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Abstract

The immunoglobulin (Ig) repertoire achieves functional diversifica-
tion through several somatic alterations of the Ig locus. One of these
processes, somatic hypermutation (SHM), deposits point mutations
into the variable region of the Ig gene to generate higher-affinity
variants. Activation-induced cytidine deaminase (AID) converts cy-
tidine to uridine to initiate the hypermutation process. Error-prone
versions of DNA repair are believed to then process these lesions
into a diverse spectrum of point mutations. We review the current
understanding of the molecular mechanisms and regulation of SHM,
and also discuss emerging ideas which merit further exploration.
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INTRODUCTION:
IMMUNOGLOBULIN

A . DIVERSIFICATION
g: antigen

Ig: immunoglobulin
SHM: somatic
hypermutation

CSR: class switch
recombination

GC: gene
conversion

biological function exceed the information

the adaptive immune system face just such
a dilemma: how to extract a virtually infinite
repertoire of antigen (Ag)-recognition from a
finite supply of genomic information. A “one
gene to one Ag” library is unfeasible, so in-
stead, repertoire diversity is achieved through
somatic alterations of the immunoglobulin
(Ig) locus, which encodes the cell surface re-
ceptor responsible for antigen recognition. Ig
molecules contain two light chains and two
heavy chains arranged in a roughly Y-shaped
configuration. The N-terminal prongs (Vari-
able, or V region) specify the Ag-recognizing
capacity, whereas the C-terminal stem (Con-
stant, or C region) specifies the effector func-
tions of the molecule. Somatic diversification
events occur at both portions of the Ig.
Primary diversification occurs in early B
cell development during assembly of the V
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Figure 1

Ig diversification events. Schematic of the mouse IgH locus (not drawn to
scale) and somatic alterations of the locus. Developing B cells assemble a
functional V region from a pool of germline V, D, and J gene segments
[V(D)J recombination]. Further diversification events later occur in an
AID-dependent manner. SHM at the rearranged V region produces
variants with increased antigen affinity. Secondary Ig isotypes are
produced through CSR, which replaces the initial Cu with any
downstream Cx region (where “x” is 3, v1, y2b, y2a, ¢, or ) via
nonhomologous recombination between S regions preceding the C exons.
SHM and CSR are depicted here as simultaneous events, but in vivo they
occur independently of one another.
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There are times when the requirements of

content of the genome. B-lymphocytes of

region, a process called V(D)] recombination.
This involves the joining of three segments—
Variable (V), Diversity (D), and Joining (J)—
randomly selected from a germline pool of
multiple gene segments (Figure 1). A mature
B lymphocyte which has undergone V(D)] re-
combination is then distinct from all others
at three levels: (7) the choice of V, D, and J
segments, (/i) the combination of rearranged
heavy and light chains, and (i) junctional
insertions and deletions which occur during
rearrangement.

After maturation in the bone marrow, B
cells expressing functional Ig migrate to the
periphery, where Ag-dependent secondary di-
versification may take place. Somatic hyper-
mutation (SHM) introduces point mutations
into the Vregion antigen-binding pocket, cre-
ating Ig variants with enhanced affinity for a
particular Ag. These mutations arise at a rate
of 107*/basepair/generation (52), several or-
ders of magnitude above the rate of sponta-
neous mutation. Class switch recombination
(CSR), in contrast, exchanges the initial Cp
for one of the downstream C regions through
deletional recombination, allowing for switch
between different Ig isotypes, each with dis-
tinct effector function (Figure 1). Certain
species such as chickens and rabbits employ
gene conversion (GC) as an alternate means
of Ig diversification, where the rearranged V
gene exchanges short pieces with upstream
V pseudogene segments. Though mechanis-
tically disparate, SHM, CSR, and GC share
a common initiation event—deamination of
cytidine to uridine. In this review we focus on
SHM—the initiating lesion, the quality of le-
sion resolution that leads to mutation, and the
protein factors and locus elements that regu-
late the process.

CHARACTERISTICS OF SHM

Transcription Dependence of SHM

Point mutations introduced into the V re-
gion reside within a limited physical range.
The domain of mutation begins ~150 bp
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downstream of the IgV promoter, and ex-
tends for ~1-2 kb, exhibiting decreasing
mutation frequency with increasing distance
from the promoter (50). This pattern sug-
gests that the promoter plays a role in the
positioning of mutations in the V region;
and indeed, SHM has been shown to be in-
timately linked to transcription. Deletion of
the promoter in an IgH transgene results
in diminished SHM (18), and furthermore,
the rate of mutation directly correlates to
the amount of transcription through a locus
).

Storb and colleagues have formulated
a model to describe this concurrence of
SHM and transcription, in which a mu-
tator factor associates with an RNA poly-
merase II (RNAP) transcriptional complex,
and deposits mutations as it tracks along the
transcribed gene (27, 43). The absence of
mutations in the 5-most ~150 nts could
be explained by two nonmutually exclusive
mechanisms: (/) the RNAP complex must
transition to the elongation phase of tran-
scription before the mutator can dock onto the
complex, and/or (i7) the transcriptional com-
plex must process a certain distance into the
gene to make the mutational substrate avail-
able to the mutator (for example, a wake of
supercoiled DNA trailing behind an RNAP
complex). Then, mutation would begin to
trail off as the transcriptional complex travels
away from the promoter simply due to nat-
ural “breathing” of the mutator-RNAP com-
plex, or perhaps due to more active processes
of dissociation (for instance, during RNAP
pausing).

Transcription is clearly necessary, but not
sufficient, for SHM to occur. With a few ex-
ceptions (38, 42), non-Ig genes are not hy-
permutated even when highly transcribed.
A more active targeting process must be at
work to target the Ig gene for SHM, and
furthermore, to deliver mutation machinery
specifically to the V region of the Ig locus.
The nature of this targeting process remains
a mystery.

Molecular Spectrum of SHM

Along with its physical boundaries, SHM also
shows specific molecular properties. Muta-
tions at all four bases have been observed,
with transitions predominant over transver-
sions (19). The local environment can specify
the mutability of certain bases. C:G basepairs
appear to mutate at equal frequencies regard-
less of strand placement (template vs nontem-
plate); however, strand polarity is observed for
A:T basepairs, where mutation preferentially
occurs on a template strand A (34). Primary
sequence may affect the placement of muta-
tions, as mutated Cs are often seen in con-
junction with a hotspot motif, WRCY (where
W =A/T, R=A/G, and Y = C/T), or its
complement RGYW (53). Hotspot motifs are
not absolute determinants of mutability, how-
ever, since not all mutated Cs are associated
with hotspots. Additionally, the primary se-
quence of the V region is not definitively re-
quired for SHM, as it can be replaced by a
heterologous gene with no apparent defect in
mutation rate (68).

These observations give rise to the follow-
ing questions: What accounts for the qualita-
tive differences in mutation at C:G vs A:'T?
What unique property does the IgV locus
possess, other than primary sequence, which
could render it more amenable to SHM than
all other genes?

ACTIVATION-INDUCED
CYTIDINE DEAMINASE

For four decades after Lederberg first pro-
posed that “genic diversity of the precursors of
antibody-forming cells arises from a high rate
of spontaneous mutation” (26), the identity of
the mutator remained unknown. It wasn’t un-
til 1999 that Honjo and colleagues identified
activation-induced cytidine deaminase (AID)
as the key factor that triggers not only SHM
but also CSR (35, 36). Gene conversion was
later shown to be dependent on AID as well
(1), implicating AID as a fundamental media-
tor of Ig diversification processes.

www.annualyreviews.org o I globulin Somatic Hypermutation

Transition: a purine
to purine (A or G),
or pyrimidine to
pyrimidine (C or T)
base change

Supercoiled DNA:
DNA compacted by
changes in helical
twisting
Transversion: a
purine to pyrimidine
base change, or vice
versa

AID:
activation-induced
cytidine deaminase
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Features of AID
Based on sequence homology, AID was clas-
APOBEC: sified into the APOBEC family of polynu-

apolipoprotein-B
editing complex
Protein kinase A
(PKA): a
cAMP-dependent
serine/threonine

protein kinase with a

consensus

phosphorylation site

RRx(S/T)

ssDNA:
single-stranded
DNA

cleotide cytidine deaminases, which perform
hydrolytic deamination of cytidine (C) to uri-
dine (U). Much like its APOBEC relatives,
AID contains a canonical cytidine deami-
nase motif, with key histidine and cysteine
residues used for zinc coordination and catal-
ysis. The positively charged N terminus car-
ries a putative bipartite nuclear localization
signal, though its nuclear localization capacity
has not been definitively shown (21, 32). The
C terminus, in contrast, harbors a leucine-
rich nuclear export signal, which accounts for
the predominantly cytoplasmic distribution of
AID protein (9, 21, 32). Mutational studies
have provided evidence of further functional
polarity between the two termini of AID.
N-terminal AID mutants are feeble hyper-
mutators, but retain CSR-competence; con-
versely, C-terminal AID mutants are SHM-
competent, but show impaired CSR (5, 58).
These observations imply the existence of
SHM- or CSR-specific cofactors that prefer-
entially associate with AID at the N terminus
or C terminus, respectively, and confer upon
it distinct targeting or functional capacities.
In addition to regulation of AID via these
intrinsic features, posttranslational modifica-
tion also modulates AID behavior. Protein
kinase A (PKA)-dependent phosphorylation
of serine-38 (S38) occurs on a small subset
of AID molecules in activated murine B cells
(6, 33, 41). Mutation of this phosphoryla-
tion site results in functional impairment of
both SHM and CSR (6, 33, 41). However,
non-S38-phosphorylated AID demonstrates
enzymatic competence (7), so the modifica-
tion appears to be regulatory, not activat-
ing. Indeed, S38 phosphorylation is essential
for the association between AID and one of
its few known interacting partners, replica-
tion protein A (RPA), a single-stranded DNA
(ssDNA) binding protein (6, 10). This ob-
servation has driven the hypothesis of RPA-
mediated delivery of AID to a preferred
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ssDNA target. An additional phosphorylation
site at tyrosine-184 has been experimentally
observed, and a putative site at threonine-27
lies in a PKA consensus motif, but the func-
tional significance of these residues has yet to
be confirmed.

APOBEC family members have been
shown to form functional homodimers, and
AID appears to be no exception. Mutational
experiments have pinpointed the region be-
tween threonine-27 to histidine-56 as an es-
sential dimerization motif (62). Comparable
conclusions have also been drawn from com-
parative modeling of AID based on a re-
cently published APOBEC?2 crystal structure,
though this latter study also proposes an AID
tetramerization interface (47). To date, the
crystal structure of AID itself has not been
determined, leaving comparative modeling as
an informative, but in many ways, flimsy sub-
stitute for structural information about AID.
Technical difficulties in obtaining workable
quantities of soluble and biochemically “well-
behaved” recombinant AID have greatly ham-
pered progress on this issue. Nevertheless,
solving the AID structure remains a neces-
sary undertaking, as the physical form of the
enzyme should potentially uncover secrets of
molecular function.

Biochemical Activity of AID

Noting the homology between AID and
the  well-characterized RNA-deaminase
APOBECI, the original discoverers of AID
proposed that it edited and activated the
mRNA of an SHM- or CSR-catalyzing
factor. Though some intriguing arguments
have recently been made in favor of this
RNA-editing hypothesis for CSR, the bulk
of experimental evidence endorses a DNA-
deaminating role for AID in secondary Ig
diversification.

Ectopic expression of AID in Escherichia
coli allows for widespread genomic mutation,
and since bacteria are rather unlikely to host
the same complement of mRNA substrates as
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vertebrate B cells, thisimplies direct modifica-
tion of DNA (44). The same authors showed
that AID-induced mutation in E. co/i can be
enhanced by deficiency of uracil DNA glyco-
sylase (UNG), a base-excision repair enzyme
that removes uracil from DNA. Accordantly,
in vitro demonstrations of AID activity re-
vealed a substrate preference for ssDNA, and
not dsDNA or RNA (8, 11, 16, 59).

The intimate correspondence between
SHM and transcription suggests a possible
mechanism of ssDNA substrate generation,
since small transient loops of ssDNA arise
within the context of transcription bub-
bles. Alt and colleagues have hypothesized
that RPA binding stabilizes transcription-
dependent ssDNA segments, and also
delivers AID to its appropriate substrate (10).
Transcription-dependent alteration of DNA
topology may also contribute to substrate
accessibility, as AID preferentially deaminates
negatively supercoiled DNA (which is found
in the wake of an elongating polymerase) over
relaxed DNA (56). Bisulfite sequencing of IgV
has revealed that transcription-dependent
ssDNA patches certainly exist in vivo, but
are maintained only in a chromatinized (i.e.,
protein-DNA) context (54). Observation of
single-stranded patches on both template and
nontemplate strands led the authors of this
study to speculate on a role for bidirectional
transcription through IgV during SHM,
particularly with regards to stabilization of
ssDNA after collision of two polymerase com-
plexes traveling in opposite directions (54).

In spite of the term “somatic
hypermutation,” AID is not an intrinsi-
cally vigorous mutator. We have already
noted the robust nuclear exclusion of AID,
so by subcellular localization alone, most
cellular AID is sequestered from its substrate,
possibly in an inactive state. In vitro, an AID
molecule binds with nanomolar affinity to a
synthetic substrate carrying a single-stranded
bubble, with the enzymatic consequence that
it can perform only one deamination every
four minutes (24). The resulting long-lived
AID-substrate complex could reflect a second
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role for AID—that of a recruiting platform
for proteins that function downstream of the
initiating deamination reaction. This scenario
is consistent with numerous observations (and
inferences) of AID processivity (24, 45, 56).
However, a recent study has demonstrated
that under conditions of substrate excess, AID
functions in a distinctly distributive mode
(distributive enzyme), in striking comparison
to APOBEC3G, a known processive deam-
inase (processive enzyme) (12). Which of
these models is the more accurate reflection
of in vivo AID function remains unclear.

Inaddition to the innate “lethargy” of AID,
there is some suggestion of active negative
regulation in B lymphocytes. Ectopic expres-
sion of AID in non-B cells induces SHM, but
in a more promiscuous manner than observed
in normally hypermutating V regions (28, 69).
This difference could be explained by nega-
tive regulatory factors present only in the B
lymphocyte (one of the few physiological en-
vironments of AID), which limit ATD activity
to the Ig locus. Constitutive overexpression
in mice causes development of T-lymphomas,
but not B-lymphomas, suggesting again that
B-lymphocyte-specific cofactors check the ac-
tivity of AID, and in this instance play a pro-
tective role against B-lymphomagenesis (39).
Moreover, comparison of endogenous AID to
constitutively overexpressed AID in B cells re-
vealed that the latter performed far less effi-
ciently in SHM (37).

Revelations of AID function have in-
disputably advanced our understanding of
Ig diversification processes. Nevertheless,
the means of regulating AID—whether
by nucleo-cytoplasmic shuttling, posttrans-
lational modification, or interaction with
unidentified partners—remains one of the
most actively investigated areas of the SHM
field.

RESOLVING THE U:G LESION

AID-mediated conversion of C to U is in it-
self mutagenic, as simple replication over the
site (with recognition of U as T) would yield

globulin Somatic Hypermutation

Distributive
enzyme: one that
catalyzes a single
event per substrate

Processive enzyme:
one that catalyzes
multiple successive
events on the same
substrate
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Mismatch repair
(MMR): a repair
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patch synthesis
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transition mutations. Direct consequences of
AID deamination, however, cannot exclu-
sively account for the diverse spectrum of mu-
tations observed in vivo. The SHM process
instead uses the initiating U:G lesion to com-
mandeer natural DNA repair pathways for
mutagenic purposes. The mainstream model
for SHM holds that base excision repair (BER)
broadens the range of mutations at C:G
basepairs, and mismatch repair (MMR) ex-
tends the mutation process to A:T basepairs
(Figure 2).

BER-Mediated Mutation at C:G

Though not normally present in DNA, U nu-
cleotides occasionally appear as unwelcome
guests after AID-independent cytidine deam-

ination or misincorporation of dUMP during
replication (23). Base excision repair (BER)
faithfully mends these lesions, using one of
several uracil DNA glycosylases to remove
the offending U. Hypermutating B cells, on
the other hand, borrow the uracil DNA gly-
cosylase UNG to facilitate mutation at C:G
basepairs. The prevailing hypothesis is that
UNG-mediated cleavage of the U base from
the DNA backbone results in a noninstruc-
tive abasic site, replication of which allows
for transversions in addition to transitions.
In agreement with this model, UNG defi-
ciency shifts the mutation spectrum in favor of
transitions at C:G (15, 20, 51). Additionally,
error-prone polymerases may play a role in
generating C:G mutations. Genetic evidence
suggests that the translesion polymerase Rev1
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Figure 2

DNA deamination model of SHM. The AID-induced uracil (red) in DNA is thought to undergo
differential processing to generate mutations at C:G and A:T basepairs. Candidate enzymes regulating
the steps after AID-mediated deamination are noted. Transition mutations are indicated in green, and
transversion mutations in blue. Cooperation between the BER- and MMR-mediated pathways may also

occur (dashed arrow).
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traverses UNG-induced abasic sites to pro-
mote transversions at C:G pairs (22), and that
the low-fidelity polymerase © (polf) can in-
troduce both transitions and transversions at
abasic sites (31).

These observations provide a rational
framework for explaining the mechanisms of
mutagenesis at C:G pairs, but do not explain
why these processes are rendered preferen-
tially mutagenic instead of corrective.

DNA Cleavage and Mutagenesis

A second mutagenic process has been pro-
posed to function in collaboration with the
UNG-mediated pathway of mutagenesis. The
Mrel1/Rad50/Nbsl (MRN) complex nor-
mally functions in DNA break sensing and
repair, but its components have also been im-
plicated in SHM. Overexpression of the Nbs1
subunit in a hypermutating B cell line in-
creases the amount of mutation (66), suggest-
ing that the MRN complex can facilitate mu-
tagenic processing of AID-generated lesions.
A complementary study showed that Mrell
is enriched at IgV in hypermutating B cells,
and furthermore, Mrel1/Rad50 cleaves abasic
sites to form ssDNA breaks, leaving ends that
cannot be extended by the usual high-fidelity
DNA polymerases (25). This could then ne-
cessitate the use of alternate low-fidelity (i.e.,
mutagenic) polymerases to further process the
damaged site.

MMR-Mediated Mutation at A:T

AID induces two abnormal features into the V
region, the first being a foreign base in DNA
(discussed above), and the second being a U:G
mismatch. Genetic evidence suggests that the
latter triggers an MMR-based pathway of mu-
tagenesis, though many details are not under-
stood with great precision. The MMR het-
erodimer MSH2/MSHG6 has been shown to
bind U:G mismatches (64), and presumably
enables gap formation and error-prone syn-
thesis to generate mutations outside of the
initial mismatch. Mice deficient in MSH2 or
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MSHG6 exhibit substantial reduction of A:T
mutations (29, 46,49, 63), supporting the idea
of subverted MMR as a major source of mu-
tations at A:'T pairs.

An attractive candidate for subsequent gap
formation is Exonucleasel (Exol), a known
partner of MSH2. It has been observed in
physical association with the V region, and
Exol-deficient mice also possess the reduced
AT mutation phenotype observed in the
MSH2/MSHG6 knockouts (4). The single-
stranded gap created by Exol is believed to
undergo low-fidelity regeneration by error-
prone polymerases, thus extending mutations
to A:T basepairs. Compelling evidence im-
plicates the known low-fidelity DNA poly-
merase 1 (poln) as the mutagenic culprit.
Again, mouse knockout models show that
poln deficiency results in diminished muta-
tion of AT pairs (13, 14, 30), and with al-
lusion to upstream events, MSH2/MSHG6 has
been shown to stimulate poln catalysis in vitro
(64). Other low-fidelity polymerases with mis-
match extension capability, such as pol6 (71)
and pol( (70) are proposed to function in this
phase of SHM as well. It is unknown if this
repair pathway is capable of introducing the
A:T mutation strand bias observed in vivo.

The means by which IgV is temporally
and spatially targeted for error-prone re-
pair is largely undescribed. A recent study,
though, makes the tantalizing proposal that
Rad6/Rad18-mediated recognition of AID-
induced DNA lesions triggers the monoubiq-
uitination of proliferating cell nuclear antigen
(PCNA), thus signaling for the recruitment of
error-prone polymerases (3). Such a DNA-
lesion-dependent molecular switch between
error-free and error-prone synthesis fits quite
nicely into the prevailing model of SHM, and
warrants further examination.

Alternate Modes of SHM?

The popular model of SHM as a collabo-
ration between subverted BER and MMR
is certainly supported by experimental evi-
dence. Indeed, simultaneous inactivation of

globulin Somatic Hypermutation
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UNG/MSH2 or UNG/MSHS6 erases the mu-
tational signature of SHM (48, 57). How-
ever, some intriguing observations suggest
novel amendments or additions to the current
model, particularly with regard to mutation at
A:T basepairs.

The hypermutating Burkitt lymphoma cell
line Ramos performs very little A:T' mutation,
yet harbors fully functional MMR machinery
(MSH2, MSH6, and poln) (65). This could be
sensibly explained by the absence in Ramos of
an unidentified factor necessary for the canon-
ical MMR-mutagenesis pathway. Conversely,
is it possible that MMR per se is not the re-
quirement for mutation at A:T? In either case,
additional unknown factors could be at work
in this A:T phase of hypermutation.

Completely different mechanisms for A:'T
mutagenesis have also been recently set forth.
Franklin & Blanden comment that the strand-
unbiased mutation at C:G vs the strand-biased
mutation at A:T is not easily explained by
the current model (17). They propose a novel
mechanism of RNA-dependent DNA synthe-
sis by poln to introduce mutations specif-
ically at A:T pairs. Along similar lines, a
computational study has proposed ADAR-
mediated A to I (inosine) editing of IgV
mRNA, with subsequent reverse transcrip-
tion by poln to generate A:'T" mutations (60).
Though clearly more complicated than the
MMR-based model, such a mechanism could
potentially account for the observed A:T
strand bias. These obvious departures from
current thinking are not necessarily incom-
patible with the standard model and could per-
haps play alternate or backup roles in SHM;
these possibilities will of course require rigor-
ous experimental testing.

REGULATION AND TARGETING
OF SHM

SHM run amok can introduce mutations into
proto-oncogenes, and such mistargeted mu-
tations have been found in association with
a number of B cell lymphomas (42, 55). To
avoid these types of deleterious alterations,
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the mutational machinery must be precisely
delivered to the Ig locus. The exact qualities
of the IgV region that make it preferentially
attractive for hypermutation are not known.

Given that the V region sequence itself is
not requisite for SHM, targeting functions
for associated cis-elements have been pro-
posed. Replacement of the IgV promoter with
a heterologous promoter exhibiting equiva-
lent or higher transcriptional activity could
not reproduce wild-type levels of SHM (67).
This could imply an additional transcription-
independent role for the IgV promoter in re-
cruiting SHM to the locus. Similarly, Ig en-
hancers have been suggested to function as
loading docks for targeting proteins and/or
AID, in addition to regulating transcription.
Enhancer deletions in Ig transgenes have
hinted at nontranscriptional roles, but syn-
onymous deletions at endogenous Ig loci have
not consistently recapitulated the transgene
phenotypes (reviewed in 38). An intrachro-
mosomal delivery system for SHM to IgV
based on cis-element-mediated recruitment of
mutational factors is an appealing hypothe-
sis, but will require more coherent data for
validation.

Instead of a defined genetic locus made of
a promoter, enhancers, exons, and introns—
perhaps the SHM apparatus perceives IgV as
a collection of mutationally palatable molec-
ular motifs. Are there primary sequence el-
ements outside of the IgV exon that attract
trans-factors? What types of secondary struc-
tures are prevalent in IgV? Are such motifs
mimicked in the oncogenes that are mistarged
by SHM? Does chromatin remodeling (hi-
stone replacement, for example) temporally
and spatially differentiate IgV from other lo-
cations in the genome? Further exploration
of these questions could potentially reveal the
physical signature of IgV that attracts SHM.

An alternate paradigm for targeting is sug-
gested by observations of SHM outside of the
Iglocus. We have already noted the occasional
mistargeting of non-Ig genes associated with
lymphomagenesis (42, 55). Two groups have
also reported hypermutability of a proviral
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reporter gene regardless of genomic integra-
tion site (40, 61). In both of these situations,
mutations are far less abundant in comparison
to normal SHM at IgV. One could imagine
that the entire genome has equivalent poten-
tial for mutability by AID, but non-Ig sites are
shielded from SHM by the presence of normal
high-fidelity DNA repair. Perhaps focusing of
SHM to IgV is accomplished not by directed
targeting of AID, but by specific delivery of
error-prone repair.

PERSPECTIVE

Evolutionary conservation of SHM among di-
verse vertebrate species, along with the known
immunological defects associated with AID-
deficiency, reflect the might of SHM, a pro-

SUMMARY POINTS

cess that has harnessed the power of muta-
tion to confer immunological protection. Less
than a decade after the landmark discovery of
AID, a model of SHM as the consequence
of subverted DNA repair has been largely
embraced by the field. However, our knowl-
edge of the events preceding AID-mediated
deamination (targeting, in particular), and the
means by which a simple uracil in DNA is
permuted into the diverse spectrum of in vivo
SHM, still remain incomplete. Refinement of
the mainstream model will be necessary to ac-
count for unexplained phenomena in SHM.
Furthermore, a better understanding of SHM
itselfwill provide insight into oncogenesis, ge-
nomic integrity, DNA damage repair, and the
related diversification processes of CSR and

GC.

1. AID-mediated deamination of cytidine to uridine initiates SHM.

Annu. Rev. Genet. 2007.41. Downloaded from arjournals.annualreviews.org
by Rockefeller University on 07/11/07. For personal use only.

2. Mutations at C:G basepairs are believed to arise from error-prone BER, and possibly
from MRN-dependent single-strand DNA breaks.

3. Mutations at A:'T basepairs are believed to arise from error-prone MMR, though the
current model does not account for the strand-biased nature of mutations.

4. Targeting of SHM to IgV is not well understood. Candidate mechanisms include
facilitated delivery of AID, recruitment by cis-elements or other physical features of
IgV, or recruitment of error-prone repair.

FUTURE ISSUES
1. Whatis the crystal structure of AID, and will it reveal details of catalysis or regulation?

2. How is AID activity regulated—through protein partners, posttranslational modifi-
cations, nuclear exclusion, association with specific forms of RINAP?

3. Why does repair proceed in an error-prone fashion specifically at the IgV locus?

4. Are subverted BER and MMR sufficient to explain the molecular spectrum of SHM?
Could alternate mechanisms such as RNA-editing play a role?

5. Docis-elements or other intrinsic properties of the IgV locus (sequence motifs, higher-
order DNA structures, chromatin structure) predispose it to hypermutation?

6. What are the means of inter- and intralocus targeting of SHM?

www.annualyreviews.org o I globuli

n Somatic Hypermutation — 115



Annu. Rev. Genet. 2007.41. Downloaded from arjournals.annualreviews.org

by Rockefeller University on 07/11/07. For personal use only.

ANRV329-GE41-06

ARI

4 June 2007

116

17:56

DISCLOSURE

The authors are not aware of any biases that might be perceived as affecting the objectivity of

this review.

ACKNOWLEDGMENTS

The authors thank B. Rosenberg for critical reading of the manuscript. G.T. is supported by
NIH NRSA training grant GM066699. EN.P. is partially supported by NIH CA098495-03.

LITERATURE CITED

1.

10.

11.

12.

13.

14.

Arakawa H, Hauschild J, Buerstedde JM. 2002. Requirement of the activation-induced
deaminase for immunoglobulin gene conversion. Science 295(5558):1301-6

. Bachl ], Carlson C, Gray-Schopfer V, Dessing M, Olsson C. 2001. Increased transcription

levels induce higher mutation rates in a hypermutating cell line. 7. Inzmunol. 166(8):5051-
57

. Bachl], Ertongur I, Jungnickel B. 2006. Involvement of Rad18 in somatic hypermutation.

Proc. Natl. Acad. Sci. USA 103(32):12081-86

. Bardwell PD, Woo CJ, Wei K, Li Z, Martin A, et al. 2004. Altered somatic hypermutation

and reduced class-switch recombination in exonuclease 1-mutant mice. Nat. Immunol.
5(2):224-29

. Barreto V, Reina-San-Martin B, Ramiro AR, McBride KM, Nussenzweig MC. 2003. C-

terminal deletion of AID uncouples class switch recombination from somatic hypermuta-
tion and gene conversion. Mol. Cel/ 12(2):501-8

. Basu U, Chaudhuri J, Alpert C, Dutt S, Ranganath S, et al. 2005. The AID antibody diver-

sification enzyme is regulated by protein kinase A phosphorylation. Nature 438(7067):508—-
11

. Besmer E, Market E, Papavasiliou FN. 2006. The transcription elongation complex di-

rects activation-induced cytidine deaminase-mediated DNA deamination. Mol. Cell. Biol.
26:4378-85

. Bransteitter R, Pham P, Scharff MD, Goodman MF. 2003. Activation-induced cytidine

deaminase deaminates deoxycytidine on single-stranded DNA but requires the action of
RNase. Proc. Natl. Acad. Sci. USA 100(7):4102-7

. Brar SS, Watson M, Diaz M. 2004. Activation-induced cytosine deaminase (AID) is actively

exported out of the nucleus but retained by the induction of DNA breaks. 7. Biol. Chemn.
279(25):26395-401

Chaudhuri J, Khuong C, Alt FW. 2004. Replication protein A interacts with AID to
promote deamination of somatic hypermutation targets. Nature 430(7003):992-98
Chaudhuri J, Tian M, Khuong C, Chua K, Pinaud E, Alt FW. 2003. Transcription-targeted
DNA deamination by the AID antibody diversification enzyme. Nature 422(6933):726-30
Coker HA, Petersen-Mahrt SK. 2007. The nuclear DNA deaminase AID functions dis-
tributively whereas cytoplasmic APOBEC3G has a processive mode of action. DNA Repair
6(2):235-43

Delbos F, Aoufouchi S, Faili A, Weill JC, Reynaud CA. 2007. DNA polymerase eta is the
sole contributor of A/T modifications during immunoglobulin gene hypermutation in the
mouse. 7. Exp. Med. 204(1):17-23

Delbos F, De Smet A, Faili A, Aoufouchi S, Weill JC, Reynaud CA. 2005. Contribution of
DNA polymerase eta to immunoglobulin gene hypermutation in the mouse. 7. Exp. Med.
201(8):1191-96

Teng o Papavasiliou



Annu. Rev. Genet. 2007.41. Downloaded from arjournals.annualreviews.org

by Rockefeller University on 07/11/07. For personal use only.

ANRV329-GE41-06 ARI 4 June 2007 17:56

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

Di Noia J, Neuberger MS. 2002. Altering the pathway of immunoglobulin hypermutation
by inhibiting uracil-DNA glycosylase. Nature 419(6902):43-48

Dickerson SK, Market E, Besmer E, Papavasiliou FN. 2003. AID mediates hypermutation
by deaminating single stranded DNA. 7. Exp. Med. 197(10):1291-96

Franklin A, Blanden RV. 2006. A/T-targeted somatic hypermutation: critique of the main-
stream model. Tiends Biochem. Sci. 31(5):252-58

Fukita Y, Jacobs H, Rajewsky K. 1998. Somatic hypermutation in the heavy chain locus
correlates with transcription. Imsmunity 9(1):105-14

Golding GB, Gearhart PJ, Glickman BW. 1987. Patterns of somatic mutations in im-
munoglobulin variable genes. Genetics 115(1):169-76

Imai K, Slupphaug G, Lee WI, Revy P, Nonoyama S, et al. 2003. Human uracil-DNA
glycosylase deficiency associated with profoundly impaired immunoglobulin class-switch
recombination. Nat. Immunol. 4(10):1023-28

Ito S, Nagaoka H, Shinkura R, Begum N, Muramatsu M, et al. 2004. Activation-induced
cytidine deaminase shuttles between nucleus and cytoplasm like apolipoprotein B mRNA
editing catalytic polypeptide 1. Proc. Natl. Acad. Sci. USA 101(7):1975-80

Jansen JG, Langerak P, Tsaalbi-Shtylik A, Van Den Berk P, Jacobs H, et al. 2006. Strand-
biased defect in C/G transversions in hypermutating immunoglobulin genes in Revl-
deficient mice. 7. Exp. Med. 203(2):319-23

Krokan HE, Drablos F, Slupphaug G. 2002. Uracil in DNA—occurrence, consequences
and repair. Oncogene 21(58):8935-48

Larijani M, Petrov AP, Kolenchenko O, Berru M, Krylov SN, et al. 2007. AID associates
with single-stranded DNA with high affinity and a long complex half-life in a sequence-
independent manner. Mol. Cell. Biol. 27(1):20-30

Larson ED, Cummings WJ, Bednarski DW, Maizels N. 2005. MRE11/RADS0 cleaves
DNA in the AID/UNG-dependent pathway of immunoglobulin gene diversification. Mol.
Cell 20(3):367-75

Lederberg J. 1959. Genes and antibodies. Science 129(3364):1649-53

Longerich S, Tanaka A, Bozek G, Nicolae D, Storb U. 2005. The very 5" end and the
constant region of Ig genes are spared from somatic mutation because AID does not access
these regions. 7. Exp. Med. 202(10):1443-54

Martin A, Scharft MD. 2002. Somatic hypermutation of the AID transgene in B and non-B
cells. Proc. Natl. Acad. Sci. USA 99(19):12304-8

Martomo SA, Yang WW, Gearhart PJ. 2004. A role for Msh6 but not Msh3 in somatic
hypermutation and class switch recombination. 7. Exp. Med. 200(1):61-68

Martomo SA, Yang WW, Wersto RP, Ohkumo T, Kondo Y, etal. 2005. Different mutation
signatures in DNA polymerase eta- and MSH6-deficient mice suggest separate roles in
antibody diversification. Proc. Natl. Acad. Sci. USA 102(24):8656-61

Masuda K, Ouchida R, Takeuchi A, Saito T, Koseki H, et al. 2005. DNA polymerase theta
contributes to the generation of C/G mutations during somatic hypermutation of Ig genes.
Proc. Natl. Acad. Sci. USA 102(39):13986-91

McBride KM, Barreto V, Ramiro AR, Stavropoulos P, Nussenzweig MC. 2004. Somatic
hypermutation is limited by CRM1-dependent nuclear export of activation-induced deam-
inase. 7. Exp. Med. 199(9):1235-44

McBride KM, Gazumyan A, Woo EM, Barretto VM, Robbiani DF, etal. 2006. Regulation
of hypermutation by activation-induced cytidine deaminase phosphorylation. Proc. Natl.
Acad. Sci. USA 103(23):8798-803

Milstein C, Neuberger MS, Staden R. 1998. Both DNA strands of antibody genes are
hypermutation targets. Proc. Natl. Acad. Sci. USA 95(15):8791-94

www.annualyreviews.org o I globulin Somatic Hypermutation

117



Annu. Rev. Genet. 2007.41. Downloaded from arjournals.annualreviews.org

by Rockefeller University on 07/11/07. For personal use only.

ANRV329-GE41-06 ARI 4 June 2007

118

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

17:56

Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y, et al. 2000. Class switch
recombination and hypermutation require activation-induced cytidine deaminase (AID),
a potential RNA editing enzyme. Cel/ 102(5):553-63

Muramatsu M, Sankaranand VS, Anant S, Sugai M, Kinoshita K, et al. 1999. Specific
expression of activation-induced cytidine deaminase (AID), a novel member of the RNA-
editing deaminase family in germinal center B cells. 7. Biol. Chem. 274 (26):18470-76
Muto T, Okazaki IM, Yamada S, Tanaka Y, Kinoshita K, etal. 2006. Negative regulation of
activation-induced cytidine deaminase in B cells. Proc. Natl. Acad. Sci. USA 103(8):2752-57
Odegard VH, Schatz DG. 2006. Targeting of somatic hypermutation. Nat. Rev. Immunol.
6(8):573-83

Okazaki IM, Hiai H, Kakazu N, Yamad S, Muramatsu M, et al. 2003. Constitutive expres-
sion of AID leads to tumorigenesis. 7. Exp. Med. 197(9):1173-81

Parsa JY, Basit W, Wang CL, Gommerman JL, Carlyle JR, et al. 2007. AID mutates
a nonimmunoglobulin transgene independent of chromosomal position. Mol. Immunol.
44(4):567-75

Pasqualucci L, Kitaura Y, Gu H, Dalla-Favera R. 2006. PKA-mediated phosphorylation
regulates the function of activation-induced deaminase (AID) in B cells. Proc. Natl. Acad.
Sei. USA 103(2):395-400

Pasqualucci L, Neumeister P, Goossens T, Nanjangud G, Chaganti RS, et al. 2001. Hy-
permutation of multiple proto-oncogenes in B-cell diffuse large-cell lymphomas. Nature
412(6844):341-46

Peters A, Storb U. 1996. Somatic hypermutation of immunoglobulin genes is linked to
transcription initiation. Immunity 4(1):57-65

Petersen-Mahrt SK, Harris RS, Neuberger MS. 2002. AID mutates E. co/i suggesting a
DNA deamination mechanism for antibody diversification. Nature 418(6893):99-103
Pham P, Bransteitter R, Petruska J, Goodman MF. 2003. Processive AID-catalysed cy-
tosine deamination on single-stranded DNA simulates somatic hypermutation. Nature
424(6944):103-7

Phung QH, Winter DB, Cranston A, Tarone RE, Bohr VA, et al. 1998. Increased hyper-
mutation at G and C nucleotides in immunoglobulin variable genes from mice deficient
in the MSH2 mismatch repair protein. 7. Exp. Med. 187(11):1745-51

Prochnow C, Bransteitter R, Klein MB, Goodman MF, Chen XS. 2007. The
APOBEC-2 crystal structure and functional implications for the deaminase AID. Nature
445(7126):447-51

Rada C, Di Noia JM, Neuberger MS. 2004. Mismatch recognition and uracil excision
provide complementary paths to both Ig switching and the A/T-focused phase of somatic
mutation. Mol. Cell 16(2):163-71

Rada C, Ehrenstein MR, Neuberger MS, Milstein C. 1998. Hot spot focusing of somatic
hypermutation in MSH2-deficient mice suggests two stages of mutational targeting. Irz-
munity 9(1):135-41

Rada C, Milstein C. 2001. The intrinsic hypermutability of antibody heavy and light chain
genes decays exponentially. EMBO 7. 20(16):4570-76

Rada C, Williams GT, Nilsen H, Barnes DE, Lindahl T, et al. 2002. Immunoglobulin
isotype switching is inhibited and somatic hypermutation perturbed in UNG-deficient
mice. Curr. Biol. 12(20):1748-55

Rajewsky K, Forster I, Cumano A. 1987. Evolutionary and somatic selection of the antibody
repertoire in the mouse. Science 238(4830):1088-94

Teng o Papavasiliou



Annu. Rev. Genet. 2007.41. Downloaded from arjournals.annualreviews.org

by Rockefeller University on 07/11/07. For personal use only.

ANRV329-GE41-06 ARI 4 June 2007 17:56

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Rogozin IB, Kolchanov NA. 1992. Somatic hypermutagenesis in immunoglobulin genes.
IL. Influence of neighbouring base sequences on mutagenesis. Biochim. Biophys. Acta
1171(1):11-18

Ronai D, Iglesias-Ussel MD, Fan M, Li Z, Martin A, et al. 2006. Detection of chromatin-
associated single-stranded DNA in regions targeted for somatic hypermutation. 7. Exp.
Med. 204(1):181-90

Shen HM, Peters A, Baron B, Zhu X, Storb U. 1998. Mutation of BCL-6 gene in normal
B cells by the process of somatic hypermutation of Ig genes. Science 280(5370):1750-52
Shen HM, Storb U. 2004. Activation-induced cytidine deaminase (AID) can target both
DNA strands when the DNA is supercoiled. Proc. Natl. Acad. Sci. USA101(35):12997-3002
Shen HM, Tanaka A, Bozek G, Nicolae D, Storb U. 2006. Somatic hypermutation and
class switch recombination in Msh6/"Ung~/~) double-knockout mice. 7. Immunol.
177(8):5386-92

Shinkura R, Ito S, Begum NA, Nagaoka H, Muramatsu M, et al. 2004. Separate domains
of AID are required for somatic hypermutation and class-switch recombination. Nat. Inm-
munol. 5(7):707-12

Sohail A, Klapacz J, Samaranayake M, Ullah A, Bhagwat AS. 2003. Human activation-
induced cytidine deaminase causes transcription-dependent, strand-biased C to U deami-
nations. Nucleic Acids Res. 31(12):2990-94

Steele EJ, Lindley RA, Wen J, Weiller GF. 2006. Computational analyses show A-to-G
mutations correlate with nascent mRNA hairpins at somatic hypermutation hotspots. DNA
Repair 5(11):1346-63

Wang CL, Harper RA, Wabl M. 2004. Genome-wide somatic hypermutation. Proc. Natl.
Acad. Sci. USA 101(19):7352-56

Wang J, Shinkura R, Muramatsu M, Nagaoka H, Kinoshita K, et al. 2006. Identification
of a specific domain required for dimerization of activation-induced cytidine deaminase.
7. Biol. Chem. 281(28):19115-23

Wiesendanger M, Kneitz B, Edelmann W, Scharff MD. 2000. Somatic hypermutation in
MutS homologue (MSH)3-, MSH6-, and MSH3/MSH6-deficient mice reveals a role for
the MSH2-MSHG6 heterodimer in modulating the base substitution pattern. 7. Exp. Med.
191(3):579-84

Wilson TM, Vaisman A, Martomo SA, Sullivan P, Lan L, et al. 2005. MSH2-MSH6
stimulates DNA polymerase eta, suggesting a role for A:T mutations in antibody genes. 7.
Exp. Med. 201(4):637-45

Xiao Z, Ray M, Jiang C, Clark AB, Rogozin IB, et al. 2007. Known components of the
immunoglobulin A:'T mutational machinery are intact in Burkitt lymphoma cell lines with
G:C bias. Mol. Immunol. 44(10):2659-66

Yabuki M, Fujii MM, Maizels N. 2005. The MRE11-RADS50-NBSI1 complex accelerates
somatic hypermutation and gene conversion of immunoglobulin variable regions. Nat.
Immunol. Jul;6(7):730-36

Yang SY, Fugmann SD, Schatz DG. 2006. Control of gene conversion and somatic
hypermutation by immunoglobulin promoter and enhancer sequences. 7. Exp. Med.
203(13):2919-28

Yelamos J, Klix N, Goyenechea B, Lozano F, Chui YL, et al. 1995. Targeting of non-Ig
sequences in place of the V segment by somatic hypermutation. Nature 376(6537):225-29
Yoshikawa K, Okazaki IM, Eto T, Kinoshita K, Muramatsu M, et al. 2002. AID
enzyme-induced hypermutation in an actively transcribed gene in fibroblasts. Science
296(5575):2033-36

www.annualreviews.org o I globuli

n Somatic Hypermutation

119



Annu. Rev. Genet. 2007.41. Downloaded from arjournals.annualreviews.org

by Rockefeller University on 07/11/07. For personal use only.

ANRV329-GE41-06

ARI

4 June 2007 17:56

70. ZanH, KomoriA, LiZ, Cerutti A, Schaffer A, etal. 2001. The translesion DNA polymerase
zeta plays a major role in Ig and bcl-6 somatic hypermutation. Immunity 14(5):643-53

71. Zan H, Shima N, Xu Z, Al-Qahtani A, Evinger lii A], et al. 2005. The translesion DNA
polymerase theta plays a dominant role in immunoglobulin gene somatic hypermutation.
EMBO 7.24(21):3757-69

120  Teng o Papavasilion



