for the
initial recruitment of these factors to the DSB (Celeste et al., 2003b), it is
necessary for the formation of normal, extended repair foci (Bassing et al.,
2002a; Celeste et al., 2003a). Recent studies have highlighted a complex
interplay between DSB repair factors and chromatin conformation around
DNA breaks. For example, 53BP1 can be recruited to DSBs via its interaction
with methylated lysine 79 of histone H3, a chromatin mark that may be exposed
during chromatin remodeling following DNA damage (Huyen et al., 2004).
Likewise, chromatin-bound MDCI facilitates the recruitment of additional
molecules of ATM to the DSB. Such recruitment then leads to phosphorylation
of H2AX molecules that are distal to the initial site of lesion, and generates a
positive feedback loop that promotes the stable association of DNA damage
response factors in large domains or foci that can spread up to a megabase on
either side of the DSB (Lou et al., 2006; Stucki and Jackson, 2006).
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Figure 7 S region synapsis and roles of DSB response proteins during CSR. AID-dependent
generation of DSBs induces modifications and mobilization of the DSB response pathway including
the phosphorylation of the histone H2AX (gray ovals) to generate YH2AX (black ovals). Recruit-
ment of several DSB response proteins (ATM, MRN complex, MDC1, 53BP1) (speckled ovals) to
the break alters chromatin structure which may facilitate synapsis between two distal DSBs, and
hold broken S regions together for repair. In the absence of the DNA damage response proteins
such as H2AX (as shown), the breaks are not held together and thus not repaired. Such broken
S regions frequently participate in translocations. See text for details.

The formation of repair foci with the accumulated DSB response proteins
may allow enforcement of cell cycle checkpoints while, potentially, simulta-
neously providing a molecular bridge between DNA ends, preventing their
dissociation until repair ensues (Bassing and Alt, 2004a; Franco et al., 2006a;
Stucki and Jackson, 2006; Xu, 2006). In keeping with this notion, mice and cells
deficient for ATM, 53BP1, Nbsl, Mdcl, and H2AX share a number of pheno-
types potentially related to DSB repair deficiency, including IR sensitivity,
DNA repair defects, and genomic instability (Bassing et al., 2002a, 2003;
Kracker et al., 2005; Morales et al., 2003; Reina-San-Martin et al., 2005;
Ward et al., 2003b). Moreover, studies of CSR and V(D)] recombination have
suggested that these proteins may have a direct influence on DNA DSB repair
via end joining (Bredemeyer et al., 2006; Franco et al., 2006b).
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6.2. DSB Response Proteins in CSR

Cumulative evidence suggests that the general response to deleterious DSBs
also is operative at AID-initiated DSBs during CSR (Fig. 7). The first evidence to
support a role for the DSB response in CSR came from the finding that AID-
dependent foci of YH2AX and NBS1 accumulate at the IgH locus of B cells
activated in vitro (Petersen et al., 2001). In addition, mice deficient for ATM,
H2AX, MDC1, NBS1, or 53BP1 are impaired, to variable extents, for CSR
(Franco et al., 2006b; Kracker et al., 2005; Lahdesmaki et al., 2004; Manis et al.,
2004; Petersen et al., 2001; Reina-San-Martin et al., 2003, 2004, 2005; Ward et al.
2004). In contrast, these DSB response factors are not required for SHM, a
process that can occur without DSB intermediates (Manis et al., 2004; Reina-
San-Martin et al., 2003). Moreover, mice that are doubly deficient for H2AX and
p33 routinely develop B-cell lymphomas, a subset of which has S region translo-
cations (Bassing et al., 2003). How DSB response factors function in general
chromosomal DSB repair and more specifically during CSR is not fully under-
stood, but it could be by simply altering chromatin structure around DSBs to
allow repair factor access. Alternatively, but not mutually exclusively, it could
function by forming large complexes that would hold broken ends together or
even help bring more widely separated ends together. In this context, it was
proposed that the formation of H2AX-dependent foci of DSB response proteins,
most of which also bind each other and/or DNA, might represent an “anchoring”
activity that holds DSBs together in a synaptic complex to facilitate their ligation
by end joining (Bassing and Alt, 2004a) (Fig. 7). Similar arguments have been
made with respect to HR where phosphorylated histone H2A in yeast binds
cohesin (Shroff et al., 2004; Unal et al., 2004).

Quantification of the frequency of AID-dependent chromosomal breaks
within the IgH locus in single B cells activated for CSR has provided direct
support of role of DSB response proteins in the end-joining phase of IgH CSR
(Franco et al., 2006b; Ramiro et al., 2006). Specifically, analyses of H2AX-,
MDC1-, ATM-, 53BP1-, or NBS1-deficient B cells activated for CSR via two
color fluorescence in situ hybridization (FISH) with probes from upstream and
downstream regions of the IgH locus revealed large numbers of metaphases
containing chromosomal breaks within one and sometimes both IgH loci
(Franco et al., 2006b; Ramiro et al., 2006) (Fig. 8). Such IgH locus chromo-
somal breaks were bona fide AID-dependent breaks, as they were fully rescued
by AID-deficiency in vivo (Franco et al., 2006b). Moreover, a substantial
percentage of IgH locus breaks observed in these backgrounds participated
in chromosomal translocations (Franco et al., 2006b; Ramiro et al., 2006).
Therefore, the DSB response plays a major role in preventing DSBs intro-
duced during IgH CSR, as well as general DSBs, from separating and
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Figure 8 FISH assay commonly used to detect chromosome aberrations in the absence of DSB
response proteins. FISH probes that detect the 5 or 3’ regions of the IgH locus (gray or black ovals,
respectively) can detect unrepaired DSBs in the IgH locus. The striped oval represents the
centromere.

progressing into chromosomal breaks and translocations (Franco et al., 2006b).
These findings provided strong support for the notion that the DSB response is
required to support normal end joining (Bassing and Alt, 2004a; Franco et al.,
2006a). Similar conclusions were subsequently made for the role of ATM in
V(D)] recombination (Bredemeyer et al., 2006), although the DSB response
may not turn out to be as important overall in V(D)] recombination due to the
role of RAG proteins in synapsis and/or channeling DSBs into NHE] (Bassing
and Alt, 2004b).

Notably, while ATM-, H2AX-, and 53BP1-deficient B cells had a relatively
major impairment in CSR, they still appeared to accumulate internal Sp
deletions at normal or (for 53BP1, see below) increased frequency subsequent
to activation, leading to the suggestion that such factors also may somehow be
involved in long-range S region synapsis but are not necessary for shorter range
deletions (Reina-San-Martin et al., 2003, 2004, 2007). In contrast to H2AX-,
MDCI1-, or ATM-deficient B cells which have only a partial impairment of
CSR, 53BPI1-deficient B cells are severely impaired for CSR (Franco et al.,
2006b; Kracker et al., 2005; Lahdesmaki et al., 2004; Manis et al., 2004;
Petersen et al., 2001; Reina-San-Martin et al., 2003, 2004, 2005; Ward et al.,
2004). Yet, IgH FISH analyses demonstrated that the frequency of chromo-
somal breaks within the IgH locus does not differ significantly from those
observed in H2AX- or ATM-deficient B cells (Franco et al., 2006b). Moreover,
activated 53BP1-deficient B cells proliferate and activate efficiently (Manis
et al., 2004; Ward et al., 2004), and 53BP1-deficient cells and mice show only
modest growth retardation and moderate cellular genomic instability (Manis
et al., 2004; Ward et al., 2004). This group of findings led to the proposal that
53BP1 may have novel functions in CSR (Franco et al., 2006a). In this context,
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53BP1-deficient B cells exhibit markedly increased levels of internal deletions
versus normal long-range CSR events, raising the intriguing possibility that
53BP1 might have a particularly important function in long-range synapsis
(Reina-San-Martin et al., 2007), although it will be important, as discussed
for UNG experiments above, to ensure that such deletions happened in normal
B cells as opposed to in hybridomas postfusion.

The requirement for DSB response factors to mediate normal levels of CSR,
to suppress AID-dependent IgH locus translocations, and to promote long-
range CSR reactions versus internal deletions has led to the suggestion that the
DSB response may be a key factor involved in promoting the higher than
expected joining frequency of widely separated chromosomal IgH locus
DSBS (Bassing and Alt, 2004a; Zarrin et al., 2007). To address this model,
there are many questions that need to be answered. One would be whether
the joining of widely separated versus proximal I-Scel-generated DSBs within
the IgH locus would be altered in DSB response factor-deficient cells in a
manner observed for internal S region deletions versus CSR events. Another
would be whether joining of DSBs separated by 100 kb or more occurred at loci
other than the IgH locus and in cells other than activated B cells. Yet another
question would be the distance at which DSBs could be separated and still show
increased frequency of joining. Moreover, one must ask why mammalian cells
would have evolved mechanisms to mediate these long-range interactions in the
first place, as opposed to resolving DSBs exclusively through religation of the
broken DNA ends. In this context, the frequency of joining I-Scel-generated
DSBs separated by 100 kb in the IgH locus is orders of magnitude greater than
that observed for translocations between I-Scel-generated DSBs on separate
chromosomes (Weinstock et al., 2006). Given the greatly increased frequency of
IgH locus translocations in DSB response-deficient B cells (Franco et al., 2006b;
Ramiro et al., 2006), one notion would be that the long-range joining mechan-
isms might be a by-product of a mechanism that evolved to ensure DSB repair
within a chromosome and suppress translocations (Bassing and Alt, 2004a;
Zarrin et al., 2007).

6.3. End Joining

CSR joins lack major regions of homology and, therefore, are catalyzed by some
form of DNA end-joining pathway. The NHE] pathway has been the prime
candidate. In this context, NHE] joins ends that lack homology or ends that
have very short homologies to form junctions reminiscent of those observed for
CSR (Lieber et al., 2003; Rooney et al., 2004). NHE]J has seven known
components (Fig. 9). Ku70 and Ku80 bind DSBs as a complex (Ku). Ku
bound to DNA ends binds DNA-PKcs and activates it to form the DNA-PK
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holoenzyme (Lieber et al., 2003; Rooney et al., 2004). DNA-PK can phosphor-
ylate Artemis to activate its endonuclease activity. XRCC4 and DNA Ligase 4
work together as a ligation complex which functions specifically in NHE]
(Lieber et al., 2003; Rooney et al., 2004). Cernunnos/XLF is a more recently
identified NHE] factor that appears to have some relationship to XRCC4
(Burma et al., 2006; Sekiguchi and Ferguson, 2006). Ku70, Ku80, XRCC4,
Ligase 4, and likely Cernunnos/XLF are conserved in evolution and are con-
sidered “core” NHE] factors (Fig. 9). The activity of the NHE] pathway has
been characterized primarily in the context of V(D)J recombination. The RAG
endonuclease generates V, D, and ] coding ends as covalently sealed hairpins
and RS ends a blunt 5'phosphorylated DSBs (Fig. 9). The “core” NHE] factors
are required for both coding and RS joins where they have functions ranging

V(D)J recombination General DSB repair

RAG-2 \

lonizing radiation,
other damage

RAG -cleavage Ku70/Ku80/DNAPKcs
a‘ RSS (DNAPK holoenzyme)
Artemis (end-processing) /
RAG 2
RAG Cernunnos/DNA Ligase [V/XRCC4
NHEJ
Modified coding joints Repaired DSB

Precise signal
joints
Figure 9 NHE] is required for V(D)] recombination and for general DSB repair. The major
components of the NHE] pathway are shown. During V(D)] recombination, the RAG-1 and RAG2
proteins bind to and introduce DSBs at specific signal sequences (triangles) that flank the coding
segments (rectangles). The RAG proteins cleave DNA mostly in the context of a preformed synaptic
complex, and following cleavage, remain bound to the ends to shepherd in DNA repair proteins to
ligate the DSBs. The NHE] pathway also functions to join general DSBs. See text for more details.
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from recognition of DSBs and recruitment of other factors to end ligation
(Fig. 9) (Dudley et al., 2005; Lieber et al., 2003; Rooney et al., 2004). In
contrast, DNA-PKcs and Artemis are required for coding joins but are rela-
tively dispensable for RS joins (Bogue et al., 1998; Gao et al., 1998a; Kurimasa
et al., 1999; Nicolas et al., 1998; Rooney et al., 2002; Taccioli et al., 1998). In this
context, the DNA-PKcs activated endonuclease activity of Artemis is necessary
to open and process coding end hairpins (Ma et al., 2002; Rooney et al., 2002).
It is thought that the various NHE] factors play similar roles in the repair of
general DSBs (Lieber et al., 2003; Rooney et al., 2004) (Fig. 9).

Evidence for a role for NHE] components in CSR came {rom studies in
which Ku 70 or Ku 80-deficient B cells were generated by rescuing B cell
development with “knocked-in” productive V(D)] rearrangements at the
IgH and Igk loci (Casellas et al., 1998; Manis et al., 1998; Reina-San-Martin
et al., 2003). Notably, both Ku70 and Ku80 deficient B cells were completely
deficient for ability to undergo CSR. However, interpretation of these results
was complicated by the fact that Ku-deficient cells have proliferation defects
(Manis et al., 1998; Reina-San-Martin et al., 2003) and that proliferation is also
required for CSR (Hodgkin et al., 1996). Therefore, cause and effect were not
unequivocal. Notably, DNA-PKcs deficient B cells or B cells homozygous for
the scid mutation (a point mutation in the DNA-PKcs catalytic domain) were
severely impaired for CSR but did show residual CSR (Cook et al., 2003; Manis
et al., 2002; Rolink et al., 1996). In the case of DNA-PKcs deficient B cells,
CSR to IgG1 occurred relatively normally (Manis et al., 2002). On the other
hand, Artemis deficient B cells show relatively normal CSR to all IgH isotypes
(Rooney et al., 2005). Preliminary analyses of DNA-PKcs-deficient and
Artemis-deficient B cells for chromosome breaks by the IgH locus FISH
method suggest that both might have some IgH breaks and translocations
(Franco and Alt, unpublished data). Thus, while more detailed characterization
of the nature of the Igh locus breaks in the Artemis and DNA-PKces mutant
cells will be required for unequivocal interpretations, it is possible that both
components may be necessary for joining a fraction of IgH locus breaks that
occur in B cells activated for CSR, consistent with the role of these factors in
joining a subset of normal DSBs. Overall, it appears that NHE] joins, at
least, a subset of CSR DSBs. However, given that Ku70 and Ku80 and DNA-
PKcs have functions outside of NHE] (Chu et al., 2000; Cohen et al., 2004;
Sekiguchi et al., 2001), some of the CSR defects observed, in particular the
complete defect in Ku-deficient B cells, might be due to effects on other
processes.

XRCC4 and DNA Ligase 4 are absolutely required for coding and RS joining
during V(D)] recombination (Frank et al., 1998; Gao et al., 1998b; Li and Alt,
1996; Taccioli et al., 1993) and have no known functions outside of NHE].
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A role for Ligase 4 in CSR was suggested by the finding that hypomorphic
human Ligase 4 mutations affected CSR, in particular by leading to alterations
of certain S region junctions such as increased use of microhomologies by some
(Sp to Sat) but not others (Sp to Sy) (Pan-Hammarstrom et al., 2005). However,
it is not clear whether such alterations resulted from decreased or altered
activity of Ligase 4 or increased contribution by some alternative pathway
(Pan-Hammarstrom et al., 2005). To definitively assess the role of NHE] in
IgH CSR, it will be necessary to generate B cells completely deficient in
XRCC4 or Ligase 4 by either IgH/Igk V(D)] knock-in approach or by a
conditional gene inactivation approach. Preliminary analyses of XRCC4 defi-
cient B cells generated by such approaches suggested that they proliferated
relatively normally and show signficant levels of CSR (C. Yan and F. Alt,
unpublished data). It will now be of significant interest to employ IgH locus
FISH assays to determine whether chromosomal breaks and translocations
occur in such XRCC4-deficient B cells stimulated for CSR. In addition, it
will be of substaintial interest to determine the nucleodide sequence of the
junctions of CSR events that occur in XRCC4-deficient B cells. In mice, normal
CSR junctions are roughly equally divided between blunt joins (no homologies
at the ends) and joins with short micro-homologies. While an alternative end-
joining pathway that appears to prefer micro-homologies is known to exist, the
pathway does not function in V(D)] recombination in the absence of NHE] and
there has been little evidence that it can function to join chromosomal
sequences other than translocations (Lee et al., 2004b; Zhu et al., 2002). In
this context, it will be of great interest to determine whether this pathway can
catalze chromosomal CSR in the absence of XRCC4 and, thereby, the classical
NHE] pathway.

7. Evolution of CSR

The process of SHM is an ancient reaction that exists in cartilaginous and bony
fish (Cannon et al., 2004). Fish AID has been identified and the fish mutational
hot spot (AGC/T triplet) is similar to that in mammals, suggesting that SHM in
fish is most likely AID dependent. Fish, however, do not have S regions and do
not undergo CSR; yet fish AID can mediate CSR in mammalian cells, indicat-
ing that the molecule has already acquired most of the activities required
for CSR (Barreto et al., 2005a; Wakae et al., 2006). CSR first appeared in
amphibians, with Xenopus B cells being able to switch from IgM to IgX
(Stavnezer and Amemiya, 2004). Unlike mammals, Xenopus S regions are AT
rich (Mussmann et al., 1997) and do not form R-loops (Zarrin et al., 2004).
Therefore, CSR is probably mediated via the ability of AID, perhaps in
conjunction with an RPA or a similar molecule, to target the AGCT sequence
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within Xenopus S regions in an SHM-like fashion (Zarrin et al., 2004). As
completion of CSR employs general DSB repair mechanisms, including a
mechanism to synapse widespread chromosomal DSBs, it appears that what
may have been needed for the evolution of CSR was the appearance target
sequences that could allow AID activities to generate DSBs. In this regard,
primitive S regions, such as those in amphibians, may be composed of a high
density of RGYW motifs, allowing an SHM form of AID access, with the density
of AID deaminations predisposing to DSBs. Evolution of R-loop forming ability
may have evolved later to maximize AID-initiated DSB activity. Thus, one might
imagine that the evolution of CSR beyond fish may have simply required the
evolution of primitive S regions from SHM motifs along with their continued
evolutional refinement over time into specialized structures that allow genera-
tion of sufficient AID DSBs to allow physiological CSR levels by general joining
and synapsis mechanisms (Zarrin et al., 2007). While it is also possible that AID-
specific cofactors evolved along the way to play a role in the diverse activities
required for CSR, for example to direct the AID-induced lesions in to DSBs,
the model outlined above is economical in that it would not require simulta-
neous evolution of S regions plus coevolution of AID-specific cofactors and/or
potential AID structural modifications.
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Abstract

As the primary effector of immunoglobulin somatic hypermutation (SHM) and
class switch recombination (CSR), activation-induced cytidine deaminase
(AID) serves an important function in the adaptive immune response. Recent
advances have demonstrated that AID and a group of closely related cytidine
deaminases, the APOBEC3 proteins, also act in the innate host response to viral
infection. Antiviral activity was first attributed to APOBEC3G as a potent
inhibitor of HIV. It is now apparent that the targets of the APOBEC3 proteins
extend beyond HIV, with family members acting against a wide variety of
viruses as well as host-encoded retrotransposable genetic elements. Although
it appears to function through a different mechanism, AID also possesses
antiviral properties. Independent of its antibody diversification functions,
AID protects against transformation by Abelson murine leukemia virus (Ab-
MLV), an oncogenic retrovirus. Additionally, AID has been implicated in
the host response to other pathogenic viruses. These emerging roles for the
AID/APOBEC cytidine deaminases in viral infection suggest an intriguing
evolutionary connection of innate and adaptive immune mechanisms.

1. Introduction

The immune system of mammals relies on a combination of innate and adaptive
mechanisms to defend the host against a wide range of pathogens. In traditional
classifications, innate immunity utilizes germ line-encoded pathogen recogni-
tion receptors to identify and respond to general nonself threats, while adaptive
immunity employs combinatorial and mutational strategies to generate an
exceedingly diverse set of antigen receptor specificities. With the identification
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and characterization of V(D)] recombination, it became apparent that the
receptor diversity evident in lymphocytes is brought about by regulated altera-
tions in somatic DNA. This strategy of modifying DNA to develop adaptive host
defense was again observed with the elucidation of somatic hypermutation
(SHM) and class switch recombination (CSR). Both of these processes are
mediated by the cytidine deaminase activation-induced cytidine deaminase
(AID). Recent work has shown that DNA editing for host defense is not an
exclusive tool of the adaptive immune system, but plays important roles in the
innate system as well. AID and its related family members, the apolipoprotein B
RNA-editing catalytic component (APOBEC) proteins, have been implicated in
protecting the host from a variety of exogenous and endogenous genetic
hazards, most notably viral infection, genomic retrotransposition, and viral
oncogenesis. This chapter examines recent work investigating the roles of AID
and APOBEC cytidine deaminases in innate host defense.

2. Evolution of the AID/APOBEC Cytidine Deaminase Family

The members of the AID/APOBEC family of cytidine deaminases all share the
capacity to deaminate cytidine to uracil in single-stranded polynucleotides.
They also possess significant sequence homology. In mammals, this gene family
includes AID, APOBEC1, APOBEC2, and APOBEC3. Additionally, in pri-
mates, the APOBEC3 gene has undergone considerable expansion; genes in
this subfamily are designated alphabetically APOBEC3A-3H.

The first family member identified was APOBECI. This enzyme was shown
to possess cytidine deaminase activity with which it specifically edits apolipo-
protein B mRNA transcripts (Navaratnam et al., 1993; Teng et al., 1993).
Several years later, AID was discovered and recognized to share significant
sequence homology with APOBEC1 (Muramatsu et al., 1999). As the family’s
“founding member,” APOBEC1 was viewed as the prototypical polynucleotide
cytidine deaminase. However, it was speculated that AID (or another yet to be
identified gene) evolutionarily predated APOBEC1 (Neuberger and Scott,
2000) and other potential family members. As new biological roles for the
AID/APOBEC family have emerged, recent work has employed rigorous phy-
logenetic analysis to shed new light on the evolution and adaptation of these
enzymes.

Despite the ubiquity of deaminases throughout biology, the AID/APOBEC
family is present only in vertebrates (Conticello et al., 2005). AID and APO-
BEC2 are the oldest members of the gene family, with the appearance of
APOBECI and APOBECS3 occurring significantly later in mammalian evolu-
tion. In primates, members of the AID/APOBEC gene family have undergone
rapid evolution and notably strong positive selection. Across primate species,
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the genomic sequences of APOBEC1, -3B, -3C, -3D, -3E, and -3G show a rapid
accumulation of mutations that alter protein sequence relative to synonymous
substitutions, indicating a strong positive selection for adaptive mutations
(Sawyer et al., 2004). Evidence of strong positive selection is often observed in
genes involved in host—pathogen interactions. One can easily envision an evolu-
tionary scenario in which a particular gene evolves to restrict an endemic
pathogen. The pathogen, subjected to selective pressure, evolves a countermea-
sure to overcome the host defense gene. With sufficiently dire consequences for
both species, beneficial mutations are rapidly selected and the genetic conflict
continues. Similar evolutionary struggles are likely responsible for the high rate
of positive selection observed in AID/APOBEC family members. APOBEC3G
exhibits the highest rate of positive selection among observably expressed AID/
APOBEC genes (and one of the highest rates throughout the human genome),
implying rapid evolution in response to strong selective pressure (Sawyer et al.,
2004; Zhang and Webb, 2004). As discussed below, APOBEC3G does play an
important role in defense against retroviruses. Similar innate immune functions
and corresponding host-pathogen conflicts may be responsible for the adaptive
positive selection apparent in other family members as well.

3. APOBEC3: A Subfamily of Antiviral Cytidine Deaminases
3.1. APOBEC3G Restricts HIV Infection

A function for APOBEC3G was first recognized in the study of a complex host—
pathogen interaction: HIV infection of human cells. It was known for some
time that the HIV gene product virion infectivity factor (Vif) is an important
determinant of successful viral replication in certain cell types. Vif-deficient
viruses are unable to propagate in “nonpermissive” cells (including T cells and
macrophages) in which Vif-competent viruses can establish productive infec-
tions. Despite this extreme phenotype, the function of Vif remained elusive.
Several heterokaryon cell fusion studies indicated that Vif probably acts by
inhibiting a host antiviral mechanism present in nonpermissive cells (Madani
and Kabat, 1998; Simon et al., 1998). This endogenous antiretroviral activity
was pinpointed by Sheehy et al. (2002), who utilized subtractive cDNA cloning
to identify a host defense gene absent from permissive cells: the cytidine
deaminase APOBEC3G (originally named CEM15).

The proposed mechanism for APOBEC3G-mediated restriction of HIV is
based on the protein’s ability to package with newly formed viral particles and
subsequently exert its cytidine deaminase activity (Harris et al., 2003; Lecossier
et al., 2003; Mangeat et al., 2003; Mariani et al., 2003; Zhang et al., 2003). Early
in infection, HIV reverse transcribes its RNA and integrates the resulting
c¢DNA into the host genome. During the assembly of new HIV particles,
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APOBEC3G associates with viral components and is incorporated into
the virions. When released, these virions carry their APOBEC3G payload to
naive cells. On infection, as the HIV RNA is reverse transcribed, APOBEC3G
binds and deaminates cytidine residues throughout the newly synthesized
first (—)-strand viral cDNA. This targeted hypermutation leads to two possible
outcomes for the viral cDNA. The high dU content may recruit the uracil base-
excision repair machinery or inherently destabilize viral cDNA, thereby leading
to its degradation (Cullen, 2003; Gu and Sundquist, 2003). Alternatively (or
additionally), second-strand synthesis and integration may proceed despite the
mutations, resulting in a vastly crippled provirus unable to produce infectious
virions. A schematic representation of this process appears in Fig. 1.
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Figure 1 APOBEC3G in HIV infection. In the setting of wild-type HIV infection, HIV Vif
associates with cellular APOBEC3G and targets it for ubiquitination and subsequent proteasomal
degradation. However, infection with Vif-deficient HIV allows APOBEC3G to act unopposed.
Intact cellular APOBEC3G packages with virus particles and is delivered to newly infected cells
with viral RNA. Following reverse transcription, APOBEC3G can edit nascent (—)-strand viral
¢DNA, which is degraded or incorporated into a hypermutated provirus.
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Despite these findings, the significance of cytidine deamination in APO-
BEC3G antiretroviral activity is not entirely clear. In agreement with over-
expression experiments, endogenous APOBEC3G inhibits Vif-deficient HIV
infection of primary resting CD4+ T cells, the main physiological target of the
virus (Chiu et al., 2005). However, despite potent restriction, retroviral reverse
transcripts isolated from these cells contain very few G-to-A mutations. In
addition, work by Newman et al. (2005) asserts that APOBEC3G can maintain
its antiretroviral capacity in the absence of functional cytidine deaminase activ-
ity. As their results conflict with prior findings, the authors note that previous
experiments were performed with epitope-tagged APOBEC proteins, which
can behave differently than their untagged counterparts. A report from the
same group demonstrates that even with functional active sites, the potency of
APOBECS3G retroviral restriction does not correlate with deaminase activity
(Bishop et al., 2006). Much work remains to be done in defining a complete
molecular mechanism for APOBEC3G antiretroviral activity.

HIV Vif protein acts as a viral countermeasure against the APOBEC3G host
defense through a variety of mechanisms, all of which prevent the inclusion of
APOBEC3G in newly produced virions. Perhaps most importantly, Vif protein
binds APOBEC3G and induces its degradation (Conticello et al., 2003; Marin
et al., 2003; Sheehy et al., 2003; Stopak et al., 2003; Yu et al., 2003). More
specifically, Vif assembles a complex of cellular proteins (including Cul5, elon-
gins B and C, and Rbx1) that participate in the ubiquitination of APOBEC3G,
effectively targeting it for proteasomal destruction (Yu et al., 2003). Vif binding
can also sequester APOBEC3G and thereby block its packaging into assem-
bling virions (Mariani et al., 2003). Additionally, Vif has been demonstrated to
directly inhibit the translation of newly transcribed APOBEC3G mRNA
(Stopak et al., 2003).

The high-stakes evolutionary struggle between host and pathogen can lead to
extremely specialized defense and counterattack mechanisms. This seems to be
true for APOBEC3G and Vif. Although it efficiently controls human APO-
BEC3G, HIV Vif does not bind or inhibit the mouse homologue APOBEC3
(Mariani et al., 2003). Furthermore, HIV Vif cannot restrain APOBEC3G from
closely related primate species such as African green monkey and macaque
(Mariani et al., 2003; Zennou and Bieniasz, 2006). The closely related Simian
immunodeficiency virus (SIV) Vif does not impede the function of human
APOBEC3G (Bogerd et al., 2004). Consequently, HIV cannot efficiently repli-
cate in APOBEC3G-expressing simian cells, and SIV is similarly restricted in
human cells. Such exquisite specificity suggests relatively recent evolution
under strong selective pressures. In fact, the species restriction of Vif interac-
tion is determined by a single amino acid in the APOBEC3G protein (Bogerd
et al., 2004; Mangeat et al., 2004; Schrofelbauer et al., 2004; Xu et al., 2004).
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The substitution of aspartate 128 in human APOBEC3G with lysine makes
APOBEC3G susceptible to SIV Vif but resistant to HIV Vif. The converse
substitution in African green monkey APOBEC3G results in the corresponding
reversal in susceptibility. It is possible that the species restriction of HIV
infection to humans and SIV to other primates is determined at least in part
by this divergent amino acid. However, despite the apparent importance of this
residue at present, there have likely been multiple rounds of positive selection
for substitutions in the coevolution of APOBEC3G and Vif (Zhang and Webb,
2004). Still, it remains interesting to consider the possibility that mutations in
the APOBEC3G-Vif interaction played a role in HIV attaining infectious
capacity for human cells. Furthermore, as disrupting a single amino acid can
eliminate the interaction between Vif and APOBEC3G, this interface presents
an intriguing therapeutic target for small molecule inhibitors.

3.2. APOBEC3G Can Act on a Variety of Viruses

3.2.1. Nonprimate Retroviruses

The antiretroviral activity of human APOBECS3G is not limited to HIV.
As discussed above, it can act against the closely related primate lentivirus
SIV. Additionally, APOBEC3G has demonstrated activity against a wide range
of retroviruses that infect various nonprimate species. Equine infectious ane-
mia virus (EIAV), a lentivirus lacking a vif gene, is sensitive to APOBEC3G
hypermutation and can be protected by coexpression of HIV Vif (Mangeat
et al., 2003). Murine leukemia virus (MLV) is a gammaretrovirus with a simple
genome that does not contain a vif-like gene. Human APOBEC3G can package
with MLV virions and inhibit subsequent productive infection (Bishop et al.,
2004; Harris et al., 2003; Kobayashi et al., 2004; Kremer et al., 2005; Mangeat
et al., 2003). Although many parameters determine virus tropisms (e.g., surface
receptors, intracellular factors, immune response, and so on), these examples
suggest that APOBEC3G may protect humans from animal retroviruses.

Interestingly, despite the absence of a vif gene, MLV infection is not restrict-
ed by the antiviral mouse homologue APOBECS3. This implies that MLV may
have evolved novel, Vif-independent processes to escape from the antiviral
pressure of mouse cytidine deaminases. Indeed, recent work proposes that
MLV protects itself from mouse APOBEC3 via two distinct mechanisms
(Abudu et al., 2006). First, MLV viral RNA disrupts the binding of APOBEC3
to Gag, excluding it from assembling virions. Second, the MLV viral protease
directly eliminates APOBEC3 by proteolytic cleavage. Neither of these
mechanisms is effective at defending MLV from human APOBEC3G, again
demonstrating the effects of selective pressures from a specific host—pathogen
relationship on adaptive evolution.
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3.2.2. Human T-Lymphotropic Virus 1

APOBEC3G may also have antiviral activity against other human retroviruses.
Human T-lymphotropic virus 1 (HTLV-1) is one of only four pathogenic
human retroviruses. Infection can cause lymphoproliferative disease as well as
inflammatory and neurological disorders. The HTLV-1 genome contains basic
genetic elements common to HIV and other retroviruses: the gag-pol-env genes
flanked by long terminal repeat (LTR) motifs. HTLV-1 also contains additional
genes involved in pathogenesis and feedback regulation of viral replication
(Feuer and Green, 2005). As a retrovirus that shares one of HIV’s main target
cells (T lymphocytes), HTLV-1 could be a potential target for APOBEC3G.
The first studies addressing this issue present somewhat confusing results.
Sasada et al. (2005) report that in a cell line system, APOBEC3G can package
with HTLV-1 virions and potently inhibit viral infection of a T-cell line. This
antiviral effect was blocked by the coexpression of HIV Vif in virus producer
cells. Of note, APOBEC3G deaminase activity was dispensible for viral restric-
tion, and no hypermutation was detectable in viral genomes. Similar experi-
ments by Navarro et al. (2005) also demonstrated the capacity of APOBEC3G
to package with HTLV-1, but did not show a noteworthy reduction of infection.
Using a different reporter cell line system, Mahieux et al. (2005) did not
observe significant inhibition of HTLV-1 infection by APOBEC3G. However,
molecular analysis revealed that a small percentage (<5%) of viral genomes
packaged in the presence of APOBEC3G displayed hypermutation at nearly all
cytidine residues. Although when taken together, these initial reports do not
establish a cohesive model, they do suggest a possible role of APOBEC3G in
HTLV-1 infection.

Some of the difficulties in characterizing the effects of APOBEC3G on
HTLV-1 may stem from a currently unidentified viral mechanism to escape
the host’s defenses. While HTLV-1 apparently lacks a vif gene, it preferentially
infects and replicates in CD4+ T cells (Richardson et al., 1990), the same cell
type in which APOBEC3G expression restricts Vif-deficient HIV. As described
above for MLV and murine APOBEC3, HTLV-1 may protect itself via a
mechanism distinct from Vif-mediated exclusion and degradation. Additional
work is needed to uncover important details on the significance of APOBEC3G
in HTLV-1 infection.

3.2.3. Hepatitis B Virus

After it became clear that the antiviral activity of APOBEC3G is not limited
to HIV alone, its potential for restricting viruses beyond the Retroviridae family
was investigated. Hepatitis B virus (HBV) is not a true retrovirus, but it
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does replicate its genome through reverse transcription of a pregenomic RNA
template in virus producer cells (Ganem, 1996). Unlike true retroviruses,
HBYV virions already contain a partially double-stranded DNA genome upon
their infection of naive cells. Thus, the HBV lifecycle includes a reverse
transcription step and single-stranded viral genomic DNA, both of which are
implicated in APOBEC3G’s activity against HIV and other retroviruses. Begin-
ning with these concepts, Trono and colleagues used a hepatoma cell line
(Huh7) system to show that APOBEC3G can effectively inhibit HBV infection
(Turelli et al., 2004). Furthermore, APOBEC3G cytidine deaminase activity is
not necessary for restriction of HBV, which suggests that another, nonediting
mechanism is at work. While hypermutation is apparently not the primary
means of inhibiting the virus, it can occur both in vitro and in vivo. APO-
BEC3G editing of minus- and plus-strand HBV DNA is detectable in other
hepatoma cell lines (HepG2) and G-to-A hypermutated HBV genomes are
present at very low frequencies in the serum of infected patients with high
viremia (Suspene et al., 2005).

Further study of the APOBEC3G-HBV interaction revealed additional
details of the antiviral mechanisms at work. HBV-infected cells expressing
APOBEC3G produce normal levels of viral protein (as measured by HBV
surface antigen and core proteins) but have significantly lower levels of viral
RNA and DNA for packaging into new virions (Turelli e al., 2004). This may be
a consequence of degradation by cellular RNAses, as APOBEC3G can render
core-associated viral pregenomic RNA nuclease sensitive, possibly by prevent-
ing its encapsidation (Rosler et al., 2005). In contrast to HIV Vif, the HBV X
protein, also a viral factor that is necessary for establishing infection, does not
inhibit this function of APOBEC3G.

The protective potential of APOBEC3G against HBV infection in vivo
remains to be determined. Healthy human liver does not express significant
levels of APOBEC3 family mRNA transcripts (Jarmuz et al., 2002). In vitro,
primary hepatocytes stimulated with the antiviral cytokine interferon-o rapidly
upregulate APOBEC3G expression (Tanaka et al., 2006). Interferon-o also
induces the high-level expression of other gene family members including
APOBECs 3B, 3C, and 3F, several of which possess anti-HBV activity
(Bonvin et al., 2006). As demonstrated in chimpanzees in vivo, acute HBV
infection does not trigger an interferon response in the liver (Wieland et al.,
2004). However, interferon-o treatment is an effective therapy for chronic
HBYV infection (Wong et al., 1993). Perhaps hepatic induction of APOBEC3G
or its paralogues contributes to the anti-HBV effects of interferon-a.. Additional
work and clinical studies are required to determine the physiological role of the
APOBEC3 deaminases in HBV infection and treatment.
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3.3. Antiviral Activities of Other APOBEC3 Family Cytidine Deaminases

As alluded to in the case of HBV above, APOBEC3G is not the only member of
the AID/APOBEC gene family with demonstrated antiviral activity. Although
HIV is most effectively restricted by APOBEC3G, -3B, -3DE, and -3F can also
antagonize the virus (Bishop et al., 2004; Dang et al., 2006; Doehle et al., 2005).
Which of the other APOBEC proteins possess antiviral activity? On which
viruses can they act?

Although much work remains before a comprehensive list is completed, anti-
viral actions (and their respective targets) have already been assigned to several
APOBEC family members in humans and rodents. Table 1 provides a snap-
shot of presently characterized antivirall APOBECs and susceptible viruses.
This catalog is likely to expand as additional viruses (and their probable

Table 1 AID/APOBEC Cytidine Deaminases and Their Antiviral Activities

Antiviral activity

Endogenous

Retroviridae retroelements
Cytidine Foamy ERV LINE-1
deaminase HIV HTLV-1 MLV  viruses HBV  (LTR) (non-LTR)  AAV
Human
APOBEC1 - ND - ND ND ND ND ND
APOBEC2 ND ND ND ND ND ND ND ND
APOBEC3A — ND — ND ND + + +
APOBEC3B + - +/— + + + + —
APOBEC3C + - — + — + + -
APOBEC3D ND ND ND ND ND ND — ND
APOBEC3E ND ND ND ND ND ND ND ND
APOBEC3DE + ND — ND ND ND ND ND
APOBEC3F + - + + + + + ND
APOBEC3G + +/- + + + + — -
APOBEC3H - ND - ND ND ND - -
AID — ND — ND ND ND ND ND
Mouse
APOBEC1 - ND ND ND ND ND ND ND
APOBEC2 — ND ND ND ND ND ND ND
APOBEC3 + ND — + ND + — ND
AID — ND +¢ ND ND ND ND ND

“Restricts transformation by Ab-MLV. Table format based in part on Turelli and Trono (2005).
+/— indicates conflicting reports; ND, not determined.
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countermeasures) are studied. Several examples that demonstrate interesting
aspects of the cytidine deaminase—virus relationship are discussed below.

3.3.1. APOBEC Proteins Can Inhibit Infection by Foamy Viruses

Foamy viruses (also known as spumaretroviruses) are part of the Retroviridae
family. They infect a range of mammalian hosts and demonstrate a particularly
high prevalence in nonhuman primate species. The foamy virus life cycle
differs considerably from those of the more familiar lentiviruses (Delelis
et al., 2004). Notably, most reverse transcription occurs in the virus producer
cell, and as such, new virions contain double-stranded viral DNA. In addition,
the foamy virus genome contains two accessory genes: tas, a transactivator
important for replication (Lochelt et al., 1993), and bet, a viral factor implicated
in latent infection (Meiering and Linial, 2002). Viral packaging and release can
proceed via an unusual mechanism, with new virions budding into the endo-
plasmic reticulum and subsequently leaving the cell by exocytosis (Linial,
1999).

The interplay between foamy viruses and the APOBECS3 proteins provides
another example of host-virus coevolution and corresponding species-specific
adaptations. Initial reports show that primate foamy viruses are effectively
inhibited by APOBECs from human (3G, 3F, and to a lesser extent 3B and
3C), African green monkey (3G), chimpanzee (3G), and mouse (3) (Delebecque
et al., 2006; Russell et al., 2005). Much like HIV, the primate foamy virus can
escape APOBECS3 restriction through one of its accessory proteins. Although
individual groups have demonstrated different results (likely due to dissimila-
rities in viral vectors), it appears that primate foamy virus Bet protein can
abrogate APOBEC3 antiviral function (Russell et al., 2005). This function likely
evolved from selective pressures within the specific nonhuman primate host:
although primate foamy virus Bet potently inhibits the antiviral effects
of chimpanzee APOBEC3G, it only partially inhibits human APOBEC3G and
-3F and has no effect on mouse APOBEC3. This paradigm extends beyond
primates and their associated foamy viruses. Possessing significant regions of
homology to human APOBECSF, feline APOBECS exerts a strong antiviral
effect on Bet-deficient feline foamy virus (Lochelt et al., 2005). This restriction
is eliminated by Bet expression in wild-type infection.

3.3.2. APOBEC3A Can Inhibit Adeno-Associated Virus Production

All of the APOBEC-susceptible viruses discussed thus far include a reverse
transcription step at some point in their life cycle. However, recent work on
adeno-associated virus (AAV) suggests that reverse transcription is not a



AID/APOBEC DEAMINASES IN ANTIVIRAL HOST DEFENSE 225

de facto requirement for APOBEC antiviral activity. AAV, a member of the
Parvoviridae family, is a small single-stranded DNA virus that infects a wide
range of animal hosts, including humans (Berns, 1996). As its name implies,
AAV usually requires the action of a helper virus (often an adenovirus) to
establish a productive infection. AAV does not encode a polymerase gene; it
utilizes the host cell polymerase machinery (Ni et al., 1998) to replicate its
genome by leading strand synthesis and double-stranded DNA intermediates
(Berns, 1990). There is no reverse transcription apparent in the viral life cycle.

Studies by Weitzman and colleagues demonstrate that AAV production is
susceptible to inhibition by human APOBEC3A (Chen et al., 2006). Other
APOBEC family members with well-characterized antiviral activities (3C, 3G,
and 3F) have no effect. APOBEC3A is expressed in the nucleus, where it
interferes with the formation of AAV replication centers in viral producer cells.
As a result, viral replication and production are reduced to virtually undetect-
able levels. Although the specific biochemical mechanism for this disruption
remains unclear, it is dependent on an intact zinc-coordination motif in the
APOBEC3A active site, perhaps implicating DNA binding or deamination as
necessary events.

The susceptibility of AAV to APOBEC3A-mediated restriction independent of
any reverse transcription activity suggests that the AID/APOBEC family
may possess much broader antiviral potential than initially thought and this
possibility raises many new questions. Can APOBEC3A act on other single-
stranded DNA viruses? More generally, which other virus types (double-stranded
DNA, various RNA varieties, and so on) can be inhibited by which APOBECs?
Mounting evidence suggests that particular APOBECs may target certain viruses
more effectively than others. Perhaps each family member is specialized to
defend against a particular class of viruses: APOBEC3G for retroviruses, APO-
BEC3A for single-stranded DNA viruses, and so on. Alternatively (or additional-
ly), each family member might possess broad antiviral activity, but attain
physiological specialization against particular viruses based on tissue distribution
and regulation. Such a scenario could work to the advantage of the host or the
pathogen, as may be the case for HIV. Vif-deficient HIV is restricted by both
APOBEC3G and APOBEC3B in vitro. Yet unlike APOBEC3G, APOBEC3B
cannot be restrained by HIV-Vif (Doehle et al., 2005). Thus, APOBEC3B appears
to provide an ideal defense against HIV. However, in vivo, APOBEC3B is not
typically expressed in lymphocytes, important targets of HIV infection in which
constitutive production of APOBEC3G is foiled by Vif. The in vivo roles of
APOBECS3B and other family members in viral defense remain important re-
search problems, as they may lead to new therapeutic strategies. Such considera-
tions are also relevant beyond traditional pathogenic viral infection. For example,
recombinant AAV is in development as a promising gene therapy vector due to an
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attractive list of features: small DNA genome, nonpathogenic infection, prefer-
ential targeting of transformed cells, and site-specific genomic integration
(Goncalves, 2005). Ultimately, a successful treatment program may need to
consider the influence of APOBEC3A activity on the viral vector in producer or
target cells.

3.4. Endogenous Retroelements Can Be Suppressed by Many
APOBEC3 Deaminases

3.4.1. Endogenous Retroviruses

The above examples clearly demonstrate the capacity of the APOBEC3 pro-
teins to protect against a rapidly expanding list of infectious viruses. In addition
to these exogenous threats, most mammals are also impacted by endogenous
genetic elements that can alter their genomes. Of these host-encoded ele-
ments, the endogenous retroviruses (ERVs) are of note for their high frequency
[almost 10% of the human genome (Deininger and Batzer, 2002)] and for their
similarities to infectious retroviruses.

ERVs are retroelements that, when active, can replicate and insert elsewhere in
the genome. This retrotransposition is achieved via an RNA intermediate, which
is reverse transcribed (by the ERV pol reverse transcriptase) and integrated into
genomic DNA. These insertions have had a major impact on genome evolution
(Hughes and Coffin, 2001; Johnson and Coffin, 1999; Kazazian, 2004), but can
also be harmful to the host; some evidence suggest an association of ERVs with
autoimmune disease (Nakagawa and Harrison, 1996) and oncogenesis (Taruscio
and Mantovani, 2004). As genomic remnants of ancient retroviral infections,
mobile ERVs share a number of genetic and mechanistic similarities with infec-
tious retroviruses. These include the traditional retroviral gag-pro-pol genes,
flanking LTRs, reverse transcription-dependent replication, and even the ability
(in some cases) to form virus-like particles (VLPs). Likely due to the importance
of maintaining genomic integrity, complex organisms have developed mechan-
isms for restraining mobile ERV activity, including gene methylation (Bourc’his
and Bestor, 2004; Walsh et al., 1998), and cosuppression/RNA interference
(Ketting and Plasterk, 2000; Sijen and Plasterk, 2003; Tabara et al., 1999). It is
now clear that APOBECS3 cytidine deaminases can also inhibit ERVs, further
expanding their repertoire of host defense activities.

Human APOBEC3G was the first family member demonstrated to have anti-
ERYV activity. Using a cell-based retrotransposition assay, Esnault et al. (2005)
observed that human APOBEC3G or mouse APOBEC3 expression causes a
drastic reduction in the retrotransposition of two different murine ERV
sequences, intracisternal A-particle (IAP) and MusD. These LTR-containing
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retroelements, which can undergo reverse transcription and form VLPs, are
capable of active retrotransposition in the mouse genome. In this cell-based
system, APOBEC inhibition of IAP and MusD is accompanied by a large num-
ber of G-to-A mutations in the reduced number of provirus sequences that
persist. Sequence analysis of the mouse genome showed that naturally occur-
ring IAP and MusD elements also carry a high rate of G-to-A mutations,
particularly in GXA trinucleotide motifs, the target sequence preferred by
mouse APOBEC3 (Yu et al., 2004).

Additional APOBEC proteins are also capable of inhibiting retrotransposa-
ble elements. Human APOBEC3A and -3B effectively restrict IAP retrotran-
sposition (Bogerd et al., 2006; Chen et al., 2006). APOBEC3B packages with
IAP VLPs and hypermutates the reverse transcribed DNA. Interestingly,
APOBEC3A does not package or edit, yet it reduces IAP retrotransposition
to much lower levels than APOBEC3B or -3G (Bogerd et al., 2006). It remains
unclear if APOBEC3A inhibits IAP through a novel mechanism or if a shared
process upstream of packaging and editing is sufficient for restricting retro-
transposition. Recent work suggests that other APOBEC proteins (human 3G
and 3F, mouse 3) suppress ERV retrotransposition in two distinct steps: first by
reducing retroelement cDNA levels and then by hyperediting the remaining
copies that successfully transpose (Esnault et al., 2006). Perhaps APOBEC3A
utilizes only the first of these dual mechanisms to effectively control ERV
retrotransposition.

Other types of LTR retrotransposable elements are susceptible to APOBEC
inhibition as well. In yeast systems, the Tyl LTR retrotransposon can be
effectively suppressed by ectopic expression of a range of APOBEC proteins
including human 3C, -3F, -3G, and mouse 3 (Dutko et al., 2005; Schumacher
et al., 2005).

3.4.2. Non-LTR Retroelements

In addition to the LTR retroelements discussed thus far (IAP, MusD, Tyl),
mammalian genomes harbor large numbers of non-LTR retrotransposons, of
which the long interspersed nuclear element-1 (LINE-1) class is particularly
abundant (~500,000 copies in human) (Lander et al., 2001). Full-length and
active LINE-1 elements are detectable in mouse and human genomes (Brouha
et al., 2003; Ostertag and Kazazian, 2001; Sassaman et al., 1997). Unlike LTR
sequences, LINE-1 reverse transcription occurs in the nucleus and does not
involve the formation of VLPs. Despite these considerable differences, LINE-1
elements may be susceptible to APOBEC-mediated inhibition. Although APO-
BECS3G has no effect on LINE-1 elements (Esnault et al., 2005; Turelli et al.,
2004), individual overexpression of several family members (3A, 3B, 3C, 3F)
effectively inhibits LINE-1 retrotransposition (Muckenfuss et al., 2006).
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Endogenous APOBEC3C can also restrict LINE-1 elements, as demonstrated
by cell line RNA interference experiments.

3.4.3. Physiological Role for Suppression of Retroelements by APOBECs

In the mouse, ERV expression is typically suppressed by methylation in somatic
cells. As such, the physiological role for APOBEC restriction remains to be
determined. ERV sequences are not methylated in germ cells in which several
AID/APOBEC family members are expressed at high levels (Turelli and Trono,
2005). Perhaps APOBEC suppression of ERVs protects genomic integrity
during the “reprogramming” of methylation sites in gametogenesis or early
embryogenesis. However, APOBEC3-deficient mice are fertile and show no
evidence of derepression of endogenous retroelements (Mikl et al., 2005).
Thus, the function of APOBECS in the mouse remains unclear.

In humans, the existence of functionally active ERVs remains uncertain, so a
physiological role for retroelement suppression by APOBECs is not obvious.
However, proven retroelement inhibition in vitro and phylogenetic analysis
suggest that APOBEC function may have developed as an ancient system
of genome defense. In the human APOBEC3 subfamily, all members with
demonstrable in vivo expression have the capacity to inhibit at least one type of
endogenous retrolement (ERVs, LINE-1, and so on). Furthermore, all but one
of these (3A) has undergone many rounds of strong positive selection through-
out primate evolution, indicating a likely role in host defense (Sawyer et al.,
2004; Zhang and Webb, 2004). Despite the potent activity of some APOBEC3
proteins against exogenous retroviruses such as HIV, the apparent selective
pressures driving their adaptive evolution predates the emergence of modern
primate lentiviruses by millions of years (Sawyer et al., 2004; Zhang and Webb,
2004). Furthermore, the expansion of the APOBECS3 family directly correlates
with a sharp reduction of endogenous retrotransposon activity in primate
genomes as compared to rodents (Waterston et al., 2002). These observations
support a theory in which the “original” function of the APOBEC3 genes was
to protect the genome from actively mobile retroelements or the ancient
retroviruses from which they were derived. The ability to inhibit exogenous
lentiviruses may simply be a fortuitous extension of this function. Alternatively,
with recent evidence for antiviral APOBEC activity beyond retroviruses (HBYV,
AAV), it is also possible that APOBEC proteins represent an evolutionarily
ancient defense system against a broad range of genetic threats, including
exogenous DNA or RNA viruses and endogenous retroelements. Efforts to
define the antiviral spectrum of AID/APOBEC family members and their
physiological role(s) in host defense will likely provide important insights into
the selective pressures that shaped their evolution.



AID/APOBEC DEAMINASES IN ANTIVIRAL HOST DEFENSE 229

4. AID in the Host Response to Viral Infection

AID is one of the key players in the adaptive immune system. In activated
B cells, AID is necessary for antibody SHM and CSR. These two AID-depen-
dent processes shape humoral immunity in response to particular threats.
SHM allows for increased antibody specificity, while CSR assigns antibodies
antigen-appropriate effector function. The dynamic molecular flexibility
provided by these AID-mediated processes is in sharp contrast to the fixed
molecular machinery of innate immunity.

Nevertheless, a robust innate antiviral defense is provided by APOBEC3
genes very closely related to AID. These very similar genes exert markedly
different functions, and yet both participate in host defense. This implies an
intriguing evolutionary connection of innate and adaptive immune mechanisms.
Phylogenetically, the appearance of AID precedes that of APOBECI and APO-
BEC3, both of which apparently share AID as a common ancestor (Conticello
et al., 2005). An AID homologue can be detected as far back as cartilaginous
fish, and its evolutionary appearance correlates with hypermutation of immu-
noglobulin genes (Diaz et al., 1998; Hinds-Frey et al., 1993). However, in light of
the antiviral activities of the APOBEC3 subfamily, it is possible that AID also
has innate immune functions. This possibility was confirmed by the recent
identification of an AID-dependent host response to Abelson (Ab)-MLV.

4.1. AID Is a Host Response Factor Against Ab-MLV

Ab-MLV is a replication-deficient retrovirus that infects murine pre-B cells. The
virus is highly oncogenic; infection causes pre-B cell transformation in vitro and
acute pre-B cell leukemia in vivo. Both are dependent on viral transduction
of the v-abl oncogene (Rosenberg, 1994). Unlike the primate lentiviruses,
Ab-MLYV does not replicate or form new virus particles in infected cells.

Recent work (Gourzi et al., 2006) has demonstrated that AID protects the
host from Ab-MLV oncogenesis and does so independently of its antibody
diversification functions. Infected bone marrow cells from AID ™~ mice are
considerably more susceptible to Ab-MLYV transformation than their wild-type
counterparts. A similar phenotype is apparent in vivo when Ab-MLV-infected
bone marrow cells are transferred to wild-type animals. Mice engrafted with
infected AID ™~ cells die faster and with considerably more aggressive pre-B
cell leukemias than those that receive infected wild-type cells. Because all graft
recipients were wild-type mice, the benefit provided by AID must be distinct
from its function in antibody diversification.

How does AID protect against retroviral transformation? Unlike APOBEC3-
mediated antiretroviral activity, it appears that AID targets the host genome
rather than the virus. A possible mechanism is diagrammed in Fig. 2. Ab-MLV
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infection of pre-B cells induces expression of AID, which is typically restricted to
germinal center B cells. Induced AID is functionally active and causes somatic
mutation of host genes. It appears that AID-mediated damage to host DNA
triggers a genotoxic stress response, which in turn restricts the proliferation of
Ab-MLY infected cells. This response also causes surface expression of the NK-
cell-activating ligand Rae-1. Neither of these events is observed with infection of
AID ™~ pre-B cells. Thus, it seems that AID counteracts viral oncogenesis by
restricting the proliferation of infected cells and flagging them as targets for
elimination by NK cells.

The precise molecular mechanism that AID employs to restrict proliferation
of infected cells is not understood. AID activity in infected cells leads to Chk-1
phosphorylation and activation of cell cycle damage checkpoints, but whether
this host cell restriction is dependent on the ability of AID to catalyze deami-
nation is not known. As is apparent for the antiviral activity of the APOBEC3
deaminases, AID may not need an intact active site to initiate damage repair
pathways and restrict host cell proliferation. In vitro, both wild-type and
catalytically inactive AID can bind RNA (Dickerson et al., 2003), so perhaps
AID could restrict host cell proliferation by binding RNA nonspecifically and
interfering with translation independent of deaminase activity. A number of
other possibilities can be envisioned, but further work is necessary to clarify the
mechanism of action of AID in this setting.

Ab-ML
/ /“—‘ NK cell cytoxicity
— »Lcnaéf 4 Y

2 NK cell lsgands
? . Binding of
host RNAs?
AID v W Apoptosis

— P\I mutalian \

T\f{r\ :

? Genotoxic stress response

——=> Cell cycle
arrest

Figure 2 AID and Ab-MLV transformation. Infection of pre-B cells with Ab-MLV triggers the
NF-kB-dependent expression of AID. AID mediates somatic mutation of the host genome which is
associated with a broad cellular genotoxic stress response. An upregulation of Rae-1 ligands “flags”
the infected cell for killing by NK cells and Chk-1 phosphorylation signals for cell cycle arrest.
Ultimately, these diverse pathways converge in the elimination of the infected cell by apoptosis.
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The newly discovered role of AID in the host response to an oncogenic
retrovirus raises many important questions. Unlike the constitutive expression
of some APOBEC3 proteins, AID transcription is tightly regulated. Using a
transgenic mouse where endogenous AID transcription effects the expression
of a YFP reporter (designated AID-cre-YFP), Casellas and colleagues confirmed
that AID is expressed in germinal center B cells and is also induced in bone
marrow B cells after infection with Ab-MLV (Li et al., 2007). How does Ab-MLV
trigger AID expression in pre-B cells? One possibility is toll-like receptor (TLR)
recognition and associated signaling. However, recent data do not favor this
hypothesis, as mice deficient in TLR signaling (myd887/ - tnf/ 7) can still induce
AID on infection (Gourzi et al., 2007). Additionally, pre-B cells do not express
AID in response to Type Iinterferons, making it unlikely that induction is part of a
general antiviral response. Although other signals are probably necessary, the
transcription factor NF-kB is required for expression of virus-induced AID. It has
previously been shown that NF-«xB can bind and activate the AID promoter in
response to IL-4 and CD40 ligation (Dedeoglu et al., 2004). Furthermore, many
different antiviral pathways depend on distinct signaling components ultimately
linked by NF-kB activation (reviewed in Honda et al., 2005). Thus, viral infection
could induce AID expression through a number of different pathways that
culminate in NF-kB activation, underscoring the potential versatility of this
host defense program.

It remains to be seen if this AID-mediated host response extends beyond
Ab-MLV to other oncogenic viruses. Also, it is presently not known if this
function is restricted to AID or belongs to APOBEC proteins as well. From
an evolutionary standpoint, this mechanism raises the possibility that AID’s
genetic ancestor was a mediator of innate immunity whose function was later
co-opted by the adaptive immune system or its predecessors (Pancer and
Cooper, 2006).

4.2. AID and Other Viruses

The example of Ab-MLYV provides clear evidence of AID function in the host
response to an oncogenic virus. Additional work suggests that AID may play a
role in other viral infections as well. Two of these, Epstein-Barr virus (EBV)
and Hepatitis C virus (HCV), are important pathogens with high prevalence in
humans.

4.2.1. Epstein-Barr Virus

EBV is a gamma herpesvirus that is extremely prevalent in human populations
throughout the world. The virus primarily infects B cells, though less efficient
infection of other lymphoid and epithelial cells is also possible. In the vast
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majority of infected individuals, EBV exists as a lifelong asymptomatic infection
that persists in the memory B-lymphocyte pool (Kuppers, 2003). Delayed
initial infection in young adulthood can cause infectious mononucleosis (IM):
a common, self-limiting lymphoproliferative illness. However, it is widely
accepted that EBV also has oncogenic potential and contributes to the devel-
opment of endemic Burkitt’s lymphoma (eBL) and nasopharyngeal carcinoma.
Infection is also associated with Hodgkin’s lymphomas, AIDS-associated lym-
phomas, and a variety of other lymphoid malignancies (reviewed in Young and
Rickinson, 2004). In vitro, EBV infection effectively transforms resting B cells,
thus establishing “lymphoblastoid cell lines” (LCLs), which can be continually
propagated in culture. Although far from a comprehensive model of physiolog-
ical EBV oncogenesis, LCLs are extremely useful in studying the mechanisms
of establishing latent infection and the related consequences for the host cell.

AID is believed to play a role in the pathogenesis of at least some of the EBV-
associated lymphomas. Chromosomal translocations at the immunoglobulin
locus, the hallmark of several EBV-associated B-cell lymphomas, are likely
caused by aberrant CSR or mistargeted SHM (Kuppers and Dalla-Favera,
2001). In a particularly well-characterized example, eBL cells all harbor a trade-
mark t(8:14) translocation, which juxtaposes the c-myc proto-oncogene and the
IgH locus. Although the identity of the primary B-cell subset initially infected
by EBV in vivo remains controversial (and beyond the scope of this chapter), it
appears that eBL and several other EBV-associated lymphoma cells are derived
from germinal center B cells. Thus, the faulty CSR and oncogenic translocation
found in eBL likely occur in a cell type that expresses AID physiologically or
driven additionally by EBV infection. However, this may not be the only site
where EBV encounters AID.

Several groups reported that EBV infection induces AID expression in non-
GC B cells. In one study, peripheral blood resting B cells were infected with
EBV and AID transcripts were detectable 10 days later (Epeldegui et al., 2006).
Another report describes AID expression in freshly transformed LCLs (He
et al., 2003). In such cases, AID expression correlated with detectable SHM
(Gil et al., 2007) and CSR (He et al., 2003) events. Somatic mutation at
nonimmunoglobulin loci was also detected (Epeldegui et al., 2006).

At first glance, this induction of AID appears analogous to that observed in
Ab-MLV infection of mouse pre-B cells. However, the expression observed
in EBV-transformed LCLs is more likely caused by a viral gene product, latent
membrane protein-1 (LMP-1). LMP-1 is a membrane spanning viral protein
expressed during two main phases of EBV infection: the viral “growth” pro-
gram (Type III latency) and the “survival” program (Type II latency). Although
it does not share any sequence similarity, LMP-1 is functionally homologous to
CDA40 (Gires et al., 1997; Kilger et al., 1998; Mosialos et al., 1995). Both signal
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through many of the same downstream cellular components and both activate
NF-xB. However, unlike CD40, LMP-1 does not contain a significant extracel-
lular domain and constitutively signals in the absence of ligand binding. During
normal B-cell activation, AID expression is induced by CD40 ligation
(provided by cognate CD4+ T cell “help”) and subsequent NF-xB activation.
In cell line transfection experiments, EBV-encoded LMP-1 expression is suffi-
cient to induce the NF-kB-dependent expression of AID (He et al., 2003). In
EBYV infection, the expression of AID correlates with that of LMP-1 and is
further upregulated by BAFF and APRIL, two B-cell gene products also
induced by LMP-1 signaling. Thus, it appears that AID is induced by EBV
infection as part of the virus growth and survival programs.

How do these observations relate to a role for AID in the host response to viral
infection? Although EBV can induce its expression, at present it is unclear
whether AID is beneficial or harmful to the virus and its efforts to establish latent
infection. Similarly to Ab-MLV, EBV-infected B cells accumulate somatic muta-
tions and are susceptible to NK-cell cytotoxicity (Moretta et al., 1997; Wilson and
Morgan, 2002). Survival in light of such cellular stresses could be explained by the
anti-apoptotic signals also provided by LMP-1 and at this point any role of AID in
restricting EBV transformation or latency remains speculative. However, new
evidence that EBV can also inhibit AID expression in certain situations suggests
that decreased AID activity could be advantageous to the virus. A study shows
that, in contrast to LMP-1, EBV-encoded nuclear antigen-2 (EBNA-2) down-
regulates AID expression (Tobollik et al., 2006). EBNA-2 is a transcription factor
that acts on many EBV as well as host cell loci (Zimber-Strobl et al., 1994). Much
like the LMP-1/CD40-signaling similarities, EBNA-2 is a functional analogue of
the cellular transcription factor Notch in its active form. Using a variety of cell line
expression systems, Tobollik et al. (2006) demonstrated that EBNA-2 inhibits
AID transcription, even in conjunction with LMP-1 expression. In the EBV
growth program (Type III latency) of gene expression, EBNA-2 and LMP-1 are
simultaneously expressed. This genetic program is utilized by EBV in LCLs
in vitro and acute IM in vivo. Although LCLs express AID as described above,
immunohistochemical staining of IM patient tonsils revealed a different
expression pattern. EBV-infected, proliferating B cells were predominantly
AID-negative. Furthermore, most (>90%) EBNA-2-positive cells were
also AID-negative. In contrast to LCLs in vitro, very few (<10%) of LMP-positive
cells expressed detectable amounts of AID. Contrary to the growth program, the
survival program found in GC B-cells allows LMP-1 expression in the absence of
EBNA-2. Therefore, EBV could augment AID expression in the GC, posing an
additional risk of oncogenic mutations.

These results indicate that the regulation of AID expression in EBV infection
is a complex process. EBV has apparently evolved dual mechanisms that can
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initiate or inhibit AID expression, which is typically under very tight cellular
control. In the EBV growth program, these mechanisms are in apparent
opposition with regard to AID. Perhaps AID induction is an indirect conse-
quence of pro-survival LMP-1 signaling. EBNA-2 may then repress AID to
minimize genetic damage to the host and viral genomes. In contrast, AID
expression, further enhanced via LMP-1 during the GC reaction, might allow
the infected cell to proceed with the B cell differentiation program. This could
facilitate incorporation into the memory B cell compartment, the site of long-
term EBV persistence. Many other possible scenarios can be envisioned.
Ultimately, additional experiments that examine the actions of AID in the
context of EBV infection, particularly in vivo, are needed to explain this
intriguing host-pathogen genetic relationship.

4.2.2. Hepatitis C Virus

HCV is a significant global health problem, with more than 170 million people
infected worldwide (Lauer and Walker, 2001). HCV is a small, single-stranded
RNA virus of the Flaviviridae family. On infection with HCV, a limited number
of people successfully clear the virus. Most (~70%), however, progress to chro-
nic infection in which the virus persists despite an adaptive immune response
(Alter et al., 1999). The liver is the major target organ for HCV, and chronic
infection is associated with hepatitis, cirrhosis, and hepatocellular carcinoma.
In addition, HCV is associated with several B-cell abnormalities, including
mixed cryoglobulinemia and B-cell non-Hodgkin’s lymphoma (NHL).

Several lines of evidence suggest that B cells can be infected with HCV
under certain conditions, but a definitive role for direct B-cell infection in the
disease remains elusive. HCV RNA has been detected in NHL B cells isolated
from an HCV-infected patient (Sung et al., 2003). One cell line derived from
this lymphoma can also release infectious particles in culture (“SB HCV”).
However, B-cell infection is not a requirement for oncogenesis, as a survey of
HCV-associated NHLs found detectable viral RNA in lymphoma cells from
only a fraction of patients (De Vita et al., 2002). Progress on this problem has
been delayed in part because until very recently, HCV has been notoriously
difficult to propagate and work with in vitro. It was reported that normal
peripheral B cells can be infected with the in vitro derived SB HCV, but this
system requires EBV transformation for survival and subsequent detection of
HCV RNA (Sung et al., 2003). In contrast, virus produced from a recently
developed HCV cell culture (HCVcc) system (Lindenbach et al., 2005, 2006)
cannot infect normal peripheral B cells in vitro (Dustin and Rice, 2006).

Although the physiological mechanism remains uncertain, it is clear that
B cells can play a role in HCV pathogenesis. Some evidence suggests that B-cell
abnormalities associated with HCV infection may be related to the action of
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AID. Using lymphoma cell lines and SB HCV, Machida et al. (2004) report that
HCV infection of B cells induces the expression of AID and several error-prone
DNA polymerases. This induction correlates with an increase in somatic muta-
tion and DNA double-stranded breaks. The frequency of mutations was dimin-
ished by RNA interference directed against AID. Given that AID-dependent
mutations were detected in both Vi regions and cellular proto-oncogenes, the
authors propose an oncogenic role for AID in HCV-associated malignancies.

Additional work from the same group suggests that direct HCV infection
of B cells may not be necessary for the observed induction of AID and cor-
responding mutations. High-concentration binding of HCV E2 glycoprotein to
B-cell surface CDS1 is sufficient to initiate AID expression (Machida et al., 2005).
CD81, a broadly expressed tetraspanin transmembrane protein, is a necessary
receptor for HCV entry (Cormier et al., 2004; Lindenbach et al., 2005; Zhang
et al., 2004). However, it is not sufficient for infection, which apparently requires
additional and as yet unidentified coreceptors. In B cells, CDS81 exists as part of a
surface signaling complex that also includes CD19, CD21, and CD225 (reviewed
in Fearon and Carter, 1995; Levy et al., 1998). Other cell types (such as hepatoma
cell lines) in which CDS81 is not part of such a signaling complex do not express
AID in response to HCV-E2 binding. This suggests a unique role for the
E2-CDS81 interaction in B cells.

These initial reports provide another example of virally induced AID activity
in B cells outside of the germinal center. Unlike Ab-MLV and EBV, HCVis not a
transforming virus, despite its association with various malignancies. It remains
to be determined if HCV-triggered AID activity is beneficial or harmful to the
virus and/or the host. AID-associated mutations triggered by HCV infection
could certainly impact the development of B-cell NHL. Alternatively, similar to
the proposed mechanism in Ab-MLV transformation, AID activity could be
advantageous to the host in providing an inhospitable cellular setting for
infection. As the interaction of HCV and B cells in vivo is further characterized,
the functional impact of AID activity may become more apparent.

5. Concluding Remarks

The discovery of APOBEC3G antiretroviral activity revealed a novel mecha-
nism of antiviral innate immunity. Evolutionary considerations and genetic
similarities between AID and the APOBEC3 subfamily prompted an investiga-
tion into whether AID also participates in the innate defense against viral
infection. The recent finding that AID protects the host from Ab-MLV onco-
genesis and does so independently of its antibody diversification functions con-
firms this hypothesis and raises a number of important questions. Is AID activity
in response to viral infection restricted to B cells? By what molecular
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mechanism does AID restrict the proliferation of infected cells? For what
viruses does AID contribute to host defense and in particular, what is the role
of AID in the response to EBVand HCV infection? Is AID induction a feature of
transforming or persistent infections in general? The newly generated AID-cre-
YFP reporter mouse (Li et al., 2007) should greatly facilitate the search for
answers to some of these questions. Furthermore, as the probable founding
member of the APOBEC family of polynucleotide deaminases, AID harbors an
antiviral mechanism that may precede that of the phylogenetically most recent
APOBECS proteins. This raises the question of whether APOBEC1 and APO-
BEC2 also possess antiviral activity. Both of these enzymes will undoubtedly be
the focus of future work in the field.

In their initial characterization, the APOBECS3 genes were attributed putative
cytidine deaminase activity primarily on account of their sequence homology to
APOBECI and AID (Jarmuz et al., 2002). With the subsequent identification of
APOBECS3G antiretroviral activity and its association with G-to-A mutations in
the viral genome (Harris et al., 2003), a model for retroviral restriction began to
take shape. Briefly, APOBEC3G in infected cells (in the absence of Vif) is
packaged with newly assembled virions. On subsequent infection of naive cells,
APOBEC3G deaminates cytidines throughout the newly reverse transcribed
viral (-)-strand ¢cDNA, hypermutating, and effectively crippling the retroviral
genome. This model was bolstered by additional work showing that APOBEC3G
does, in fact, deaminate retroviral cDNA and catalytically inert APOBEC3G
mutants are unable to inhibit retroviral infection (Mangeat et al., 2003; Zhang
et al., 2003).

But is hypermutation a primary (or necessary) mechanism of APOBEC-
mediated retroviral restriction? In light of recent data (Chiu et al., 2005;
Newman et al., 2005), a definitive answer remains elusive. It is possible that
the G-to-A mutations observed in reverse transcripts are coincidental side
effects of a yet to be determined APOBEC3 mechanism upstream of DNA
deamination. APOBEC3G strongly binds single-stranded ¢cDNA (Chelico
et al., 2006) and can effectively package into retrovirus particles without
a functional deaminase active site (Kremer et al., 2005). Perhaps packaged
APOBECS3 protein binds nascent viral ¢cDNA, promoting its degradation
and/or blocking access for other proviral factors while coincidentally deami-
nating the bound substrate. In this scheme, G-to-A mutations could simply
represent a readily detectable feature linked to APOBEC function—a mole-
cular “footprint in the sand.” Although such a scenario for retroviral restrict-
ion remains purely Speculative, APOBEC suppression of HBV appears to
follow a similar model. As an important scientific question and therapeutic
target, the mechanism of APOBEC antiretroviral activity demands additional
investigation.
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Although cytidine deaminase activity may be dispensable for inhibiting
infection, some degree of mutation could be advantageous to viruses. A rela-
tively low level of mutation could increase viral genetic diversity without
completely crippling infectivity. In the case of HIV, though Vif acts an effective
countermeasure against APOBEC3G and APOBECSF, inhibition is incomplete
and may allow for some deaminase activity. Furthermore, defective vif alleles can
readily be found in infected patients and can result in incomplete neutralization
of APOBEC3G or -3F (Simon et al., 2005). Indeed, patient-derived viral
sequences display G-to-A mutations characteristic of APOBEC3G- and -3F-
targeted editing (Liddament et al., 2004; Simon et al., 2005). Although the
rapid adaptation of HIV in vivo is likely propelled primarily by error-prone
reverse transcriptase, a contribution from cytidine deaminases is also likely.
Perhaps HIV or other viruses can draw on the editing capacity of these antiviral
factors to develop drug resistance or escape the adaptive immune response. The
impact of such mutations in the generation and selection of virus variants
remains to be determined, but may reveal another evolutionary battlefield in
host—pathogen conflicts.

Notes Added in Proof

Chiba and colleagues recently reported significant AID expression in human
liver in the context of viral hepatitis (HBV and HCV) and cirrhosis Kou et al.,
2007. Though AID was not detectable in normal liver, expression was upregu-
lated in hepatocellular carcinoma and surrounding noncancerous tissue with
underlying inflammation. These findings further support a role for AID in the
host response to viral infection and/or oncogenesis.
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Abstract

A hallmark of mature B-cell lymphomas is reciprocal chromosomal transloca-
tions involving the Ig locus and a proto-oncogene, which usually result in the
deregulated, constitutive expression of the translocated gene. In addition to
such translocations, proto-oncogenes are frequently hypermutated in germinal
center (GC)-derived B-cell lymphomas. Although aberrant, mistargeted class
switch recombination (CSR) and somatic hypermutation (SHM) events have
long been suspected of causing chromosomal translocations and mutations in
oncogenes, and thus of playing a critical role in the pathogenesis of most B-cell
lymphomas, the molecular basis for such deregulation of CSR and SHM is only
beginning to be elucidated by recent genetic approaches. The tumorigenic
ability of activation-induced cytidine deaminase (AID), a key enzyme that
initiates CSR and SHM, was revealed in studies on AID transgenic mice.
In addition, experiments with AID-deficient mice clearly showed that AID is
required not only for the c-myc/IgH translocation but also for the malignant
progression of translocation-bearing lymphoma precursor cells, probably by
introducing additional genetic hits. Normally, AID expression is only transiently
and specifically induced in activated B cells in GCs. However, recent studies
indicate that AID can be induced directly in B cells outside the GCs by various
pathogens, including transforming viruses associated with human malignancies.
Indeed, AID expression is not restricted to GC-derived B-cell lymphomas,
but is also found in other types of B-cell lymphoma and even in nonlymphoid
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tumors, suggesting that ectopically expressed AID is involved in tumorigenesis
and disease progression in a wide variety of cell types.

1. Introduction

Lymphomas diagnosed in the Western world are mostly of B-cell origin, and most
of these are derived from germinal-center (GC) or post-GC B cells (Kuppers,
2005), suggesting that events occurring in the GC environment contribute to the
pathogenesis of B-cell lymphomas. In the GC, antigen-stimulated mature B cells
proliferate extensively and undergo two distinct genetic alterations in the immu-
noglobulin (Ig) genes, namely somatic hypermutation (SHM) and class switch
recombination (CSR), both of which involve DNA strand breaks (Honjo et al.,
2002; Neuberger and Milstein, 1995). SHM causes accumulated point mutations
in the rearranged variable (V) region genes, which result in the generation of
antibodies with a potentially higher affinity for their antigen (Neuberger and
Milstein, 1995). CSR changes the Ig heavy-chain constant region (Cy;) gene from
Cu to another Cyy gene, by recombination between the p switch (Sp) region and
one of the downstream switch (S) regions, located 5’ to each Cyy gene. This results
in the generation of antibodies with different effector functions but the same
antigen specificity (Honjo et al., 2002). These frequent genetic alterations in the
Ig loci have long been suspected to contribute to lymphoma pathogenesis.

A hallmark of mature B-cell lymphomas is reciprocal chromosomal transloca-
tions involving the Ig locus and a proto-oncogene such as the c-myc/IgH translo-
cations in Burkitt's lymphoma (BL) (Kuppers, 2005; Kuppers and Dalla-Favera,
2001). As a result of such translocations, the oncogene is brought under the
control of the active Ig locus, leading to deregulated, constitutive expression of
the translocated gene. In most cases, the breakpoints are found either in rear-
ranged V region genes or in S regions of the Ig loci, suggesting that these
chromosomal translocations are mediated by aberrant SHM and CSR activity
(Kuppers and Dalla-Favera, 2001). In addition to such chromosomal transloca-
tions, an aberrant SHM process also seems to contribute to lymphoma pathogen-
esis by mutating non-Ig genes. Multiple proto-oncogenes are hypermutated in
GC-derived B-cell lymphomas, such as diffuse large B-cell lymphoma (DLBCL)
and BL, in a way that is similar to the normal SHM of Ig genes (Pasqualucci et al.,
2001). Some of these genes, such as Bcl-6 and c-mye, accumulate mutations in the
same regions as the translocation breakpoint clusters (Pasqualucci et al., 2001).
Collectively, aberrant, mistargeted CSR and SHM activity is thought to play
critical roles in the pathogenesis of the majority of B-cell lymphomas by causing
chromosomal translocations and mutations in oncogenes. However, the mole-
cular basis for CSR and SHM deregulation was not clearly described until
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activation-induced cytidine deaminase (AID), a key enzyme that initiates CSR
and SHM, was described (Muramatsu et al., 2000; Revy et al., 2000).

AID is specifically expressed in GC B cells (Muramatsu et al., 1999) and is
required for both SHM and CSR (Muramatsu et al., 2000; Revy et al., 2000).
Furthermore, the expression of AID alone is sufficient to induce CSR and
SHM in transcribed artificial substrates in fibroblasts as well as B cells (Martin
and Scharff, 2002; Martin et al., 2002; Okazaki et al., 2002; Yoshikawa et al.,
2002), indicating that AID triggers these two events. Importantly, targets of
AID activity are not restricted to the Ig genes but include non-Ig genes, as
evidenced by the mutations induced in non-Ig genes by AID expression
(Martin and Scharff, 2002; Yoshikawa et al., 2002). Therefore, it is reasonable
to speculate that the deregulation of AID could lead to aberrant CSR and SHM
activity and play a critical role in lymphoma pathogenesis. This chapter dis-
cusses both the known contributions of AID to the pathogenesis of B-cell
lymphomas and the possible contributions that ectopically expressed AID
may make to promote non-B-cell tumorigenesis and disease progression.

2. AID Transgenic Mouse Models

One possible molecular mechanism for aberrant CSR and SHM activity is
deregulated AID expression. However, the presence of AID expression in
developed lymphomas does not always imply that AID expression is responsi-
ble for the lymphomagenesis. Conversely, the absence of AID expression does
not mean it has no role in lymphomagenesis; for example, its expression might
be terminated after the cell is transformed. A direct correlation between
deregulated AID expression and tumorigenesis was tested using AID transgenic
mice in which AID was expressed under control of a promoter that drives
ubiquitous and constitutive expression (Okazaki et al., 2003). The AID transgenic
mice spontaneously and frequently developed T-cell lymphomas. The genes
for T-cell receptor (TCR), c-myc, Pim1, CD4, and CD5 were extensively mutat-
ed in these T-cell lymphomas; however, no clonal chromosomal translocations
were found by spectral karyotyping (Kotani et al., 2005; Okazaki et al., 2003),
suggesting that in the AID transgenic mice, the deregulated expression of AID
contributes to T-cell lymphomagenesis by introducing mutations in non-Ig
genes, including oncogenes, rather than by generating chromosomal transloca-
tions. Nonetheless, the existence of nonclonal translocations cannot be excluded
because the overexpression of AID quickly induces the generation of c-myc/IgH
translocations in activated B cells in vitro (Ramiro et al., 2006). Downregulation
of tumor suppressor genes, such as those in the p53 pathway, might also be
required for nonclonal translocations, if any, to become clonal translocations in
the T-cell lymphomas of the AID transgenic mice.
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Interestingly, these mice frequently developed multiple lung microadeno-
mas and occasionally adenocarcinomas (Okazaki et al., 2003). Although much
less frequent than the T-cell lymphomas and lung microadenomas, other types
of tumor such as hepatocellular carcinomas (HCCs), melanomas, and sarcomas
were found in the AID transgenic mice (Okazaki et al., 2003; I.M.O., unpub-
lished data). In contrast, no B-cell lymphomas were observed in the AID
transgenic mice (Okazaki et al., 2003). These observations may indicate that
the sensitivity to AID activity is variable among different types of cells, al-
though many tissues are potentially affected by the tumorigenic activity of AID
in these mice. Alternatively, T-cell lymphomas may simply expand well in
advance of the tumor generation in other cells.

Tissue-specific sensitivity to AID expression was tested by comparing three
sets of transgenic mice in which AID expression was under the control of the
Ick, HTLV-1, or MMTV promoters (Rucci et al., 2006). Most of the Ick-AID
transgenic mice died with thymic lymphomas, in accordance with the lck
promoter’s high activity in double-positive thymocytes. In contrast, none of
the HTLV-1-AID or MMTV-AID transgenic mice developed tumors of T-cell-
or mammary gland-origin, although the HTLV-1 and MMTV promoters are,
respectively, active in single-positive thymocytes as well as in mature T cells and
exocrine glands, including the mammary gland. From these observations, it was
concluded that Ick-expressing thymocytes are sensitive to the transforming
activity of AID, while more mature T cells and mammary gland tissues are
resistant to it (Rucci et al., 2006). However, further examination is required to
support the above conclusion because (1) only for mice each were analyzed for
the HTLV-1- and MMTV-AID transgenic mice (Rucci ef al., 2006), (2) the
breast of one MMTV-AID transgenic mouse developed glandular hyperplasia,
if not a mammary tumor (Rucci et al., 2006), and (3) not only CD4/CDS8
double-positive thymocytes but also CD4 single-positive T cells were affected
in the transgenic mice expressing AID ubiquitously (Okazaki et al., 2003).

Currently, the reason no B-cell lymphomas developed in the AID transgenic
mice is unclear. Because B cells, but not T cells, express AID physiologically, it
was tempting to speculate that B cells have a protective system to prevent
excessive AID activity by inactivating the transgenic AID, at least in part. This
possibility was tested using conditional AID transgenic mice that specifically
and constitutively express AID in B cells that have once expressed CD19 (Muto
et al., 2006). The activity of the transgenic AID was assessed in the absence of
endogenous AID by crossing the conditional AID transgenic mice with the
AID-deficient mice. Although the transgenic AID protein was expressed far
more abundantly than the endogenous AID, the efficiencies of CSR and SHM
in B cells expressing transgenic AID alone were only 30-40% of those in B cells
expressing endogenous AID alone (Muto et al., 2006). This could be either
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because the function of the transgenic AID was inactivated and thus it was less
effective than the endogenous AID or because other factors required for CSR
and SHM were downregulated in the B cells that constitutively expressed AID.
However, additional AID expression by retrovirus infection augmented the
CSR in B cells expressing transgenic AID alone to a level similar to or greater
than that of wild-type B cells (Muto e¢ al., 2006), indicating that other factors
required for CSR were not limiting and that transgenic AID, in spite of its
abundance, is much less efficient than the endogenous protein.

Taken together, these results support the idea that most of the constitutively
expressed AID was somehow modified to downregulate its CSR- and SHM-
initiating activity, by as yet unknown mechanisms. There are several ways AID
might be inactivated in B cells. The accumulated AID in transgenic B cells is
likely to be inactivated by protein modifications or by interactions with other
molecules. Because the AID function seems to be regulated by its subcellular
localization (Ito et al., 2004; McBride et al., 2004), it is also possible that
protein—protein interactions cause a change in AID’s subcellular localization,
reducing its activity. It still needs to be clarified if the inactivation of constitu-
tively expressed AID in B cells can explain the absence of B-cell lymphomas in
the AID transgenic mice.

In summary, the constitutive expression of AID is potentially deleterious to
B cells as well as non-B cells, because AID may introduce DNA strand breaks
not only in the IgV or S region genes but also in other genes, including
oncogenes, which further induce chromosomal translocations and mutations.
Therefore, AID expression has to be tightly regulated and limited to activated
B cells. In addition, B cells seem to have acquired an as yet unknown strategy to
limit AID function. B cells probably have multiple regulators for AID function,
and elucidating these mechanisms will contribute to our understanding of the
pathogenesis of B-cell lymphomas.

3. Role of AID in Chromosomal Translocation and Subsequent
Lymphomagenesis

Chromosomal translocations are a hallmark of human hematological malignan-
cies and are involved in the etiologies of many of them. In human B-cell
lymphomas and leukemias, chromosomal translocations between IgH and vari-
ous oncogenes, such as c-myc (BL), Bel-2 (follicular B-cell lymphoma, FL),
Bcl-6 (DLBCL), cyclin D (mantle cell lymphoma, MCL), and FGFR (multiple
myeloma, MM), are frequently found (Mitelman, 2000; Willis and Dyer, 2000).
These translocations are believed to result from frequent genetic alterations
associated with DNA strand breaks that occur during B-cell develop-
ment, namely V(D)] recombination, SHM, and CSR. Analyses of the DNA
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breakpoints of these chromosomal translocations suggested that most of the
ones found in B-cell lymphomas are caused by aberrations in either V(D)]
recombination (Bcl-2/IgH in FL and Bcl-1/IgH MCL), SHM (c-myc/IgH and
c-myc/IgL in endemic BL), or CSR (c-myc/IgH in sporadic BL, Bcl-6/IgH in
DLBCL, and FGFR/IgH in MM) (Kuppers and Dalla-Favera, 2001; Willis and
Dyer, 2000). Indeed, RAG1 and RAG2, key DNA-cleaving enzymes required
for V(D)] recombination, have been reported to be essential for chromosomal
translocations in several murine lymphoma models (Difilippantonio et al., 2002;
Gladdy et al., 2003; Petiniot et al., 2000; Vanasse et al., 1999; Zhu et al., 2002).
Similarly, the role of aberrant CSR in chromosomal translocations has been
directly tested in mouse models for c-myc/IgH translocation by taking advan-
tage of the absolute requirement for AID in the initiating step of CSR (Ramiro
et al., 2004, 2006; Unniraman et al., 2004).

Reciprocal chromosomal translocations between the c-myc gene on chromo-
some 8 and the IgH or IgL genes on chromosomes 14, 22, or 2, which result in
constitutive, deregulated expression of c-myc, are characteristic of human BL
and are usually considered to be the initiating oncogenic events (Janz, 2006).
The most common translocation, representing 80% of the total c-myc/Ig trans-
locations in BL, is the t(8;14) translocation, in which the majority of break-
points are in the Jj region, for endemic BL, or the S regions, for the sporadic
BL (Neri et al., 1988; Shiramizu et al., 1991), suggesting that SHM and CSR,
respectively, are involved in the c-myc/IgH translocations in endemic and
sporadic BL. The mouse T(12;15)(IgH/c-myc) translocation, which is charac-
teristic of plasmacytomas and is induced in pristane-injected or IL-6-transgenic
BALB/c mice, is widely accepted as the direct counterpart of the human t(8;14)
translocation, both structurally and functionally (Janz, 2006; Potter, 2003).
Therefore, these two mouse models are useful for dissecting the molecular
mechanisms of the c-myc/IgH translocation found in human BL.

The assumption that AID is required for plasmacytoma-associated T(12;15)
translocations was tested for the first time using AID-deficient BALB/c-IL-6
transgenic mice (Ramiro et al., 2004). BALB/c-IL-6 transgenic mice develop
lymphatic hyperplasia associated with the polyclonal expansion of plasma cells
that frequently carry T(12;15) translocations (Kovalchuk et al., 2002; Suematsu
et al., 1992). These hyperplastic transgenic B cells are preneoplastic because
they can develop into monoclonal plasmacytomas when they are transferred
into BALB/c or nude mice (Kovalchuk et al., 2002). Although the AID-defi-
cient IL-6 transgenic mice also developed lymphatic hyperplasia, with a slight
delay compared with control mice, the T(12;15)(IgH/c-myc) translocations
were absent from the AID-deficient hyperplastic lymph nodes, suggesting
that AID is required for these translocations (Ramiro et al., 2004). The break-
points for the T(12;15) translocations in the IL-6 transgenic mice were mainly
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in the S regions (Kovalchuk et al., 2002; Ramiro et al., 2004; Suematsu et al.,
1992), indicating a major role for aberrant CSR rather than for SHM.

The direct involvement of AID in translocations was further confirmed using
primary B cells stimulated in vitro to undergo CSR (Franco et al., 2006; Ramiro
et al., 2006). AID overexpression in AID-deficient B cells was sufficient to
induce T(12;15)(IgH/c-myc) translocations within hours. In addition, chromo-
somal translocations involving the IgH locus that were induced in histone
H2AX-deficient B cells in vitro were also dependent on AID (Franco et al.,
2006). Like the normal CSR (Imai et al., 2003; Rada et al., 2002), the T(12;15)
translocations require uracil DNA glycosylase in addition to AID (Ramiro et al.,
2006). In contrast, the aberrant joining of c-myc and IgH does not require
histone H2AX, p53-binding protein 1, or the nonhomologous end-joining
protein Ku80 (Ramiro et al., 2006), all of which are known to be essential for
the intrachromosomal repair process during normal CSR (Dudley et al., 2005),
indicating that the repair pathways for the DSBs in CSR are distinct from those
in AID-dependent chromosomal translocations. Interestingly, translocations
seem to be suppressed under normal circumstances by the tumor suppressors
ATM, Nbsl, p19 (Arf), and p53, which emphasizes their protective roles against
chromosomal translocations (Ramiro et al., 2006).

The requirement for AID in T(12;15)(IgH/c-myc) translocations is now
certain. This translocation itself, however, is not sufficient to induce lymphoma,
because the lymphomas that develop in transgenic mice bearing the c-myc gene
coupled to the IgH enhancer (Ep), which mimics T(12;15) translocations, are
monoclonal, even though the Ep enhancer is presumably activated in all
B-lineage cells (Adams et al., 1985; Harris et al., 1988). Therefore, it is likely
that translocation-bearing B cells require additional genetic hits to progress
to fully malignant lymphomas. The possibility that AID promotes the outgrowth
of translocation-bearing clones (tumor progression) was raised from experi-
ments using the pristane-induced plasmacytoma model (Unniraman et al.,
2004). Repeated injections of pristane into BALB/c mice are known to induce
T(12;15)(IgH/c-myc) translocation-positive B cells and finally lead to the out-
growth of plasmacytomas (Potter and Wiener, 1992). After repeated injections
of pristane, translocation-positive cells greatly increased in AID-sufficient mice
but not in AID-deficient ones (Unniraman et al., 2004). From this observation,
the authors concluded that AID does not contribute to c-myc/IgH chromosomal
translocations but plays critical roles in the outgrowth of cells bearing this
translocation (Unniraman et al., 2004). However, this interpretation remains
inconclusive because tumor formation was not assessed explicitly, so tumor
initiation and progression cannot be distinguished by these experiments.

A direct mechanistic link between AID and the ongoing neoplastic pro-
gression of translocation-bearing tumor precursors was demonstrated using
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AID-deficient Ep-cmyc transgenic mice (Kotani et al., 2007). These mice can
develop both pre-B- and mature B-cell lymphomas (Adams et al., 1985;
Harris et al., 1988). Although the survival curves for these mice showed no
significant differences among AID 7, AID"~, and AID" Ep-cmyce trans-
genic mice, the proportions of lymphoma types were strikingly different among
the three groups. Almost all the lymphomas that developed in the AID™™ Ep-
cmyc transgenic mice were pre-B-cell lymphomas, whereas the AIDH*
Ep-cmyc transgenic mice predominantly developed mature B-cell lymphomas.
Interestingly, the AID"™E p-cmyc transgenic mice developed both pre-B- and
mature B-cell lymphomas at a 1:1 ratio. These results suggest that AID plays a
critical and dose-dependent role in the induction of the secondary genetic hits
required for the development of mature B- but not pre-B-cell lymphomas from
c-myc-overexpressing tumor progenitors.

Currently, it is completely unclear what secondary genetic hits are intro-
duced by AID. AID could cause additional genetic hits in tumor progenitor
cells through its mutagenic activity. Indeed, many of the B-cell lymphomas
generated in the Ep-cmyc transgenic mice had an unmutated IgV but a
mutated Pim1 gene, while none of the pre-B-cell lymphomas showed muta-
tions in the Pim1 gene (Kotani et al., 2007). Considering that Pim1 is a target
gene for aberrant SHM in human DLBCL (Pasqualucci et al., 2001) and that it
acts synergistically with c-myc in lymphomagenesis (Shirogane et al., 1999),
Piml is a candidate target gene for secondary genetic hits leading to the
transformation of tumor progenitor cells. In summary, AID has dual functions
in B-cell lymphoma development: tumor initiation by causing chromosomal
translocations and tumor progression, possibly through its mutagenic activity
(Fig. 1). Further investigation will establish the function of AID in the tumor
biology of human B-lineage malignancies.

4. AID Expression in Human B-Cell Malignancies
4.1. AID Expression in GC-Derived B-Cell Lymphomas

AID is expressed physiologically in GC B cells (Muramatsu et al., 2000; Yang
et al., 2005). Thus, after the discovery of AID, the initial studies on its expres-
sion in human hematological malignancy were performed in GC-derived
human B-cell lymphomas such as DLBCL, FL, and BL (Table 1). The majority,
but not all, of these lymphoma cases express AID constitutively (Faili et al.,
2002; Greeve et al., 2003; Hardianti et al., 2004a,b; Muto et al., 2000;
Pasqualucci et al., 2001; Smit et al., 2003). These GC-derived B-cell lympho-
mas frequently carry chromosomal translocations involving IgH, such as Bcl-6/
IgH, IgH/Bcl-2, and c-myc/IgH, some of which are thought to stem from
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Figure 1 General model of the role of AID in tumor biology. (A) The dual functions of AID in
tumorigenesis: initiation and progression. AID is required for chromosomal translocation at the IgH
locus during CSR and SHM. Chromosomal translocation-bearing tumor precursors acquire second-
ary genetic hits and survive to develop into lymphoma, possibly through the mutagenic activity of
AID. (B) AID can be induced directly in B cells outside of the GCs, and possibly in non-B cells, by
various pathogens including transforming viruses. AID can also be induced under inflammatory
conditions and may contribute to tumorigenesis and/or tumor evolution.

illegitimate CSR (Kuppers and Dalla-Favera, 2001). Moreover, they frequently
display hypermutations in oncogenes such as Bcl-6, c-myc, Pim1, RhoH/TTF1,
and Pax5 that are similar to the SHM of Ig genes (Gordon et al., 2003;
Migliazza et al., 1995; Pasqualucci et al., 2001; Shen et al., 1998). Some of
these mutations create amino acid substitutions with potential functional con-
sequences. These findings suggest that the AID expressed in GC-derived B-cell
lymphomas is likely to be involved in lymphomagenesis through aberrant CSR
and SHM.
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Table 1 AID Expression in Human Malignancies of B-Cell Origin”

Lymphoma/ AID Correlation with Possible
leukemia Subtype Origin expression clinical course mechanism References

GC B-cell lymphomas

DLBCL ABC-type GC B-cell expressing +/Higher than GCB  Poorer than Blimp-1 Lossos et al., 2004;
markers of type and type 111 GCB-type inactivation Pasqualucci et al., 2004
plasmacytic and type III
differentiation
GCB-type GC B cell +
Type III Heterogeneous GC B cell  +
PCLBCL PCLBCL-leg GC B cell +/Higher than Poorer than Dijkman et al., 2006
PCFCL PCFCL
PCFCL GC B cell +
BL GC B cell + EBV? Faili et al., 2002;

Greeve et al., 2003;
Hardianti et al.,
2004a,b; Muto et al.,
2000; Pasqualucci et al.,
2001; Smit et al., 2003

FL GC B cell + Elevation of AID Faili et al., 2002;
expression during Greeve et al., 2003;
transformation into Hardianti et al., 2004a,b;
DLBCL Muto et al., 2000,

Pasqualucci et al., 2001;
Smit et al., 2003
HL LPHL GC B cell + Transformation into EBV? Braeuninger et al., 1997
DLBCL? Downregulation of
B-cell-specific
gene expression
cHL Preapoptotic GC B cell -
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Non-GC B-cell lymphoma/leukemia

B-CLL IgVy unmutated ~ Memory B cell + Poorer than Albesiano et al., 2003; Cerutti
M B-CLL et al., 2002; Heintel et al.,
IgVy; mutated Memory B cell — 2004; McCarthy et al., 2003;
Oppezzo et al., 2003; Reiniger
et al., 2006
MALT Marginal zone B cell + Greeve et al., 2003;
lymphoma Forconi et al., 2004
1C Plasma cell + Smit et al., 2003;
MM Plasma cell -
HCL Memory B cell +
MCL Naive B cell or ? Babbage et al., 2004;
intermediate Greeve et al., 2003;
between naive and Klapper et al., 2006;
GC B cells Smit et al., 2003
Pre-B ALL t(14;18) Pre-B cell + Greeve et al., 2003;
Others Pre-B cell - Hardianti et al., 2005;

Smit et al., 2003

“DLBCL, diffuse large B-cell lymphoma; PCLBCL; primary cutaneous large B-cell lymphoma; PCFCL, primary cutaneous follicle center
lymphoma; BL, Burkitt’s lymphoma; FL, follicular B-cell lymphoma; HL, Hodgkin’s lymphoma; LPHL, nodular lymphocyte-predominant HL; cHL,
classical HL; B-CLL, B-cell chronic lymphocytic leukemia; M B-CLL, IgVy; mutated B-CLL; IC, immunocytoma; MM, multiple myeloma; HCL, Hairy
cell leukemia; MCL, mantle cell lymphoma; ALL, acute lymphocytic leukemia.
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Additionally, ATD was reported to be consistently expressed in the neoplastic
cells of nodular lymphocyte-predominant Hodgkin’s lymphoma (LPHL),
but infrequently in those of classical Hodgkin’s lymphoma (CHL) (Greiner
et al., 2005; Mottok et al., 2005). This finding is consistent with our current idea
that lymphocytic and histiocytic (L&H) cells, the neoplastic cells in LPHL,
carry highly mutated Ig genes and have ongoing SHM and therefore are
probably derived from GC B cells (Braeuninger et al., 1997). In contrast,
Hodgkin and Reed-Sternberg cells, the neoplastic cells in CHL, carry highly
mutated Ig genes without ongoing SHM and are probably derived from
preapoptotic GC B cells, which have downregulated B-cell-specific gene
expression (Kanzler et al., 1996; Kuppers et al., 2002; Marafioti et al., 2000).
An intriguing possibility is that the AID expressed in L&H cells plays a role in
the transformation of LPHL, an indolent subtype of Hodgkin’s lymphoma, into
aggressive DLBCL by introducing additional transforming mutations (Mottok
et al., 2005).

4.2. AID Expression in Non-GC-Derived B-Cell Lymphomas

AID expression has also been extensively studied in human B-cell chronic
lymphocytic leukemia (B-CLL), which is a non-GC-derived B-cell lymphoma
and the most common leukemia in the Western world (Albesiano et al., 2003;
Cerutti et al., 2002; Heintel et al., 2004; McCarthy et al., 2003; Oppezzo et al.,
2003) (Table 1). B-CLL cells were originally considered to be the neoplastic
counterpart of naive B cells, which do not undergo SHM (Hamblin, 2002).
However, the demonstration that approximately 50% of B-CLL cases express
mutated IgVy genes (Schroeder and Dighiero, 1994) changed this view. Cur-
rently, it is well accepted that there are at least two distinct B-CLL subsets, one
with unmutated IgVy; genes (UM B-CLL) and the other with mutated IgVyy
genes (M B-CLL); importantly, M B-CLL cases have a better prognosis than
UM B-CLL cases (Damle et al., 1999). Gene expression profiles suggest that
both subtypes of B-CLL resemble memory B cells but not naive B cells (Klein
et al., 2001; Rosenwald et al., 2001). Surprisingly, AID is constitutively
expressed in UM B-CLL cells but not in M B-CLL cells (Albesiano et al.,
2003; Cerutti et al., 2002; Heintel et al., 2004; McCarthy et al., 2003; Oppezzo
et al., 2003), suggesting that the SHM machinery in the UM B-CLL cells is
defective or inactivated. In contrast, the B-CLL cells with constitutive expres-
sion of AID undergo active CSR without any stimulation (Cerutti et al., 2002;
Oppezzo et al., 2003), indicating a dissociation between SHM and CSR in CLL
cells. Because AID is differentially expressed in the two subsets of CLL,
although the gene expression profile of these two subsets is almost identical
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(Klein et al., 2001; Rosenwald et al., 2001), it is tempting to think that AID is
involved in poor prognosis of UM B-CLL. In addition, several AID splicing
variants are expressed in UM B-CLL cells (McCarthy et al., 2003; Oppezzo
et al., 2003). Therefore, it will be interesting to learn whether the splicing
variants are involved in the pathogenesis of UM B-CLL.

Recently, studies on AID expression in human B-cell leukemia/lymphoma
have been extended from GC-derived B-cell lymphomas and CLL to other
kinds of human B-lineage leukemias/lymphomas (Table 1). Several studies
show constitutive AID expression in many cases of MALT lymphoma (derived
from marginal zone B cells of MALT), immunocytoma (from plasma cells), and
Hairy cell leukemia (from memory B cells), but not in any cases of multiple
myeloma (from plasma cells) (Forconi et al., 2004; Greeve et al., 2003; Smit
et al., 2003). At present, AID expression in mantle cell lymphoma [from naive
B cells or an intermediate cell type between naive and GC cells (Kolar et al.,
2006)] is controversial (Babbage et al., 2004; Greeve et al., 2003; Klapper et al.,
2006; Smit et al., 2003). Of note, constitutive expression of AID was found in a
rare subset of pre-B acute lymphoblastic leukemia (pre-B ALL) carrying the
t(14;18) translocation (Hardianti et al., 2005), but not in pre-B ALL without the
translocation (Greeve et al., 2003; Hardianti et al., 2005; Smit et al., 2003),
although the translocation itself is presumed to result from mistakes in V(D)]
recombination. These studies indicate that AID can be expressed not only in
GC-derived B-cell lymphomas but also in leukemias/lymphomas derived
from B cells at various stages of differentiation (Table 1). Because AID expres-
sion was detected in a limited number of cases, further studies with more cases
are required to clarify whether AID expression in these non-GC-derived
leukemias/lymphomas has any clinical implications.

4.3. Potential Importance of AID Expression in Human B-Cell Malignancies

The presence of AID expression in a variety of human B-cell malignancies
supports the assumption that AID plays a critical role in their initiation and/or
progression. However, the level of AID expression in these malignancies does
not always correlate with the level of SHM in the IgV gene or in oncogenes
(Heintel et al., 2004; McCarthy et al., 2003; Pasqualucci et al., 2004; Smit et al.,
2003). Moreover, AID expression is not always associated with ongoing muta-
tions (Hardianti et al., 2004b; Lossos et al., 2004; Pasqualucci et al., 2001, 2004;
Smit et al., 2003), although a clear association is observed in LPHL (Greiner
et al., 2005; Mottok et al., 2005). The dissociation between AID expression and
SHM activity can be explained at least in part by two possibilities: (1) the SHM
machinery or AID itself is functionally impaired in tumor cells; or (2) AID may
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introduce mutations at earlier stages of the disease, but in later stages, the AID
expression may be shut off.

Nevertheless, AID expression and a poor prognosis are correlated in several
human B-cell lymphomas/leukemias (Table 1). As mentioned above, AID
expression is associated with the UM B-CLL subset, which has a poorer
prognosis than the M B-CLL subset (Heintel et al., 2004; McCarthy et al.,
2003). A report that AID expression in B-CLL is associated with aberrant SHM
in the c-myc, Pax5, and RhoH genes and with transformation into a more
aggressive lymphoma (Reiniger et al., 2006) further supports the potential
role of AID as a new prognostic marker for B-CLL.

In addition, significantly higher expression of AID was observed in a sub-
group of DLBCL cases with a significantly poorer prognosis (Lossos et al.,
2004; Pasqualucci et al., 2004). DLBCLs are categorized into three subgroups
based on gene expression profiles: the GC B-cell-like (GCB), the activated
B-cell-like (ABC), and the type III DLBCL subgroups. The ABC subgroup has
poorer overall survival than the other two (Alizadeh et al., 2000; Rosenwald
et al., 2002), and the level of AID expression is significantly higher in this
subgroup than in the other two, although AID is highly expressed in all three of
them (Lossos et al., 2004; Pasqualucci et al., 2001). Similarly, the association
between AID expression and a poor prognosis was examined in primary
cutaneous large B-cell lymphomas (PCLBCLs), which have two main groups:
primary cutaneous follicle center lymphoma (PCFCL), which is indolent, and
PCLBCL, leg type (PCLBCL-leg), which has an intermediate prognosis
(Willemze et al., 2005). While aberrant SHM in the Bcl-6, Pax5, RhoH, and/
or c-myc genes was observed in cases of both PCFCL and PCLBCL-leg, the
expression level of AID was significantly higher in PCLBCL-leg than in
PCFCL (Dijkman et al., 2006). This observation is consistent with the fact
that PCFCL and PCLBCL:-leg have gene expression profiles similar to those of
GCB and ABC-DLBCL, respectively (Hoefnagel et al., 2005).

Finally, two out of seven FL cases with clinical and histological progression
showed elevated AID expression and selective outgrowth of AID-expressing
clones during the transformation into DLBCL, suggesting that AID is involved
in the transformation from indolent FL to aggressive DLBCL (Smit et al.,
2003). These observations suggest that AID may play a role in tumor evolution,
and AID expression may be useful as a new prognostic marker in certain
human B-cell malignancies. A large-scale study investigating the correlation
between AID expression and poor prognosis, and studies to determine the
mechanism behind this correlation will pave the way for diagnostic and
therapeutic applications targeting AID in these diseases.
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5. Mechanism of AID Expression in Normal and Malignant B Cells
5.1. Regulation of AID Expression in Normal B Cells

Under physiological conditions, AID expression is tightly regulated, and only
transiently and specifically induced in activated B cells in GCs to trigger SHM
and CSR. This tight regulation is important, not only for the proper control of
CSR and SHM but also for the prevention of potential oncogenesis by aberrant
AID expression. Although the precise mechanism of this regulation has not
been completely elucidated, AID expression in normal B cells is known to
be facilitated by the concerted action of factors that induce CSR, including
cytokines (like IL-4 and TGF-f) and the CD40 ligand (CD40L) (Muramatsu
et al., 1999). BLyS and APRIL, which are expressed by dendritic cells, also
synergize with IL-4, IL-10, or TGF-B to induce AID expression in B cells
(Litinskiy et al., 2002). In addition, a bacterial component, LPS, is a potent
inducer of AID in murine B cells (Muramatsu et al., 1999).

Several studies have suggested that the specific expression of AID in acti-
vated B cells results from a complex combination of both positive and negative
transcriptional regulators. For instance, the AID expression induced by IL-4
and CD40 signals requires the binding of STAT6 and NF-kB to the 5’ upstream
region of the AID gene (Dedeoglu et al., 2004; Zhou et al., 2003). A basic helix-
loop-helix (bHLH) transcription factor, E47, is reported to directly activate
AID expression, possibly by binding the highly conserved intronic E-box sites
in the AID gene (Sayegh et al., 2003). In contrast, the antagonist HLH proteins
Id2 and Id3 repress AID expression (Gonda et al., 2003; Sayegh et al., 2003).
In addition, a B lineage-specific transcription factor, Pax5, which is also antag-
onized by Id proteins (Roberts et al., 2001), seems to be involved in the lineage-
specific expression of AID (Gonda et al., 2003). These observations indicate
that the Id proteins probably play an important role in the negative regulation
of AID expression. Interestingly, Blimp-1, a transcriptional repressor that drives
the terminal differentiation of GC B cells into plasma cells by extinguishing the
mature B-cell gene expression program (Shaffer et al., 2002), represses Pax5
expression (Lin et al., 2002), and induces 1d2 expression (Shaffer et al., 2002).
Thus, Blimp-1 potentially works as a molecular switch to repress AID expres-
sion after B cells have completed CSR and/or SHM. On the other hand, the
minimal promoter of the mouse AID gene was found to be ubiquitously active,
and a functionally important GA box within the minimal promoter binds the
Sp-family of ubiquitous transcription factors, Spl and Sp3 (Yadav et al., 2006).
These results suggest that both tissue-specific and ubiquitous mechanisms are
involved in the precise regulation of AID gene expression.
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5.2. Mechanism of AID Expression in B-Cell Malignancy

The mechanism by which AID is constitutively expressed in B-cell lymphomas/
leukemias is being gradually revealed. In normal B cells, the expression of GC-
related genes, including AID, is shut off by transcriptional regulation as B cells
differentiate into plasma cells. As mentioned above, Blimp-1 extinguishes the
expression of genes required for GC-cell functions, including Bcl-6 and AID,
and it induces plasma-cell genes such as XBP-1 (Shaffer et al., 2002). Thus, the
continuous expression of AID in lymphoma cells could be partly due to the
downregulation of Blimp-1 function. Indeed, the expression of AID inversely
correlates with the expression of Blimp-1 in cases of MALT lymphoma and
immunocytoma (Greeve et al., 2003). Furthermore, a report showed that the
Blimp-1 gene is inactivated by structural alterations in ~25% of ABC-DLBCL
cases, and the Blimp-1 protein is abnormally absent in a large number of
additional cases, despite the presence of the Blimp-1 mRNA (Pasqualucci
et al., 2006). The inactivation of Blimp-1 may account for the high expression
level of AID in ABC-DLBCL, which is mostly characterized by the down-
regulation of GC-specific expression markers and the upregulation of markers
for post-GC plasmacytic differentiation (Alizadeh et al., 2000; Lossos et al.,
2004; Pasqualucci et al., 2004; Rosenwald et al., 2002).

The mechanism of AID induction in human B-cell malignancies, particularly
in those arising from cells that never inhabited the GC, has not been sufficiently
studied yet. However, several studies indicate that AID can be induced directly
in B cells outside GCs by various pathogens in a T-cell-independent manner.
Bacterial LPS directly induces AID expression in murine B cells, probably
through binding to Toll-like receptor (TLR) 4 (Muramatsu et al., 1999;
Poltorak et al., 1998). Human papillomavirus-like particles also directly induce
AID expression and CSR in murine B cells through the TLR4-MyD88 pathway
(Yang et al., 2005). Moreover, infection by viruses such as Epstein—Barr virus
(EBV) and Hepatitis C virus (HCV), which cause or are associated with human
B-lineage malignancy, induces AID expression in B-lineage cells at various
differentiation stages.

EBYV infection has been shown to induce AID expression (Epeldegui et al.,
2007; He et al., 2003) as well as CSR (He et al., 2003) and mutations in cellular
proto-oncogenes (Bcl-6 and p53) (Epeldegui et al., 2007) in human peripheral
blood B cells in vitro. EBV is one of the most common human viruses, mainly
infecting B cells and, to a lesser extent, T cells and epithelial cells (Kuppers,
2003). Although EBV usually persists as an asymptomatic latent infection, it is
associated with several B-cell lymphomas such as endemic BL and Hodgkin’s
lymphoma, as well as some T-cell lymphomas and epithelial tumors (Kuppers,
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2003). It is also well known that EBV can transform and immortalize human
B cells in vitro, generating lymphoblastoid cell lines.

In latently infected B cells, nine EBV-encoded latent proteins—six EBV
nuclear antigens (EBNAs) and three latent membrane proteins (LMPs)—are
expressed in various combinations, and B cells infected with EBV in vitro
express all of the latent EBV genes (Kuppers, 2003). Among them, LMP1 and
EBNA2 have been shown to regulate AID expression in B cells (Epeldegui
et al.,2007; He et al., 2003; Tobollik et al., 2006). LMP1 functionally resembles a
constitutively active CD40 (Devergne et al., 1996; Kilger et al., 1998; Mosialos
et al., 1995; Sylla et al., 1998), and induces both AID expression and CSR in B
cells in cooperation with BAFF and APRIL, which are also induced in B cells by
LMP1 (He et al., 2003). Meanwhile, EBNA2, together with EBNA-LP, is
expressed before other latent viral genes in B cells in vitro (Alfieri et al., 1991,
Rooney et al., 1989), and acts as a constitutively active Notch through interac-
tions with RBP-J (Grossman et al., 1994; Henkel et al., 1994; Zimber-Strobl and
Strobl, 2001; Zimber-Strobl et al., 1994), thereby upregulating several viral
genes, including LMP1, as well as cellular genes involved in the transformation
of infected cells (Abbot et al., 1990; Calender et al., 1987; Fahraeus et al., 1990;
Wang et al., 1987). In contrast to LMP1, EBNA2 inhibits AID expression in
several different B cell lines, and this negative effect of EBNA2 on AID
expression seems to be dominant over the positive effect of LMP1 in some
situations (Tobollik et al., 2006).

BL cells are usually characterized by AID expression and ongoing SHM
(Section 4). Interestingly, there seems to be a counter-selection for EBNA2
expression during EBV-associated Burkitt’s lymphomagenesis, because EBV-
positive BL. cells normally do not express any EBV-encoded latent proteins
except for EBNAL, and several cases have had a deletion of the EBNA2 gene
that abrogated EBNA2 expression (Kelly et al., 2002). While the antagonistic
effect of EBNA2 on c-myc function must also be considered (Pajic et al., 2001),
the strong inhibitory effect of EBNA2 on AID expression may partly account
for the counter-selection for EBNA2 expression during lymphomagenesis. In
contrast, as described above, HRS cells of CHL lack both AID expression and
ongoing SHM in most cases, although in ~40% of cases of CHL in the Western
world, the HRS cells are EBV-positive, usually LMP1TEBNA2™ (Kuppers,
2003). Therefore, the relative contribution of EBV to AID expression seems to
differ among different types of EBV-associated lymphoma, probably depend-
ing on the developmental stage of the lymphoma cells and the combination of
EBV latent genes expressed.

Furthermore, HCV infection induces AID expression in human peripheral
B cells, at least partly through the interaction between its envelope glycoprotein,
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E2, and CD81, a cellular receptor for HCV comprising the multimeric B-cell
antigen receptor complex together with CD19 and CD21 molecules (Machida
et al., 2004, 2005). HCV infection of B cells also induces both DSBs and SHM
in several cellular genes, such as IgV and p53, as well as the expression of error-
prone DNA polymerases 1 and { (Machida et al., 2004). Both AID and these
error-prone DNA polymerases contribute to HCV-induced SHM in cellular
genes, but their relative contribution seems to vary for different target genes
(Machida et al., 2004, 2005). Persisting HCV infection mainly causes chronic
hepatitis, liver cirrhosis, and HCC, and it is associated with B-cell proliferative
diseases such as mixed cryoglobulinemia and non-Hodgkin’s B-cell lymphomas
(Ferri et al., 1994; Silvestri et al., 1996). The IgH/Bcl-2 translocation has been-
frequently observed in HCV-infected patients with mixed cryoglobulinemia
(Kitay-Cohen et al., 2000), and ongoing SHM in the IgV gene is frequently
found in HCV-associated immunocytoma (Ivanovski et al., 1998). Therefore, it
is reasonable to speculate that HCV-induced AID contributes to the development
of HCV-associated B-cell lymphomas by causing chromosomal translocations
and mutations.

More strikingly, AID can be induced in bone marrow-derived pre-B cells
by Abelson murine leukemia virus (A-MuLV) infection (Gourzi et al., 2006).
Such ectopically expressed AID seems to be functional because the JH4
and A5 genes are frequently mutated in A-MuLV-infected wild-type bone-
marrow cells but not in AID-deficient cells (Gourzi et al., 2006). A-MuLV is
a transforming retrovirus that transforms early B cells in vitro and causes
pro-B or pre-B cell leukemia in vivo (Rosenberg, 1982). In contrast to the
predicted roles of AID in the virus-associated B-lymphomagenesis described
above, AID deficiency increases the susceptibility to viral transformation by
A-MuLV both in vitro and in vivo, suggesting that AID helps protect B cells
from A-MuLV-induced leukemiagenesis (Gourzi et al., 2006). This protection
has been attributed to delayed cell-cycle progression and increased suscepti-
bility to NK cell killing, which are probably caused by the phosphorylation of
checkpoint kinase-1 and the upregulation of NKG2D ligand, respectively
(Gourzi et al., 2006). Although more detailed analyses are needed to confirm
the involvement of NX cells in the protection against A-MuLV, the possibility
that AID plays a role in innate defense through its genotoxic activity is
intriguing.

In summary, some viral infections induce functional AID expression in
B lineage cells at various developmental stages outside of the GCs. Further
investigations will reveal the importance of AID expression in the pathogenesis
of virus-associated lymphomas/leukemias (Fig. 1).
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6. AID Expression in Normal and Malignant Nonlymphoid Cells

As described earlier, AID expression is typically restricted to GC B cells
undergoing CSR and SHM. However, several reports show that AID is
expressed even in nonlymphoid cells. Pluripotent tissues also express AID
(Morgan et al., 2004; Schreck et al., 2006). A high level of AID transcripts,
comparable to that in lymph nodes, was detected in mouse oocytes, and weaker
expression of AID transcripts was found in embryonic germ cells, primordial
germ cells, and embryonic stem cells (Morgan et al., 2004). Immunohistochem-
ical analyses further showed that AID is strongly expressed in normal sperma-
tocytes in the human testis (Schreck et al., 2006). These results suggest that
AID may play physiological roles in developmental processes in pluripotent
tissues. Although it remains speculative, it is an exciting possibility that AID
may be involved in epigenetic reprogramming and meiosis in these cells
(Morgan et al., 2004; Schreck et al., 2006).

Interestingly, most adult human testicular germ cell tumors (GCTs) have an
increased copy number of chromosome 12p, to which the human AID gene
maps, and this chromosomal marker has been suggested as one of the earliest
genetic changes associated with the pathogenesis of testicular GCTs (Chaganti
and Houldsworth, 2000). Although premalignant intratubular germ cell neo-
plasia, the precursor lesion of testicular cancers, and seminomas consistently
lack AID expression, AID is expressed in ~10% of mixed nonseminomatous
GCTs (Schreck et al., 2006). This result suggests that the continued expression
of AID is not involved in the neoplastic process of GCTs. Nevertheless, it is still
of interest to know whether the expressed AID is functional and if it plays a role
in GCT cells.

Accumulating evidence indicates that AID is expressed in nonlymphoid
tumor cells. Constitutively expressed AID transcripts were detected in six of
six well-defined epithelial breast cancer cell lines, and the expression level was
comparable to that found in B-cell lymphoma Ramos cells (Babbage et al.,
2006). Four of five human hepatoma cell lines also constitutively expressed
variable amounts of AID transcripts (Kou et al., 2006). In addition, AID
transcripts were expressed in both human HCCs and the surrounding noncan-
cerous liver tissues with underlying liver cirrhosis or chronic hepatitis, but were
almost absent from normal liver tissue (Kou et al., 2006). Furthermore, these
authors showed that hepatocytes isolated from nontumorous liver tissues with
active hepatitis expressed AID at a level comparable to infiltrating lympho-
cytes. They further confirmed AID expression by immunohistochemistry in
hepatocytes in cirrhotic liver tissue, and in neoplastic cells in HCC liver tissues.
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Thus, AID seems to be upregulated in hepatocytes in chronically inflamed,
damaged liver.

Currently, it is unclear how AID expression is triggered in these nonlym-
phoid cells. B cells are induced to express AID in response to various stimuli,
including LPS, cytokines, and viral infection (Section 5); AID expression in
nonlymphoid cells may be induced by the same or similar signaling pathways.
Indeed, AID expression was enhanced or induced in human hepatoma cell
lines (HepG2 and PLC/PRF/5) and in cultured primary human hepatocytes by
TGF-B treatment, which is known to upregulate AID expression in B cells
(Kou et al., 2006; Muramatsu et al., 1999). Interestingly, both the cancerous
and surrounding noncancerous liver tissues from patients with HCV-associated
HCC tended to express higher amounts of AID than tissues from HCC patients
with Hepatitis B virus (HBV) infection or whose HCC was of unknown etiology
(Kou et al., 2006). It remains to be examined whether HCV infection triggers
AID expression directly in hepatocytes as it does in B cells (Machida et al.,
2004) and/or via factors secreted by inflammatory cells. Even if the former is
the case, it cannot be ruled out that HCV infection induces AID expression
through different pathways in B cells and hepatocytes because the binding of
the HCV envelope glycoprotein E2 to CDS1, a cellular receptor for HCV,
induces AID expression in B cells but not in HepG2 cells (Machida et al.,
2005).

The above results show that AID potentially plays roles in both physiological
and pathophysiological conditions in cells other than B cells. In particular, AID
expression in nonlymphoid cells may contribute to neoplastic transformation
and/or malignant progression of these cells because ectopically expressed AID
causes tumorigenesis in nonlymphoid tissues, including lung epithelium, liver,
and skin, possibly by causing aberrant mutations in oncogenes (Okazaki et al.,
2003; I.M.O., unpublished data). It has long been thought that persistent
inflammation is associated with an increased risk of tumor development.
Indeed, >15% of human malignancies can be attributed to chronic inflamma-
tion (Coussens and Werb, 2002; Li et al., 2005; Lu et al., 2006). The tumor-
promoting inflammatory microenvironment appears to be established by a
wide range of leukocytes, including neutrophils, dendritic cells, macrophages,
eosinophils, mast cells, and lymphocytes, which together contribute to tumor
development through complex and yet-to-be unraveled mechanisms (Coussens
and Werb, 2002; Li et al., 2005; Lu et al., 2006). Because AID expression can
be induced under inflammatory conditions (Kou et al., 2006), it is possible
that AID participates in the complex mechanisms underlying inflammation-
associated cancer development (Fig. 1). A thorough understanding of the
mechanisms of AID induction and the roles of AID in normal and malignant
nonlymphoid cells awaits further analyses.
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7. Concluding Remarks

The identification of AID as a key enzyme required for the CSR and SHM of
the Ig gene has led us to investigate the molecular mechanisms linking the
deregulation of these processes with the genomic instability observed in many
B-cell lymphomas, including chromosomal translocations and mutations. Both
basic and clinical research studies highlight the importance of AID in the
pathogenesis of B-cell lymphomas. Because AID is likely to be involved not
only in tumorigenesis but also in the tumor evolution of B-cell lymphomas, the
inhibition of AID expression could be a promising therapeutic target for human
B-cell leukemias/lymphomas. Inhibition of AID might not cause serious com-
plications, given that patients with the autosomal-recessive form of hyper-IgM
syndrome (HIGMZ2), which is caused by AID deficiency, show few lethal
clinical manifestations (Revy et al., 2000). The blockade of AID would suppress
further DNA breakage, which presumably facilitates the clonal evolution that
leads to rapid tumor evolution through additional mutations and chromosomal
translocations. Human B-cell leukemias and lymphomas with poor prognoses
often show rapid clonal evolution, which induces resistance to the chemother-
apy (Schiffer, 2001). If such clonal evolution is ameliorated by the inhibition of
AID expression, these tumors might be controllable by other therapeutic
modalities such as intensive chemotherapy, immunotherapy, and other target
therapies.
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Abstract

B-cell intrinsic immunoglobulin class switch recombination (Ig-CSR) deficien-
cies, previously termed hyper-IgM syndromes, are genetically determined
conditions characterized by normal or elevated serum IgM levels and an
absence or very low levels of IgG, IgA, and IgE. As a function of the molecular
mechanism, the defective CSR is variably associated to a defect in the genera-
tion of somatic hypermutations (SHMs) in the Ig variable region. The study
of Ig-CSR deficiencies contributed to a better delineation of the mechanisms
underlying CSR and SHM, the major events of antigen-triggered antibody
maturation. Four Ig-CSR deficiency phenotypes have been so far reported:
the description of the activation-induced cytidine deaminase (AID) deficiency
(Ig-CSR deficiency 1), caused by recessive mutations of AICDA gene, charac-
terized by a defect in CSR and SHM, clearly established the role of AID in the
induction of the Ig gene rearrangements underlying CSR and SHM. A CSR-
specific function of AID has, however, been detected by the observation of a
selective CSR defect caused by mutations affecting the C-terminus of AID. Ig-
CSR deficiency 2 is the consequence of uracil-N-glycosylase (UNG) deficiency.
Because UNG, a molecule of the base excision repair machinery, removes
uracils from DNA and AID deaminates cytosines into uracils, that observation
indicates that the AID-UNG pathway directly targets DNA of switch regions
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from the Ig heavy-chain locus to induce the CSR process. Ig-CSR deficiencies
3 and 4 are characterized by a selective CSR defect resulting from blocks at
distinct steps of CSR. A further understanding of the CSR machinery is
expected from their molecular definition.

1. Introduction

B-cell intrinsic immunoglobulin class switch recombination (Ig-CSR) deficien-
cies are rare primary immunodeficiencies, usually denominated hyper-IgM
syndromes, the frequency of which is evaluated to 1 in 100,000 births. All are
characterized by a defective Ig-CSR, as shown by the serum Ig level determina-
tion: IgM levels are either normal or increased, contrasting with a strong decrease
or an absence of IgG, IgA, and IgE (Notarangelo et al., 1992). All mature B cells
carry membrane IgM and IgD or IgM only, since no switched Ig (IgG or IgA) is
produced. As a function of the molecular defect, the defective CSR is associated
or not with a defective generation of somatic hypermutations (SHMs) into the Ig
variable (V) region. The definition of different Ig-CSR deficiencies made it
possible a better delineation of the mechanisms underlying CSR and SHM,
both required for maturation of antibody responses.

Maturation of the antibody repertoire results in the production of antibodies
of various isotypes with high affinity for antigen, a process that is required for
providing an efficient humoral response. Antibody maturation occurs in the
germinal centers of the secondary lymphoid organs following antigen and
T-cell-driven activation: (1) the CSR results in the production of antibodies of
different isotypes (IgG, IgA, and IgE) with the same V specificity, and therefore
the same antigen affinity (Iwasato et al., 1990; Kinoshita and Honjo, 2000;
Matsuoka et al., 1990). CSR is necessary for adaptative antibody response
since the different Ig isotypes exhibit distinct biological activities: IgG has a
longer half-life than IgM (21 and 5 days, respectively), binds to Fcy receptors
increasing phagocytosis of phagocytic cells and activates the complement
system. IgA, which is mostly produced in mucosae, is a first means of defense
toward pathogens. IgE plays a major role against antihelmintic infection.
(2) The SHM introduces with high-frequency (1/103 bp/cell cycle) stochastic
mutations mostly in the Vregion of the Ig, a genetic modification that is followed
by the positive selection of B cells carrying a B-cell receptor (BCR) with high
affinity for antigen (Jacobs et al., 2001; Storb et al., 1998). This process requires
interaction with follicular dendritic cells (Frazer et al., 1997; Rajewsky, 1996).
SHM-induced self-reactive B cells are either deleted or inactivated by receptor
revision (Itoh et al., 2000; Meffre et al., 1998; Wilson et al., 2000). CSR and
SHM occur simultaneously in germinal centers under BCR/CD40 activation
but neither is a prerequisite for the other because IgM may be mutated while
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IgG or IgA can remain unmutated (Jacob and Kelsoe, 1992; Kaartinen et al.,
1983; Liu et al., 1996).

The description of an X-linked Ig-CSR deficiency caused by mutations in
the gene encoding the CD40 ligand molecule (CD40L, CD154) (Allen et al.,
1993; Aruffo et al., 1993; Disanto et al., 1993; Korthauer et al., 1993), a
molecule highly expressed on follicular helper T cells (Breitfeld et al., 2000),
has demonstrated the essential role of the CD40 signaling pathway in B cells
for both events of antibody maturation. CD40L interacts with CD40 constitu-
tively expressed on B cells, but also on monocytes and dendritic cells (Castle
et al., 1993; Fuleihan et al., 1993; Nonoyama et al., 1993). Due to a CD40
transactivation defect, the B cells of patients with this syndrome cannot prolif-
erate or form germinal centers in secondary lymphoid organs or produce IgG
and IgA in vivo. However, B cells are intrinsically normal as they can be
induced to proliferate and to undergo CSR to generate IgG, IgA, and IgE on
in vitro activation by CD40 agonists and appropriate cytokines (Durandy et al.,
1993). The defective CSR is often associated with decreased SHM (Agematsu
et al., 1998), an observation that indicates that CD40L/CD40 interaction is
necessary for induction of both events in germinal centers. CD40— deficiency
has been observed in a few patients as an autosomal recessive inherited disease
and diagnosed on the lack of CD40 expression on B cells and monocytes. The
clinical and immunologic findings are identical to those of CD40L deficiency,
with the exception that the B cells cannot undergo CSR on in vitro sCD40L+
cytokine activation (Ferrari et al., 2001). CD40 signaling pathway in B cells
necessary for CSR and SHM involves NF-xB, as shown by the observation that
hypomorphic mutations of the gene encoding the NF-«B essential modulator
or NEMO (IKKY), a regulatory unit of the IKKa, IKKfB and IKKy complex,
can also lead in some patients to a CSR deficiency. Presumably because of the
heterogeneity of the mutations, the in vitro CD40-mediated CSR and the SHM
are found variably defective (Jain et al., 2004; Durandy, unpublished data).
Such variability could be also related to the fact that CD40 activation induces
two NF-kB pathways: the NF-kB1 (p50 and its precursor p106) that requires
IKKo, IKK and IKKy complex, and the NF-kB2 (p52 and its precursor p100)
that does not (Coope et al., 2002).

Surprisingly, CD40L deficiency is in some occasions associated with detect-
able IgA amounts, despite a complete absence of CD40L expression. This
observation points to CD40L-independent pathway(s) triggering CSR. CSR
can occur through the B-cell-activating factor receptor (BAFF-R) and the
transmembrane activator and calcium-modulating cyclophilin-interacting pro-
tein (TACI). Following exposure to BAFF or the proliferation-inducing ligand
(APRIL), and in the presence of appropriate cytokines and BCR engagement,
B cells undergo an entirely CD40-independent CSR leading to the production
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of IgG and IgA. This CSR can occur in the splenic marginal zone or intestinal
lamina propria (Litinskiy et al., 2002). The role of BAFF and APRIL in CSR has
been emphasized by the observation of IgG and/or IgA defects in patients
deficient in TACI (Castigli et al., 2005; Salzer et al., 2005). Other T-cell molecules
also play a role, such as the inducible costimulator molecule (ICOS), also
expressed on follicular T cells in germinal centers. Indeed, ICOS deficiency,
first described as a rare cause of common variable immunodeficiency
(Grimbacher et al., 2003), can lead to a defective CSR likely because of defective
germinal center reaction (Warnatz et al., 2006). Another molecule, the comple-
ment protein C4b-binding protein (C4BP), can also play a role in B-cell survival
and CSR. It has been shown to bind CD40, to colocalize with B cells in secondary
follicles and to induce CSR toward IgE in presence of IL-4 in an NF-xB-
dependent signaling pathway (Blom et al., 2003; Brodeur et al., 2003; Morio
et al., 1995).

SHMs have been shown also to occur in IgM+CD27+ B cells in the absence
of CD40L expression (Weller et al., 2001). These mutated IgM B cells very
likely produce antibodies against encapsulated bacteria in the splenic marginal
zone (Kruetzmann et al., 2003). This B-cell subset displays similarity to murine
B-la B cells, which secrete natural antibodies and are required for the
T-cell-independent antibody response to polysaccharide antigens (Martin and
Kearney, 2000; Wardemann et al., 2002). Pyk2-deficient mice, which lack mar-
ginal zone B cells, exhibit an impaired antibody response to polysaccharides
(Fagarasan and Honjo, 2000; Guinamard et al., 2000). The mechanism underly-
ing the generation of SHM in the absence of CD40L/CD40 signaling remains
unknown (Weller et al., 2004). Another evidence for the possible occurrence of
SHM outside the germinal centers is the observation that self-reactive-mutated B
cells are usually generated in the T zone-red pulp border of the spleen rather than
in the germinal centers (William et al., 2002).

Besides these Ig-CSR deficiencies secondary to defective T- and B-cell
interaction or B-cell CD40 signaling pathway, half of Ig-CSR deficiencies are
caused by an intrinsic B-cell defect which directly impairs the complex ma-
chinery of the CSR process (Callard et al., 1994; Durandy et al., 1997). These
Ig-CSR deficiencies are characterized by a selective CSR defect resulting from
blocks at distinct steps of CSR. Patients are prone to infections with bacterial
pathogens but not to opportunistic infections, in contrast to patients affected by
Ig-CSR deficiency caused by a defective CD40 signaling pathway. The progno-
sis is therefore much better for these patients, although continuous Ig substi-
tution treatment is required. Unlike patients with defective CD40 signaling
pathway or ICOS deficiency, patients with these Ig-CSR deficiencies frequent-
ly present with enlargement of lymphoid organs such as the spleen, tonsils, and
lymph nodes.
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Figure 1 Relative frequency of the four different subsets of B-cell intrinsic Ig-CSR deficiencies.
Frequency was evaluated according to the number of affected families.

As in the other Ig-CSR deficiencies, patients have normal or high serum
IgM levels, contrasting with markedly reduced serum IgG and IgA levels.
Consistent with serum Ig levels, IgG antibodies specific for pathogens or immu-
nization antigens are absent, whereas isohemagglutinins and antipolysaccharidic
antigen antibodies of the IgM isotype are detected. It is, at present, unclear
whether the ability of patients’ B cells to produce antipolysaccharide
antibodies provides a significant protection against infections by Streptococcus
pneumoniae and Haemophilus influenzae.

The dissection of B-cell abnormalities and molecular definition of these
B intrinsic Ig-CSR deficiencies has made possible to delineate some of the
molecular events involved in the antibody maturation processes. Four different
subsets are defined (Fig. 1).

2. 1g-CSR Deficiency Type 1 Caused by Activation-Induced Cytidine
Deaminase Deficiency

This Ig-CSR deficiency was found to be the consequence of a defect in the
activation-induced cytidine deaminase (AID), a molecule specifically expressed
in activated B cells.
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2.1. Classical AID Deficiency
2.1.1. Phenotype

Sixty-two patients from 43 unrelated families and different ethnic backgrounds
were referred for investigation because of susceptibility to bacterial infections,
mostly of the upper respiratory and digestive tracts. Impressive enlargement of
the tonsils and lymph nodes was observed in 47 patients, leading in some to
multiple biopsies. Pathological examination revealed the presence of giant
germinal centers (5-10 times larger than normal) filled with highly proliferating
B cells (Fig. 2). Proliferating B cells coexpress at plasma membrane IgM,
IgD, and CD38, all phenotypic characteristics of a small B-cell subset
known as germinal center founder cells (Lebecque et al., 1997). These cells
correspond to a transitional stage between follicular mantle and germinal center
B cells, at the stage at which SHM of the IgV region gene and antigen-driven
selection occur. The expression of CD95 on B cells and the presence of numer-
ous macrophages filled with apoptotic bodies appeared to rule out a defect in
apoptosis to account for germinal center enlargement, which is presumably
the consequence of an intense B-cell proliferation (Revy et al., 2000). IgM-
mediated autoimmunity was not infrequent (12 patients), mostly affecting blood
cells (autoimmune hemolytic anemia or thrombocytopenia). Other autoim-
mune manifestations were rarely observed, including rheumatoid arthritis
(one case), autoimmune hepatitis (two cases), uveitis (one case), diabetes (one
case), and systemic lupus erymathous disease (one case). One patient suffered

Figure 2 Giant germinal centers in AID deficiency. (A) Reactive cervical lymph node from an
age-matched control. (B) Cervical lymph node from an AID-deficient patient (p.68X+p.H56-E58
del). Immunochemistry with an AID-specific monoclonal antibody.
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from inflammatory bowel disease (Quartier et al., 2004). Malignancies were not
reported with the exception of an Ewing sarcoma.

These patients suffered from a drastically defective CSR, as IgG, IgA, and
IgE levels were barely detectable in serum, in contrast to elevated IgM levels in
all cases, except in six who were diagnosed and treated early in life. Although
serum IgM levels decreased in most patients after Ig substitution was initiated,
they frequently remained above normal values. Isohemagglutinins and antipo-
lysaccharide IgM antibodies were detected, contrasting to the complete ab-
sence of IgG antibody production in response to immunization antigens or
microorganisms. In vitro, B cells normally proliferated, produced large amounts
of IgM, and upregulated the CD23 activation marker when activated by
sCD40L+ appropriate cytokines. In contrast, they could not undergo CSR to
generate IgG, IgA, or IgE on the same stimulation (Durandy et al., 1997).
Analysis of the successive events of the in vitro CSR enabled to place the
block inside the CSR pathway. The first step of CSR resulting in the generation
of Ig germ line transcripts was detectable, whereas the further steps were
not: double-stranded DNA breaks (DSB) in Sp regions, as judged by a very
sensitive ligation-mediated PCR technique (Catalan et al., 2003), could not be
detected, excision and functional Ig transcripts were equally undetectable, and
no switched Ig isotype could be found in culture supernatants (Revy et al.,
2000). Therefore, the CSR defect was shown to be located downstream from the
transcription step and upstream from the DSB creation (Table 1; Fig. 3).

All peripheral blood B cells expressed membrane IgM and most (90%)
coexpressed IgD. A normal percentage (20-50%) carried CD27, a marker that
has been related to the memory-mutated phenotype of B cells (Klein et al.,
1998). Such cells could have undergone SHM in normal conditions. SHM was
investigated in the VH3-23 Ig region of purified CD19+/CD27+ B cells
from 29 patients. SHM was found constantly absent or drastically decreased
(0- < 1.2%) as compared to age-matched controls (2.5-6.3% mutations/bp)
(Fig. 4B). Analysis of the nucleotide substitution of the few observed mutations
did not reveal any obviously abnormal pattern.

2.1.2. AICDA Mutations

The observation of consanguineous families led to check for a genetic locus
cosegregating with the disease. A homozygosity mapping was performed in
eight families, which determined a 4.5-cM region on chromosome 12p13 with a
lod score of 10.45, a locus in which AICDA gene encoding the B-cell-specific
molecule AID (Muramatsu et al., 1999) was localized (Muto et al., 2000). We
therefore sequenced AICDA and found biallelic mutations scattered all along
the gene, affecting as well the nuclear localization signal (NLS), the active
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Table 1 Phenotype of B-Cell Intrinsic Ig-CSR Deficiencies”

Relative

Deficiency Inheritance frequency (%) CSR step block CD27+ B cells SHM Autoimmunity Lymphoma
AID AR 43 Upstream for DSB N 0 or \\\, + —
ATDC AR 3 ND N N - -
AIDN®S AD 6 Downstream for DSB N N - -

UNG AR 3 Upstream for DSB N N (bias) + Possible
AID cofactor? AR? 18 Upstream for DSB N N + -

DNA repair? AR? 33 Downstream for DSB 1 N + +

“ND, not done; N, normal; AR, autosomal recessive; AD, autosomal dominant.
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1g-CSR deficiency type 1
1g-CSR deficiency type 2
AID, UNG, APE, MRN €| |g-CSR deficiency type 3
DSB formation

1gG3

Figure 3 Schematic representation of Ig-CSR and its defects. A schematic representation of the
successive steps of CSR toward IgG3 as an example is shown. The transcription step is induced by
cytokines. AID induces the DNA lesion by deamination of cytidine into uracil residues. The uracil
misintegrated into DNA are removed by UNG2, resulting in an abasic site that is eventually cleaved
by an apyrimidinic endonuclease (APE) or the MRN complex (M, MRE11 for meiotic recombina-
tion homologue 11; R, hRAD50; N, NBS1 for Nijmegen Breakage syndrome 1). The precise
mechanisms leading to DSB in switch (S) regions are not perfectly understood. Multimolecular
complexes including phosphorylated Y H2AX, the p53-binding protein (53BP1), the ataxia telangi-
ectasia mutated (ATM), the complex MRN, and MDC1 (DNA damage checkpoint 1) recognize and
repair the CSR-induced DSB, in association with the NHE] enzymes. Defects in the Ig-CSR

processes are shown.

cytidine deaminase domain, and the APOBECI-like domain (Fig. 4A). Eigh-
teen were either missense mutations or in-frame small insertions or deletions,
while five led to a premature stop codon, and one was a large deletion of all the
coding sequence. Mutations were found mostly in the homozygous state (32
families) or compound heterozygous mutations (11 families) (Durandy et al.,
2006; Quartier et al., 2004). Some of them were recurrent and found in
unrelated families but no clear mutation hot spot was observed. Of note, we
did not detect mutations located either at the phosphorylation sites (S38 and
T27) or the dimerization domain (G47-G54) that have been respectively
described (Basu et al., 2005; Wang et al., 2006).

In vivo data obtained with these natural human mutations were corrobo-
rated by three different in vitro assays: analysis of cytidine deaminase activity
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Figure 4 Autosomal recessive Ig-CSR deficiency due to mutations in AICDA gene. (A) Twenty-
three different mutations (18 missense mutations or in-frame small deletions, 5 nonsense mutations
or frameshift deletions) were observed in 62 patients from 43 unrelated families. Mutations were
found homozygous in 32 families; others presented with compounded mutations. (B) SHM fre-
quency was studied in 29 patients on VH3-23 region of IgM on CD19+CD27+ purified B-cell
population. Results are expressed as the percentage of mutated nucleotides on all studied nucleo-
tides. Age-matched controls, 2.5-6.3%; ND, not done. When several patients carrying same
mutations were tested, the results show the range of SHM observed.

on DNA after transfection in Escherichia coli, as described by Petersen-Mahrt
et al. (2002), induction of CSR after expression in AID™~ murine splenic
B cells, and study of SHM on an appropriate substrate after transduction in
fibroblasts (Okazaki et al., 2002). Mutants located in the NLS (p.R8{sX18,
p-R24W), in the cytidine deaminase domain (p.H56Y, p.H56-E58 del,
p-W68X, p.WS0R), in the domain located between the cytidine deaminase
domain and the APOBECI-like domain (p.L106P, p.D143-E163 del), and in
the APOBECI-like domain (p.M139V) exerted no detectable cytidine deami-
nase activity in E. coli, with the exception of p.M139V in which a residual
activity was found (Ta et al., 2003). All mutants exerted neither CSR in B cells
nor SHM activity in fibroblasts. The expression of the AICDA mutants,
assessed after transfection in 293T cells, was found positive except for in
p-R8£:X18, p.WS6X, and p.D143-E163 del (Ta et al., 2003). However, endoge-
neous AID expression was either decreased or even undetectable by Western
blot analysis in EBV B-cell lines from all these patients and in germinal centers
by immunohistochemistry in available biopsies, suggesting that, in most cases,
mutations lead to an unstable protein (Durandy, unpublished data).

The description of a defect of both CSR and SHM in AID deficiency, in
concordance with the phenotype concomitantly described in AID-deficient
mice (Muramatsu et al., 2000), provided the key findings to determine the
master role of AID in CSR and SHM.



PATHOPHYSIOLOGY OF B-CELL INTRINSIC Ig-CSR DEFICIENCIES 285

2.2. AID Deficiency Associated with Preserved SHM

In three other patients with AID deficiency, a normal frequency and pattern of
SHM were observed, contrasting with a drastically impaired in vivo and in vitro
CSR (Table 1; Fig. 5A). The giant germinal centers usually observed in sec-
ondary lymphoid organs in the other AID-deficient patients were not detected
as noted in a biopsy specimen obtained in one case. This preliminary observa-
tion suggests a direct role for SHM in the control of B-cell proliferation inside

Cytidine deaminase
NLS domain APOBEC-like domain NES
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Figure 5 Ig-CSR deficiencies due to mutations in AICDA C-terminus. (A) AICDA C-terminal
mutations. Three patients carried mutation on splice sites in intron 4, the consequences of which
were different. In one patient, a homozygous mutation led to the in-frame insertion of 31 nucleo-
tides between exon 4 and exon 5 (p.L.181-182 ins31). In the two other patients, the splice site
mutation was heterozygous and associated with a missense mutation located either in the region
between the cytidine deaminase domain and the APOBEC-like domains (p.R112C) or in the
cytidine deaminase domain (p.S83P). The predicted protein was, in one case, frameshift replace-
ment of the C-terminus by 26 amino acids (p.L181fsX26) and in the other case, deletion of exon 4
and frameshift replacement by 4 amino acids (D143-L181fsX4). Both mutations abrogated the
NES. Fourteen patients from 6 families carried heterozygous nonsense mutations located in the
NES: R190X in 11 patients (5 unrelated families) and V186X in 3 patients (1 family). (B) SHM
was performed on CD19+CD27+ B-cell population, except in * in which SHM was studied on
CD19+ B-cell population (controls: 0.5-5%). AR, autosomal recessive; AD, autosomal dominant.
(C) Autosomal dominant transmission of AICDA pedigrees of autosomal dominant AID deficiencies:
p-R190X/+ (families 1-5), p.V186X/+ (family 6).
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the germinal centers. Strikingly, these three patients carried mutations located
in the C-terminal part of AICDA (AIDteT) (Fig. 5A). In one, a homozygous
mutation in the splice acceptor site of intron 4 leads to the in-frame insertion
of 31 amino acids (p.L181-P182ins31), leading to expression of an abnormally
large protein. Two other patients exhibited compound mutations: (1) a missense
mutation in domain located between the cytidine deaminase domain and the
APOBECI-like domain (p.R112C) and a mutation in the splice donor site of
intron 4, leading to a 26 amino acid frameshift replacement of the C-terminus
leading to the NES sequence loss (p.L181{sX26), (2) a mutation in the cytidine
deaminase domain (p.S83P) and a splice donor site mutation of intron 4 result-
ing in deletion of exon 4 and frameshift insertion of four amino acids also
excluding the NES (p.D143fsX4). In in vitro assays, the p.L181-182ins.31
mutant exerted a slightly reduced cytidine deaminase activity in E. coli that is
likely the consequence of decreased expression of the protein. Both p.L.181-
182ins.31 and p.L181£sX26 mutants were shown to induce SHM in fibroblasts
but not CSR in AID ™~ B cells, although, as expected, the p.R112C, an AICDA
mutation located in the APOBEC]1-like domain, was unable to sustain both CSR
and SHM (Ta et al., 2003). Interestingly, these three mutations located in the
C-terminal part of AID (p.L181-182ins.31, p.L181fsX26, and p.D143fsX4)
do not exert a dominant negative effect since heterozygous carriers exhibited
normal serum Ig levels (Durandy, unpublished data).

The observation of normal SHM but defective CSR induced by these natural
mutants was confirmed by the analysis of an artificial mutant deleted of the
last 10 amino acids. This mutant was found to catalyze SHM, gene conversion
but not CSR (Barreto et al., 2003). No data concerning the occurrence of
CSR-induced mutations and DSB in S regions are up to now available in
patients causing mutations in AID®*" However, results found with the artificial
mutant strongly suggest that AID has a CSR-specific activity possibly by
binding through its C-terminus to one or several CSR-specific cofactor(s).
Such an interaction could account for the AID selectivity in targeting DNA
in S regions of Ig genes of germinal center B cells. Alternatively, because the
artificial mutant, although unable to induce CSR when transduced into AID ™/~
mice splenic B cells, led to a normal frequency and pattern of mutations in the
Su region, the CSR cofactor could also be involved in the CSR-specific DNA
repair (Barreto et al., 2003). Two proteins, DNA-dependent protein kinase
(DNA-PK¢s) and murine double minute 2 (MDM2), have been reported as
binding the C-terminus of AID (MacDuff et al., 2006; Wu et al., 2005). They
could represent CSR-specific AID cofactors since (1) the nonhomologous end
joining (NHE]J) repair pathway to which DNA-PKcg belongs has been
shown to be required for CSR but dispensable for SHM (Rolink et al., 1996)
and (2) MDM2 binds the Nijmegen breakage syndrome 1 (NBS1) molecule
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(Alt et al., 2005), a molecule necessary for the CSR-induced DNA repair
(Reina-San-Martin et al., 2005). MDM2 has been shown to be required for
gene conversion in the chicken DT-40 cell line, but no data on CSR are
available. Such an interaction between AID and MDM2 could suggest that
the AID-induced DNA breaks are sensed to induce appropriate DNA repair,
following NBS1 recruitment.

Conversely, several artificial murine AICDA mutants with mutations located
in the NLS in AID N-terminus have been shown to exert, as expected, a normal
cytidine deaminase activity after transfection in E. coli, but strikingly a nor-
mal CSR activity when transduced in murine splenic AID ™~ B cells, contrast-
ing with a defective SHM induction in fibroblasts (Shinkura et al., 2003). This
feature, which is not only related to impaired NLS, raises the hypothesis that
an interaction of AID N-terminus with SHM cofactor(s) could exist. However,
we could not confirm this observation in six Ig-CSR-deficient patients har-
boring homozygous missense mutations in the N-terminus of AID immediately
upstream from the NLS (p.M6T) or within the NLS (p.R24W) (Fig. 4A). All
present with both a typical CSR defect as shown by their Ig levels and in vitro
B-cell activation and a complete lack of SHM. This observation suggests several
possibilities: (1) the recruitment of cofactors could be not identical in humans
and mice or (2) these natural mutants lead either to an unstable protein or to a
protein unable to properly shuttle into the nucleus. However, AID was detect-
able by Western blot in a p.R24W-mutated EBV-B-cell line. Finally, one
cannot exclude that an immunodeficiency consisting in defective antibody
affinity maturation but normal CSR could be caused by AID mutations locat-
ed at the N-terminus remains to be described. It implies that AID-mutated
protein is expressed and traffics normally between cytoplasm and nucleus on
activation.

2.3. Autosomal Dominant Transmission of AID Deficiency

In 14 patients from 6 unrelated families, we observed an Ig-CSR deficiency, the
inheritance of which was suggestive of an autosomal dominant transmission
(Fig. 5C). It was characterized by variable susceptibility to infections and
serum Ig level abnormalities: serum IgM was increased, IgG was absent or
only decreased, and IgA was undetectable. Interestingly, these patients carry
heterozygous nonsense mutations located in the nuclear export signal (NES):
p-R190X in five families (Imai et al., 2005) and p.V186X in one (Fig. 5A). Both
normal and mutated allele transcripts were equally expressed in activated B
cells as judged by semiquantitative RT-PCR amplification. Although the
in vitro CSR was drastically defective, the DSB were normally found in Sp
regions, localizing the CSR defect downstream from the DNA cleavage, a
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finding compatible with the hypothesis that CSR-specific AID-cofactor(s) is
(are) involved in CSR-DNA repair of S regions (Table 1).

SHM frequency was normal, except in two patients (2 II-2 and 6 II-2) in
whom SHM was undetectable (Fig. 5C). The reason of this defect remains
unknown. Because the available AID-specific monoclonal antibody recognizes
its 10 last amino acids, it was not possible to check for the presence of the
truncated protein. However, full-length AID protein was observed in the
available p.R190X EBV B-cell lines.

The variable immunodeficiency found in p.R190X or p.V186X heterozygous
patients is not caused by haploinsufficiency, considering the normal Ig levels
observed in subjects carrying heterozygous mutations located elsewhere in
AICDA gene (Imai et al., 2005). Two nonmutually exclusive hypotheses can,
thus, be proposed to account for this dominant negative effect: (1) The trunca-
tion affects the NES domain of the protein, leading to nuclear accumulation of
the mutant allele, which could interfere with normal AID trafficking and
function. While wild-type AID is only detected in the cytoplasm of activated
B cells and is able to shuttle into the nucleus for a short period on activation,
the p.R190X-mutated allele was found mostly in the nucleus after overexpres-
sion in AID-deficient B cells (Ito et al., 2004). However, the observation that
two different splice site mutations leading also to NES truncation are respon-
sible for an autosomal recessive CSR defect, with conserved SHM (see above),
suggests that the loss of NES may not be sufficient to create a dominant
negative mutant. (2) The mutated allele, incorporated in an AID homomulti-
meric complex, disrupts AID activity. It has been reported that AID forms
homomultimeric complexes in vitro (Ta et al., 2003), even in the absence of
its C-terminal part, as shown by detectable in vitro multimerization of artificial
mutants truncated for the last 10 amino acids (Barreto et al., 2003). An AID
motif involved in homodimerization has been delineated between p.G47 and
p-G54 and thus is present in these C-terminal mutants (Wang et al., 2006).
One possibility to consider is that intact AID multimers could be necessary
to recruit CSR-specific AID cofactor(s).

Molecular target of AID has been a matter of debate. As the sequence of
AID shares similarity with that of the RNA-editing enzyme APOBECI, it has
been suggested that AID edits an mRNA encoding a substrate common to CSR
and SHM, probably an endonuclease (Chen et al., 2001; Honjo et al., 2002;
Kinoshita and Honjo, 2001). The requirement for de novo protein synthesis
downstream from AID expression in CSR could suggest the synthesis of a
recombinase, and is consistent with the RNA-editing model (Doi et al., 2003).
The findings of a CSR-specific deficiency associated with given AICDA muta-
tions would, in this context, suggest that AID can edit two different endonu-
cleases, making it more complex and less likely. Alternatively, several lines of
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evidence indicate that AID is a DNA-editing enzyme. Transfection of AID into
E. coli results in deamination of DNA deoxycytidine residues into deoxyuridine
(Petersen-Mahrt et al., 2002). Furthermore, it has been demonstrated that
AID can induce deoxycytidine deamination on single-stranded DNA in cell-
free experimental conditions (Bransteitter et al., 2003; Chaudhuri et al., 2003;
Dickerson et al., 2003; Ramiro et al., 2003). However, these data were obtained
in nonphysiological conditions, involving overexpression in E. coli or in in vitro
assays, in which the well-known RNA-editing protein APOBECI has a similar
effect (Harris et al., 2002; Petersen-Mahrt and Neuberger, 2003). The des-
cription of the in vivo consequences on antibody maturation of the defect
in uracil-N-glycosylase (UNG), an enzyme that recognizes uracil residues on
DNA, as described below, is, however, only compatible with a DNA-editing
activity of AID.

3. Ig-CSR Deficiency Type 2 Caused by UNG Deficiency

We reported three patients from three families, two being consanguineous,
affected by a severe Ig-CSR deficiency with high levels of IgM and very low
levels or absence of IgG and IgA, leading to recurrent bacterial infections
(Imai et al., 2003b). Two of the three patients presented with lymphadeno-
pathies, one with autoimmunity (hemolytic anemia). The CSR defect was also
observed in vitro as shown by the complete lack of production of IgG, IgA, or
IgE by patients’ B cells on activation by sCD40L+ appropriate cytokines,
although their B cells proliferate in the same culture conditions. As observed
in most cases of AID deficiency, the CSR defect occurs downstream from the
germ line transcript induction and upstream from the DSB occurrence (Imai
et al., 2003b) (Table 1). In contrast with what is observed in most patients
affected by AID deficiency, the frequency of SHM was found normal in the
CD19+CD27+ B-cell population. However, the pattern of SHM was strikingly
abnormal in the three patients since a slight increase in mutations targeting
G/C residues (75%) as compared to controls (63%) was observed. It was
associated with a drastic skewed nucleotide substitution pattern on G/C since
nearly all found mutations were transitions (G > A, C > T 95%) whereas, in
controls, transitions represent only 60% of mutations. Conversely, transition
frequency was normal on A/T nucleotides (50%) (Imai et al., 2003b).

Because the Ig-CSR deficiency phenotype observed in these patients resem-
bled the phenotype described as a consequence of homozygous UNG gene
inactivation in mice (Rada et al., 2002), although in the latter a much milder
CSR defect was found, we explored the possibility of UNG deficiency in the
patients. In humans, as in mice, UNG has two different promotors and two
alternative splice products, resulting in two isoforms: UNGI, the mitochondrial
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Figure 6 Autosomal recessive Ig-CSR deficiency due to mutations in UNG gene. Three patients
presented with mutations located in the catalytic domain of both UNG1 and UNG2. Number of
amino acids are those of UNG2. One patient carried two heterozygous small frameshift delet-
ions (p.P131fsX12 + p.I190fsX36), the two other were homozygous for a small frameshift deletion
(p.1143fsX16) or a missense mutation (p.F2518S), respectively. In three patients, UNG1 and UNG2
were undetectable in EBV B-cell lines by immunoprecipitation.

isoform, is ubiquitously expressed while UNG2, the nuclear isoform, is only
expressed in proliferating cells (Nilsen et al., 2000; Otterlei et al., 1998),
including B cells activated for CSR (Imai et al., 2003b). The above-mentioned
de novo protein synthesis-dependent step downstream from AID activity
in CSR described in murine splenic B cells (Doi et al., 2003) could, thus,
possibly correspond to UNG2 induction. We found mutations in all three
patients: two heterozygous small deletions leading to premature stop codons
(p-P131£sX12 + p.I190£sX36 in nuclear UNG2) in one patient, a homozygous
missense mutation (p.F251S) in another patient, and a homozygous small
deletion leading to a stop codon in the third one (p.I143fsX16) (Fig. 6).
All four mutations were located in the active site of UNGI1 and UNG2.

UNG mutations, as studied in EBV B-cell lines, led to an absence of any
detectable protein by immunoprecipitation using a polyclonal antibody to
UNGI and UNG2, and no UNG activity neither in cytoplasmic nor in nuclear
extracts (Imai et al., 2003b; Kavli et al., 2005). In accordance with this observa-
tion, accumulation of genomic uracil residues was present in the three EBV
B-cell lines, while undetectable in controls. These results indicate that no
other UNG, such as SMUGL1 (Di Noia et al., 2006), can compensate for the
absence of UNG2, at least in EBV B cells. In contrast, although lacking the
UNGTI isoform, patients do not present with metabolic abnormalities, sug-
gesting a compensatory activity exerted by other uracil-DNA glycosylases in
mitochondria.
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The description of a drastic CSR defect and a skewed pattern of SHM in
the absence of UNG is only compatible with a DNA-editing activity of AID.
Hence, in the proposed model, AID deaminates dC on DNA to generate dU
residues (Di Noia and Neuberger, 2002; Rada et al., 2002). Following the
deglycosylation and removal of the misintegrated dU residues by UNG, an
abasic site is created, which can be attacked by an apyrimidinic endonuclease,
resulting in DNA breaks (Fig. 3). It has been shown in vitro that the MRE11/
hRad50/NBS1 complex could exert this endonucleasic activity (Larson et al.,
2005). In the absence of UNG2 and of abasic site, the DNA cleavage cannot
occur, leading to a defect in CSR and a skewed pattern of SHM because SHMs
occur by replication of U:G residues leading to transitions (G > A, C > T) only
or by their repair by the mismatch repair (MMR) enzymes (MSH2, MSH6)
leading to transitions and transversions on bystander nucleotidic residues (Di
Noia and Neuberger, 2002; Rada et al., 2004; Xue et al., 2006). The discrepancy
between the drastic CSR defect observed in UNG-deficient humans and the
more subtle defect observed in UNG ™~ mice could be related to a variable
involvement of MMR in CSR in both species (Ehrenstein and Neuberger,
1999; Schrader et al., 1999).

An identical phenotype was observed in the three patients, although two
patients carried UNG mutations encoding truncated proteins, and the third one
a missense mutation (p.F251S in UNG2). To assess the consequences of this
last mutation on protein expression and activity, it was shown that, although the
mutant protein was weakly expressed after transfection into E. coli, the purified
protein exerted a normal enzymatic activity. However, when coexpressed in
HeLa cells, the p.F251S mutant interacted with wtUNG1, an interaction that
led to its abnormal translocation from nucleus to mitochondria and its rapid
degradation (Kavli et al., 2005). Such a mechanism can very likely underlie
the accumulation of genomic uracil residues as well as the drastic Ig-CSR
deficiency observed in the patient. This result is of importance since it has
been reported that the mouse counterpart of this mutant (denoted F242S) can
remove uracil and restore CSR when transduced in UNG ™~ B cells (Begum
et al., 2004). One explanation for this discrepancy could be that the UNG2
F251S mutant effect depends on the balance between its expression level and
that of UNGI1. Overexpression of UNG2 mutant, in the absence of UNGI in
UNG ™~ B cells, does not lead to abnormal redirection to mitochondria and
degradation, thus enabling CSR since the protein is active.

It has also been proposed that enzymatically dead UNG is required for
CSR, suggesting that UNG is either involved in the recruitment of DNA repair
molecules or play a role by folding the CSR-induced DSB (Honjo et al., 2004).
However, this hypothesis does not fit with (1) the defective occurrence of DSB
in Sp regions in UNG-deficient B cells on activation to CSR (Imai et al., 2003b)
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and (2) the accumulation of genomic uracils found in UNG-deficient EBV
B-cell lines (Kavli et al., 2005).

UNG deficiency, as detected so far in three patients, is not associated with
other clinical features than Ig-CSR deficiency. However, UNG is part of the
DNA base excision repair involved in the repair of spontaneously occurring
base lesions and therefore constitutes an antimutagenic defense strategy.
UNG-deficient mice do develop B-cell lymphomas when aging (Nilsen et al.,
2003). It is, thus, possible that UNG deficiency predisposes to such tumors
in adulthood. Another consequence of UNG deficiency has been reported in
UNG-deficient mice since postischemic brain injury is much more severe than
in control mice, a likely consequence of the mitochondrial DNA repair defect
(Endres et al., 2004).

Therefore, the complete absence of UNG leads in humans to a unique
Ig-CSR deficiency characterized by defective CSR and a skewed pattern of
SHM, an observation providing a clue to demonstrate the DNA-editing activity
of AID.

4. Molecularly Undefined Ig-CSR Deficiency with Normal SHM

Half cases of the Ig-CSR deficiency caused by an intrinsic B-cell defect are
neither related to AID nor UNG deficiency and remain molecularly uneluci-
dated (Fig. 1). We had the opportunity to study the clinical and immunologic
phenotype of 52 patients affected by an Ig-CSR deficiency, previously pub-
lished as HIGM4, although its molecular defect is still undefined (Imai et al.,
2003a). Although most cases were sporadic, the observation of patients in a few
multiplex or consanguineous families is compatible with an autosomal recessive
inheritance. The clinical phenotype is very similar to that of AID deficiency,
including susceptibility to bacterial infections of the respiratory tract and
the gut and autoimmunity. Autoimmune hemolytic anemia and thrombocyto-
penia were not infrequent (eight cases) while other autoimmune manifestations
(uveitis and systemic lupus erythematous) were noted in a few cases (1 and 2,
respectively). Lymphoid hyperplasia was less frequent and milder than in AID
deficiency, characterized by moderate follicular hyperplasia, whereas the giant
germinal centers typical of AID deficiency were not observed.

The CSR defect appears to be milder than in AID deficiency since residual
levels of IgG could be detected in the serum from 18 patients of 52. In vitro, B
cells from these patients (expressing IgM and IgD or IgM only), although able
to proliferate, to produce IgM, and to up-regulate CD23, did not undergo CSR
on activation by sCD40L and appropriate cytokines. AICDA, UNG2, and Ig
germ line transcripts were normally induced on CSR induction, whereas Ig
excision circles and functional transcripts were undetectable. Even B cells from
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patients with residual serum IgG levels lacked functional y transcripts, indicat-
ing that either the in vitro test is less sensitive than the in vivo Ig level
determination or a residual CSR had occurred in vivo as a result of repeated
stimulations, or via another signaling pathway. The overexpression of BAFF or
APRIL on activated dendritic cells stimulates marginal zone B cells to undergo
CSR in a CD40-independent pathway—a compensatory mechanism absent in
AID-deficient cells which cannot undergo CSR whatever the stimulation.

Isohemagglutinins and IgM antipolysaccharide antibodies were present in
normal amounts but no IgG antibodies against immunization agents or infec-
tious antigens were detected (Imai et al., 2003a). SHM was found normal in
frequency and pattern, an observation not in favor of AID or UNG deficien-
cies, a diagnosis definitively excluded by both gene sequencing and protein
expression studies.

Further analysis of the precise location of the CSR block led to the delinea-
tion of two different groups.

4.1. Ig-CSR Deficiency Type 3 Characterized by a CSR Block Located
Upstream from the Sp Region DNA Cleavage

This subset, up to now observed in 17 patients, is always associated with a nor-
mal fraction of CD19+CD27+ “memory” B-cell population. This phenotype is
similar to the one of patients carrying mutations in the C-terminus of AID.

The Ig-CSR deficiency, herein described, could be the consequence of a
defective targeting of AID on S regions since the CSR-induced DSB are
shown not to occur in Sp regions from patients’ B cells, localizing the CSR
defect, as in AID deficiency, downstream from the transcription step and
upstream from the DNA cleavage (Table 1; Fig. 3). An interaction between
the 32-kD subunit of the DNA-binding replication protein A (RPA) complex
and AID has been reported as essential for AID binding to both DNA in S
and V regions (Chaudhuri et al., 2004). However, this interaction is likely
unaffected in this Ig-CSR deficiency since SHMs are normally found.

Another possibility could be a defect in AID phosphorylation. Indeed, AID
phosphorylation by protein kinase A (PKA) on S38 and T27 amino acids has
been shown to be required for AID interaction with RPA, binding to double-
stranded DNA and activity in CSR. Artificial mutants carrying alanine sub-
stitutions on S38 and T27 amino acids are unable to induce CSR when
transduced in AID ™~ murine splenic B cells (Basu et al., 2005). However,
the same requirement of AID phosphorylation for interaction with RPA and
SHM has been also described (McBride et al., 2006). Other additional post-
transcriptional modification of AID, required for CSR and dispensable for
SHM, could thus be responsible for this Ig-CSR deficiency if defective.



294 ANNE DURANDY ET AL.

An alternative mechanism could also consist in AID inaccessibility to S regions
because of a defect in an activation-dependent change in chromatin unrelated
to transcription.

4.2. 1g-CSR Deficiency Type 4 Characterized by a CSR Block Downstream
from the Sp Region DNA Cleavage

The clinical phenotype of this subset differs by the occurrence of B-cell lym-
phomas (5 of 35 patients). In one available biopsy of an affected cervical lymph
node, numerous monoclonal immunoblastic B cells, strongly expressing AID,
were observed in interfollicular areas surrounding follicles of various sizes
(Durandy, unpublished data). Lymphoma was not associated with EBV.

In contrast to most cases of AID deficiency, the DSB were normally detected
in Sp regions in CSR-activated B cells, although the in vitro CSR was defective.
However, the next step, DNA repair, was impaired since excision circles and
functional transcripts of switched isotypes were not found (Table 1; Fig. 3).
The occurrence of DSB in Sp regions ruled out a defect in AID targeting to
S regions. SHMs were found normal in frequency and pattern within the
CD27+CD19+ B-cell-purified population. Of note, however, this B-cell subset
was strikingly decreased as compared to controls (<10% of B cells). Several
hypotheses can be discussed to account for this unique phenotype.

4.2.1. A Defect in the Repair of the AID-Induced DNA Lesion in S Regions

The occurrence of B-cell lymphomas, the decreased number of CD27+ B cells,
and the CSR defect located downstream from the DNA breaks suggest that
a DNA repair defect during the CSR process could be responsible for this
Ig-CSR deficiency. The discrepancy between the findings of defective in vivo
and in vitro CSR and normal generation of SHM also fits with this hypothe-
sis because CSR and SHM are known to use different pathways for DNA re-
pair. The NHE] pathway, which repairs DSB, is involved in CSR-DNA repair
(Casellas et al., 1998; Manis et al., 1998; Rolink et al., 1996). Nevertheless, a
defect in one of the NHE] components is unlikely to account for this condition
because NHE] proteins are also required for V(D)] recombination of both
T- and B-cell receptors. Patients exhibited normal numbers of T and B cells,
with functional antigen receptors, unlike other NHE]-defective patients such
as Artemis-deficient patients (Moshous et al., 2001) or Cernunnos-deficient
patients (Buck et al., 2006). One may postulate that another DNA repair
pathway is involved, as suggested by the observation of normal CSR in SCID
mice, despite the lack of DNA-PK activity (Bosma et al., 2002). A defect in one
such repair enzyme could be responsible for this Ig-CSR deficiency.
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It has been described that CSR-induced DSB in S regions induce DNA
repair foci involving phosphorylated histone YH2AX and the MRE11/hRad50/
NBS1 (MRE11, meiotic recombination homologue 11) complex at Ig loci
(Petersen et al., 2001). A defective CSR with normal SHM has been reported
in H2AX-knockout mice (Petersen et al., 2001) but a deficiency in H2AX has
been ruled out in patients by gene sequencing and normal DNA repair foci
formation (Durandy, unpublished data). Mutations in the NBSI and MREI1
genes could be excluded because they are responsible for the Nijmegen break-
age syndrome (Varon et al., 1998) and ataxia-telangiectasia-like disorder
(Stewart et al., 1999), respectively, features of which being not found in the
studied condition. Ataxia-telangiectasia mutated (ATM) plays also a role in CSR-
DNA repair as shown by the typical Ig-CSR deficiency condition observed in
some patients (Weemaes et al., 1984), characterized by abnormal S region
junctions, and normal SHM (Pan-Hammarstrom et al., 2003).

The p533-binding protein (53BP1), which participates to the early step of
DSB repair by facilitating end joinings, has also been described as being
required for CSR and dispensable for SHM (Manis et al., 2004; Ward et al.,
2004). However, 53bp1-deleted mice also present with a partial T-cell deficiency
(Ward et al., 2003), not found in patients. Nevertheless, the gene encoding
53BP1 was sequenced and found normal in the patients affected with this Ig-
CSR deficiency. The DNA damage checkpoint protein 1 (MDC1), which plays
arole in genomic stability and DSB repair, has been reported to be involved in
CSR, but at a lower magnitude as shown by the only slight CSR defect observed
in mdel™~ mice (Lou et al., 2006). MDCI involvement was also excluded by
gene sequencing (Durandy, unpublished data).

Although the MMR enzymes play a role in CSR, at least in mice (Ehrenstein
and Neuberger, 1999; Schrader et al., 1999; Stavnezer and Schrader, 2005), it is
unlikely that a defect in one of these molecules could account for the pheno-
type, herein, described because (1) UNG-dependent CSR should be preserved
and (2) no other cancers were detected in these patients.

Therefore, we could not up to now find a defect in any molecule known to be
directly involved in DNA repair of S regions in this Ig-CSR deficiency, raising
the hypothesis that survival signals to switching B cells or responses to the
consequences of DNA damage within the germinal centers could be deficient
in this condition.

4.2.2. A Defect in Switched B-Cell Differentiation or Survival

A defect in B-cell differentiation could also be responsible for this Ig-CSR
deficiency. For example, Bach2, which is a repressor of the expression of the
plasma cell differentiation factors Blimpl and XBP-1, plays a critical role in
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CSR and SHM in mice (Muto et al., 2004). Bach2-deficient mice exhibit a CSR
defect but a more profound SHM defect than found in patients. Lymph nodes
are depleted of germinal centers and CSR-activated B cells do not express AID
transcripts, both observations not found in the studied condition. Finally, the
involvement of Bach2 in this Ig-CSR deficiency has been ruled out by gene
sequencing (Durandy, unpublished data).

A defect in survival signals delivered to switched B cells could also explain this
phenotype. Molecular interactions are known to be required for B-cell survival,
including BAFF interaction with its BCR, BAFF-R. The natural mutant mouse
strain A/WySn], BAFF-R-knockout mice, and mice treated with the BAFF-
neutralizing BAFF-R-Fc protein disclose B-cell depletion and an impaired
T-cell-dependent antibody response (Kayagaki et al., 2002; Schiemann et al.,
2001; Thompson et al., 2001). The decreased number of CD27+ B cells and the
defective IgG and IgA production in patients fit with this model. However, the
observed in vitro defective CD40-dependent CSR cannot be accounted for by a
BAFF-R or BAFF abnormality, though a defect in another unknown factor can,
however, be postulated.

Another hypothesis could be an inappropriate response to DNA damage.
In other cells than germinal center B cells, DSB activate p53 and p21, result-
ing in cell cycle arrest and apoptosis. In germinal centers, in contrast, the
p33 response to DNA damage is negatively regulated directly by its highly
expressed transcriptional regulator Bcl-6, while p21-induced cell cycle arrest
is suppressed through interaction of its transcriptional activator Mizl with
Bcl-6. Both of these events enable intense proliferation of B cells undergoing
CSR (Phan et al., 2005). In accordance with this observation, Bcl-6-deficient
mice are depleted of germinal centers because of a strong B-cell apoptosis (Ye
et al., 1997). Such a defect in transcriptional repression of proteins involved in
cell cycle arrest induced by DNA damage could also underline this Ig-CSR
deficiency. Investigation of this pathway is ongoing. However, this hypothesis
does not fit with the normal generation of SHM which also results from a DNA
damage, but possibly does not involve similar breaks.

In any case, the molecular definition of these Ig-CSR deficiencies would be
essential for a better understanding of the complex mechanisms of CSR, up to
now not completely elucidated, and for the delineation of the human diseases,
although rare, characterized by a CSR deficiency.

5. Concluding Remarks

The precise description of the different Ig-CSR deficiency conditions is essen-
tial for a medical point of view since prognosis, thus follow-up of patients, may
differ according to the defect. All Ig-CSR deficiencies are characterized by a
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profound CSR defect, but they differ for SHM generation, raising the question
of the role of mutated IgM in defense against infections and in inducing or not
autoimmunity. Indeed, AID deficiency is most often characterized by a drastic
defect in SHM, while SHMs are present with a skewed pattern in UNG
deficiency and normal in AID C-terminal deficiency and the other Ig-CSR
deficiencies. At first glance, susceptibility to infections appears identical in the
four groups, suggesting that mutated IgM may not play a significant role in
efficient immunity to bacteria. However, this requires to be looked in details
during the intervals patients are not treated by parenteral injections of immu-
noglobulins. Careful assessment of susceptibility to infections in animal models
may provide useful information on the role of (un)mutated IgM antibodies in
anti-infectious immunity. AID-deficient mice do survive after a secondary
infection by influenza virus, although they present a severe morbidity, indicat-
ing that even unmutated IgM antibodies can contribute to control that partic-
ular viral infection (Harada et al., 2003). The protective role of IgM, even
unmutated, is emphasized by the overall milder clinical phenotype observed in
Ig-CSR deficiencies, as compared to agammaglobulinemia, resulting in the fact
that Ig-CSR deficiencies are diagnosed much later up to adulthood (Imai et al.,
2005; Quartier et al., 2004).

The role of SHM-modulating autoimmunity can be also discussed. Patients
affected with an Ig-CSR deficiency due to an intrinsic B-cell defect present
with autoimmune manifestations, some of them being clearly related to
IgM autoantibodies. Autoimmunity is likely not simply related to IgM serum
levels since autoimmune manifestations are significantly less frequent in CD40L
deficiency in which IgM levels are equally elevated. Autoimmunity apparently
occurs with the same frequency in AID deficiency characterized by a lack of SHM
and in other Ig-CSR deficiencies with normal SHM generation. Although IgM
autoimmune antibodies themselves have not been checked for SHM, our obser-
vation suggests that autoimmunity can be supported by germ line Ig sequences in
accordance with occurrence of autoimunity in AID deficiency.

Occurrence of B-cell lymphomas is another special concern associated with
some of the Ig-CSR deficiencies. Such cancers are not intrinsically linked to Ig-
CSR deficiency itself since they were not reported in 62 cases of AID deficiency.
They are detected in Ig-CSR deficiency associated with a defective DNA repair
of either the AID-induced lesion (as observed in UNG-deficient mice, also in
humans?) or the UNG/AP-endonuclease-induced DNA breaks (as observed in
Ig-CSR deficiency type 4).

The ongoing delineation of inherited Ig-CSR deficiency syndromes is
shedding new light on the process of physiological antibody maturation in
humans. Natural mutants observed in human immunodeficiencies have, in
some cases, been described before generation of the appropriate mouse model.
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The genetic definition of the X-linked CD40L deficiency was determined before
the generation of CD40L-deficient mice. Both observations provided clear evi-
dence for the essential role played in antibody maturation by the CD40 signaling
pathway.

The study of B intrinsic Ig-CSR deficiencies has contributed to a better
understanding of the complex mechanisms underlying the CSR and the SHM.
The phenotype of AID-deficient patients and mice, which have been concomi-
tantly described, has demonstrated the master role of this newly described
B-cell-specific molecule in both events of antibody maturation, the CSR and
SHM. Data obtained in humans have contributed to establish that AID acts
upstream from the occurrence of the DSB in S regions. The description of an Ig-
CSR deficiency caused by UNG deficiency provided strong evidence for a
DNA-editing activity for AID, first suggested by in vitro data. Additional data
have shown that AID could act in antibody maturation not only by its cyti-
dine deaminase activity but as a potential docking protein recruiting cofactors.
Study of natural as well as artificially engineered mutants in humans strongly
suggests that the C-terminus of AID could bind specific CSR cofactors, involved
in DNA repair rather than in AID targeting. In addition, the description that
peculiar AID mutants can exert a dominant negative effect fit with the in vitro
observation of AID homomultimerization. Finally, the study of the up to now
unelucidated Ig-CSR deficiencies could also help to resolve some of the
issues that remain obscure in the Ig-CSR process. One also should not exclude
the description of new phenotypes possibly related to CSR deficiencies, for
instance selective Ig isotype deficiencies, up to now not elucidated (Hanson
et al., 1988).
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