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A B S T R A C T

The generation of effective antibodies depends upon somatic hypermutation (SHM) and class-switch

recombination (CSR) of antibody genes by activation induced cytidine deaminase (AID) and the

subsequent recruitment of error prone base excision and mismatch repair. While AID initiates and is

required for SHM, more than half of the base changes that accumulate in V regions are not due to the

direct deamination of dC to dU by AID, but rather arise through the recruitment of the mismatch repair

complex (MMR) to the U:G mismatch created by AID and the subsequent perversion of mismatch repair

from a high fidelity process to one that is very error prone. In addition, the generation of double-strand

breaks (DSBs) is essential during CSR, and the resolution of AID-generated mismatches by MMR to

promote such DSBs is critical for the efficiency of the process. While a great deal has been learned about

how AID and MMR cause hypermutations and DSBs, it is still unclear how the error prone aspect of these

processes is largely restricted to antibody genes. The use of knockout models and mice expressing

mismatch repair proteins with separation-of-function point mutations have been decisive in gaining a

better understanding of the roles of each of the major MMR proteins and providing further insight into

how mutation and repair are coordinated. Here, we review the cascade of MMR factors and repair signals

that are diverted from their canonical error free role and hijacked by B cells to promote genetic

diversification of the Ig locus. This error prone process involves AID as the inducer of enzymatically-

mediated DNA mismatches, and a plethora of downstream MMR factors acting as sensors, adaptors and

effectors of a complex and tightly regulated process from much of which is not yet well understood.

� 2011 Elsevier Masson SAS. All rights reserved.
Organisms from all kingdoms of life are under constant
cytotoxic threats. Genotoxic insults are particularly detrimental
because they could alter the genetic code, ultimately affecting the
integrity of the heritable cellular material. That is why cells have
evolved intricate DNA repair signaling cascades to deal with such
insults. Ironically, though, specific cell types have developed ways
to ‘‘hijack’’ and ‘‘manipulate’’ DNA damage to their advantage.
Germ cells, for example, promote DNA damage during meiosis to
create biodiversity and drive evolution [1–4]; while B cells
instigate DNA damage at various stages of their development to
generate a large repertoire of high affinity protective antibodies
[5–11].

1. AID, an inducer of enzymatically-mediated DNA mismatches

In vertebrates, germline encoded antibodies are usually of low
affinity, hence ineffective in protecting from pathogenic organisms
and their products. Upon interaction with antigen, antibody
forming B cells increase their expression of the cytosine
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deaminating enzyme, AID, which creates U:G mismatches
primarily at the immunoglobulin (Ig) V region. This mutagenic
step, albeit induced and regulated, mimics the formation of a
spontaneously or chemically provoked DNA mismatch, which
could confront any cell. The distinctive difference from what takes
place outside the Ig locus, is that the AID-mediated U:G
mismatches promote the error prone dimension of mismatch
repair (MMR) and base excision repair (BER) machineries (Fig. 1)
[5–10,12]. Together, these repair complexes amplify the mutation
frequency of AID to reach 10-5-10-3/base-pair/generation [13]. This
somatic hypermutation (SHM) process, along with the selection for
higher-affinity clones, is responsible for the affinity maturation of
antibodies [14–18].

AID induced U:G mismatches are also required to initiate class
switch recombination (CSR) at the switch (S) repeat regions
upstream of the Ig constant region genes [19–21]. While many of
the details have yet to be resolved, unlike SHM, the U:G
mismatches here are processed into concerted DNA double strand
breaks (DSBs) at two different S regions. This allows recombination
of the rearranged V region from Sm to one or another of the
downstream constant regions in different progeny of the B cell
clone [22,23]. Isotype switching allows each antigen-binding site
to be expressed with each of the isotypes (eight total in humans),
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Fig. 1. The multifaceted MMR system encompasses the hierarchical recruitment of a plethora of factors with distinct functions, which are activated upon the generation of a

DNA mismatch by inducers like AID. One way to categorize these MMR factors is based on their major role as sensors of the mismatch, as adaptors that orchestrate the diverse

downstream signaling cascade, or as final effectors. Beyond the canonical role of MMR to assure genomic stability, there is the potential impact of DNA repair in AID/APOBEC-

induced epigenetic remodeling, as well as the non-canonical role of MMR in SHM and CSR.
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so that the resulting antibodies can be distributed throughout the
body and carry out a wide variety of effector functions.

Patients who have inactivating mutations in AID are unable to
carry out either SHM or CSR, have type II hyper-IgM immunodefi-
ciency syndrome and require antibody replacement therapy and
antibiotics to survive [24,25]. The AID-dependent mutations and the
recombination process required for CSR are sometimes mistargeted
to proto-oncogenes [26,27], such as Bcl6 and c-myc, and the
resulting uncontrolled expression of those oncogenes is responsible
for �85% of non-Hodgkin’s B cell malignancies in humans [28,29].

How and why is AID preferentially directed to specific regions of
the Ig locus remains unclear but recent studies have demonstrated
that AID targeting and activity require transcription, Ig enhancers,
palindromic repeat sequences, trans-acting transcription factors,
transcription stalling, R-loop formation, RNA splicing elements and
RNA exosome degradation and processing [5,30–36].

2. Genetic and epigenetic consequences of enzymatically-
mediated DNA mismatches

AID belongs to a family of cytosine deaminases, collectively
known as APOBECs. Because cytosines in vertebrates can be
methylated, they are conferred with a unique epigenetic property
[11,37–40]. Enzymes, such as APOBECs, that can deaminate
cytosine bases tend to also affect the cellular epigenetic code by
creating T:G mismatches, since the deamination of 5-methylcy-
tosine (meC) transforms the base into a thymine. In fact, due to the
evolutionary conservation of the APOBECs and their expression in
many different cell types, it might not be surprising if their
epigenetic capability is their truly original activity [41–43]; while
B cells usurped that property of AID to mediate mutations at the Ig
locus of B cells [10]. The role of meC and 5-hydroxymethylcytosine
(hmC) [44–46] has been epigenetically implicated in the regulation
of histone modifications and of gene expression [47,48]. Recent
studies strongly suggest that APOBEC proteins – including AID –
have the potential to promote demethylation of meC [38,49–51]
and hmC [47], which could result in epigenomic remodeling of the
cell (Fig. 1). This is initiated by cytosine deamination which leads to
the emergence of a T:G or hmU:G mismatches, respectively.
APOBEC/AID, hence, could activate or inactivate the expression of
individual genes either by causing mutations or by actively
demethylating promoters of critical genes [43,47]. But to do that,
APOBEC/AID will require the activity of repair factors, likely
including MMR, which could recognize and process the ensued
mismatch. The glycosylase TDG has already been implicated in
DNA demethylation [52,53]. It remains to be seen whether other
glycosylases, such as MDB4, with an affinity towards T:G
mismatches, may also be involved.

What is clear though is that AID is necessary to induce an
enzymatically-mediated mismatch in the DNA – be it of genetic or
epigenetic consequences – but it is not sufficient in itself. AID
requires the activity of a number of downstream DNA repair
pathways – primarily MMR – to conclude its function. In this brief
review, we will use the AID-mediated enzymatic DNA mismatch as
our focal point to describe the downstream MMR signaling
cascades that govern the mediation of SHM and CSR. We will
also, when appropriate, compare and contrast the differences in
signaling between what happens at the Ig locus versus elsewhere
in the genome.

3. MMR sensors and the detection of DNA mismatches

Mismatch repair is highly conserved from bacteria to humans
[54,55]. During normal DNA replication in mammalian cells,
between 70 and 200 dUs are thought to be spontaneously
generated during each S phase of the cell cycle [56]. This is but
a subset of the broader MMR substrate recognition library, yet it is
indistinguishable from the U:G mismatches created by AID
cytosine deamination. In either case, MMR recognizes single
mismatched bases by the MSH2/MSH6 heterodimer (MutSa)
(Fig. 1). Larger mismatches – possibly caused by deamination of
cytosine clusters or by insertions/deletions – are recognized by
MSH2/MSH3 (MutSb). Since a functional role for the latter
complex has not been observed in SHM or CSR (Table 1) [57,58],
we will henceforth focus on the sensing mechanism of MutSa.

It is unclear whether the MSH2/MSH6 complex is constantly
scanning the genome for mismatches or whether it binds to DNA in

situ as a mismatch arises. Some suggest that since PCNA binds
MSH2 and MSH6, this allows the sensor complex to scan the DNA
along with PCNA. Alternatively, the sensor complex could recruit



Table 1
MMR protein deletions and mutants in SHM and CSR.

Key

MMR

factors

Deletions and

Mutants

Key

disturbed

domains

Affected

binding

partners

Suspected

properties affected

Ig phenotype References

S A E SHM CSR

GC AT Frq mH

MSH2 Msh2�/� DBD; PIP box;

Msh3/6;

ATPase

All [TD$INLINE] [TD$INLINE] " # # # [61,81,146–149]

Msh2G674A ATPase Unknown [TD$INLINE] " # # " [67]

MSH3 Msh3�/� DBD; Msh2;

ATPase

All [TD$INLINE] = = = = [57,58]

MSH6 Msh6�/� PIP box; DBD;

Msh2; ATPase

All [TD$INLINE] [TD$INLINE] " # # = [57,58]

Msh6T1217D ATPase Unknown [TD$INLINE] " # # = [68]

MLH1 Mlh1�/� ATPase; Msh2/6;

MLH3/Pms1/2

All [TD$INLINE] = = # " [79,80,81]

Mlh1G67R ATPase None

suspected

[TD$INLINE] = = # " Unpublished

data

MLH3 Mlh3�/� ATPase; Mlh1 All [TD$INLINE] # " = # [83,84]

PMS1 Pms1�/� ATPase; Mlh1; DBD All [TD$INLINE] NA NA NA NA NA

PMS2 Pms2�/� ATPase; Mlh1;

Endonuclease

All [TD$INLINE] [TD$INLINE] = = # " [82]

Pms2E702K Endonuclease None

suspected

[TD$INLINE] = = # = [88]

PCNA Pcna�/� DBD; protein

binding

All [TD$INLINE] [TD$INLINE] NA NA NA NA [12]

PcnaK164R Error prone

protein binding

Polh; other [TD$INLINE] " # # # [12,62]

MBD4 Mbd4�/� Mlh1; meCpG;

glycosylase

All [TD$INLINE] = = = NA [113]

EXO1 Exo1
Dex6 Msh2/6; Mlh1;

exonuclease

Unknown [TD$INLINE] [TD$INLINE] " # # # [150]

Polh Polh�/� PIP box; polymerase All [TD$INLINE] " # = NA [66,99]

LIG1 Lig1�/� DNA ligase; DBD All [TD$INLINE] NA NA NA NA [151]

S: sensor; A: adaptor; E: effector; Ig: immunoglobulin; SHM: somatic hypermutation; CSR: class switch recombination; Frq: frequency; mH: S-S microhomologies; NA: not

available; DBD: DNA binding domain; PIP box: PCNA interaction motif; upward arrow suggests an increase, downward arrow suggests a decrease, and equal sign suggests no

change.
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PCNA after processing a DNA mismatch, which transiently exposes
a nicked ssDNA leading to the loading of the PCNA clamp followed
by polymerases required to fill the ensued DNA gap [59,60]. It is
also plausible that both processes happen but in different stages of
the cell cycle, whereby the first scenario is more likely to occur
during S phase. This has proven hard to verify conclusively since
PCNA null mice are not viable. However, studies on PcnaK164R mice,
where PCNA cannot be ubiquitylated, lends further credence to the
idea that additional factors are recruited by ubiquitylated PCNA at
a subsequent step since PcnaK164R B cells develop milder SHM and
CSR defects compared to MSH2 or MSH6 null or mutant cells (Table
1) [10,12,61,62]. How PCNA is mono- and poly-ubiquitylated as
well as what downstream mechanisms are activated upon
ubiquitylation are just beginning to be understood. RAD6/
RAD18-mediated site-specific mono-ubiquitylation of PCNA at
lysine residue 164 [63,64] and deubiquitylation primarily by USP1
[65] are thought to control the recruitment of error prone
polymerases like Polh, which is a major contributor to SHM after
MSH2/MSH6/PCNA have identified a mismatch [66].

In either case, the active sensing of a U:G mismatch causes
MSH2/MSH6 to trigger a cascade of ATP dependent events that
recruit specialized adaptors, which in turn activate downstream
effectors (Fig. 1). Both MSH2 and MSH6 have ATPase domains
(Table 1). The ATPase function of either members of the MutSa
complex appears to be essential for the DNA mismatch. B cells with
ATPase defective MSH2 (Msh2G674A) or Msh6 (Msh6T1217D) have
varying reductions in SHM and CSR in comparison with MSH2 or
MSH6 null activated B cells, respectively (Table 1) [67,68]. The
Msh2 G674A missense mutation allows the continued expression
of the MSH2 protein and its binding to DNA, but interferes with the
binding and processing of ATP by MSH2 [69]. This blocks its ability
to repair the mismatched bases. Similar MSH2 mutations that
affect ATP processing are frequently found in HNPCC patients
[70,71]. In mouse cells, the mutant protein retains the ability – in

vitro and in vivo – to bind to mismatches and to signal for apoptosis,
but Msh2G674A/G674A cells and lysates cannot repair mismatched
bases. As with Msh2�/�mice, V region mutations in Msh2G674A/G674A

mice were primarily in G:C pairs within AID hot spot motifs and
there was a significant decrease in A:T mutations. Like the Msh2�/�

B cells, there was a 30–50% decrease in isotype switching to IgG1
and IgG3 in primary mouse B cells that were stimulated to switch
in vitro. Comparing the switch recombination sites in Msh2G674A/

G674A with Msh2�/� and wild type mice, we found that the mutant
mice had an increase in large insertions, which is also seen in
Msh2�/� mice. However, the Msh2-deficient or wild type mice did
not show the longer microhomologies that were later seen in
PMS2- and MLH1-deficient mice (Table 1). These differences in the
detailed characteristics of the recombination sites must reflect
differences in how Msh2, the MSH2G674A mutant and the
downstream MMR elements function during recombination in
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vivo. This suggests that the various MMR factors have overlapping,
but also distinct functions that could include providing a structural
scaffold for different downstream factors. Studies with the ATPase
mutant of Msh2 indicated that the major role of MMR in SHM and
CSR is error prone repair of the G:U mismatch, and that the ability
of MMR to signal for apoptosis was not important either in the
mutation of Ig V and SRs or in lymphomagenesis [67].

MSH6 knock-in mice (Msh6T1217D) carrying a mutation that
affects the ATPase function of MutSa have been generated. A
comparable mutation in yeast causes a loss of the ATPase activity of
the MSH2/MSH6 dimer and in humans leads to early onset HNPCC
[72]. In mice, this mutation allows the MSH2/MSH6 dimer to bind
the mismatch, but it cannot be released from DNA by ATP in vitro and
there is no repair of the mismatch. However, signaling for apoptosis
is retained [72]. Like the Msh6�/� mice, the Msh6T1217D/T1217D mice
have a decrease in SHM largely attributable to a loss of mutations in
A:T. However, the actual decrease in SHM in the Msh6T1217D/T1217D

mice is intermediate between the wild type and the knock out,
suggesting that the MSH6 protein has an ATP independent function
that does not require the repair of the mutation. The Msh6T1217D/

T1217D mice have a decrease in CSR that is comparable to the knock
out, but the sites of recombination in the S-S microhomologies,
which were abnormal in the knockout, are like the wild type mice,
again suggesting a role for the MSH6 protein itself. Like the MSH6-
deficient mice, the mutations in V are more focused than in the wild
type mice and Msh2�/�mice, with fewer hotspots being targeted. By
analyzing a very large number of sequences, we were able to show
that the actual hotspots that are mutated in G:C in Msh6T1217D/T1217D

mice are different from those observed in Msh6�/� and wild type
mice and that more AID cold spots were targeted, some of which do
not undergo mutation in either the wild type or knockout mice. Since
the MSH6T1217D protein remains associated with DNA in vitro, and
there is a dominant negative phenotype for cancer [72], one of many
possibilities is that this mutant protein binds to AID-induced
mismatches and blocks subsequent deamination of neighboring
bases by AID in the next round of AID-induced mutations. Recent
studies on the possible functional interaction of AID with MSH2 and
MSH6 seem to support some sort of role for MutSa in recruiting AID
to hotspots [73].

It has been a long-standing question whether MSH2 and MSH6
could have independent functions in MMR. MSH2/MSH6 doubly
defective and MSH2/MSH6/MSH3 triply defective mice have been
analyzed for SHM and CSR and appear largely indistinguishable
from the single Msh2�/� and Msh6�/� deficient mice [61].
Combined, all these results suggest that the heterodimer formed
by MSH2 and MSH6, but not MSH3, is critical for detecting AID-
generated mismatches at the Ig locus and plays the major role
activating the downstream mechanisms that introduce mutations
at the A:T bases surrounding the initial U:G mismatch. To reiterate,
MSH2 and MSH6 are unlikely to be just sensors. Owing to their
variety of domains (Table 1), they are also structurally required as
adaptors for the recruitment of downstream factors, such as PCNA,
MLH1, PMS2, and EXO1 [74–76]. Whether the ATPase activity
would be required to mediate the sensory and/or adapter functions
of MutSa remains to be seen. But the separation-of-function
phenotypes observed in point mutant mice have and continue to
offer unique opportunities to study the overlapping functions of
MSH2 and MSH6 in antibody diversification.

4. MMR adaptors and their role in relaying the signaling
response

MLH1/PMS2 (MutLa), MLH1/PMS1 (MutLb), or MLH1/MLH3
(MutLg) are considered the canonical MMR adaptor molecules or
‘‘match-makers’’ that coordinate the recognition of the mismatch
with its excision via recruitment of downstream factors and
introduction of a single stranded nick 50 or 30 to the mismatch
[77,78] (Fig. 1). However, only MutLa has been significantly
associated to the repair of AID-generated mismatches at the Ig
locus. Yet, it has been confounding that mice deficient in MLH1 or
PMS2 have a significant defect in CSR but undergo normal SHM
([79–82]; Table 1); a phenotype distinct from the one observed in
MSH2- or MSH6-deficient mice. One possibility is that there are
other MMR proteins that could substitute for MLH1 and PMS2. But
analysis of the most likely candidates – PMS1 and MLH3 – renders
the likelihood of that option remote. MLH3-deficient mice have a
normal rate of CSR and display only a slight increased rate of SHM
(Table 1) [83,84]. PMS1 mouse models, on the other hand, are yet to
be generated; but studies have – so far – not suggested a PMS1
function that is independent of MLH1 [76,85]. These findings
support the notion that MutLa might be the major orchestrator
that distinctly favors CSR over SHM.

Since redundancies could not explain the variance in the
antibody phenotype between MutSa and MutLa complexes, this
has led to the suggestion that MutLa – as characteristic of
adaptors – diverges the MMR signaling cascade downstream of the
sensor in a differential manner in SHM and CSR, which vary in their
DNA damage preference. Hence, MutLa is believed to favor the
formation of DSBs for the latter process but is dispensable for the
generation of point mutations in V regions for the former [10,79–
81]. But how does MutLa mechanistically do this? One possibility
is that MutLa affects the processivity of the downstream
exonuclease(s), such as EXO1, hence provides a better chance
for DSB formation. But in vitro studies, in that regard, has been
inconclusive [86,87]. Yet, it is possible that in vivo, there could be
some effect of MutLa on EXO1 processivity, but that might depend
on auxiliary factors that could be missing in the purified protein
analysis [86,87]. In support of a possible role in vivo, the
interactome studies done on human MutLa has shown that
MLH1 and PMS2 interact with a number of known and
uncharacterized proteins [85]. Of particular interest from those
hits is the interaction of both MLH1 and PMS2 (but not PMS1) with
DNAPK-cs among other DNA repair proteins. DNAPK-cs is
considered an orchestrator of the NHEJ repair pathway and this
recruitment could bias the system towards NHEJ repair, hence
minimizing the chance of DNA end resection and generation of
microhomology. Furthermore, Pms2�/�mice display an increase in
S-S microhomology, while PMS2 nuclease defective mice show
normal microhomology even though both have a decrease in CSR
([88]; discussed below). This suggests that there must be PMS2
nuclease dependent and independent functions and, therefore,
that MutLa might be needed as an adaptor to recruit additional
proteins which might be necessary for DNA end processing
downstream of the DSB at S regions.

Still, why is MutLa important for global MMR but superfluous
for SHM? Is this duality regulated through ATPase-dependent
conformational changes driven by MLH1? And if not MutLa, what
then mediates missense mutations at the Ig locus? Firstly, the
ATPase function of MLH1 appears to be essential for its role in CSR
(Table 1), but the exact mechanism of how that is mediated and
why there are redundancies in ATPase activities among the MutS
and MutL complexes remains an open question. Secondly, a
potential answer to how error prone repair might be targeted to Ig
genes [89] was introduced by the discovery of translesional and
other error prone polymerases in mammalian cells [90] and the
subsequent description in yeast that these enzymes could be
recruited to DNA lesions, including G:U mismatches, by PCNA that
had been mono-ubiquitylated at residue K164 [64,91,92]. Bio-
chemical studies show that mono-ubiquitylated PCNA binds Polh
[91,92], though there is some debate as to whether this
modification is required to fully activate Polh [93,94]. Avian
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DT40 cells that lack the ability to mono-ubiquitylate PCNA do not
seem to carry out the MMR-dependent phase of SHM, and mutations
in the V region are decreased as a result [95–97]. Likewise in
mammalian B cells, ubiquitylation of PCNA plays a role in recruiting
error prone repair to the Ig V region during the MMR-mediated
second phase of SHM [12,62]. However, the fact that there are
persisting mutations in A:T in PcnaK164R B cells suggests that Polh
can still be recruited by PCNA even in the absence of mono-
ubiquitylation [98] or that other error prone polymerases are
compensating for the deficient recruitment of Polh. Another thorny
issue is why B cells from PcnaK164R also display a decrease in CSR;
especially since error prone polymerases – such as Polh-deficient
mice – have not been shown to be involved in CSR [66,99]. This
suggests that mono-ubiquitinated PCNA might have additional roles
in CSR, possibly through DSB repair, which remain to be explored.

Taken together, the ideas presented above seem to suggest that
at least three diverging signaling responses take place downstream
of the sensor MutSa (Fig. 1). The first occurs at V regions during
SHM and is mediated by a mono-ubiquitinated PCNA adaptor,
which recruits error prone polymerases to amplify the AID-
initiated missense mutations. The second occurs via the MutLa
adaptor and occurs at S repeats to promote DSB formation and CSR.
The third is what takes place globally in the rest of the genome,
which relies on faithful DNA polymerases, and is possibly
dependent on unmodified or alternate modified forms of PCNA
[100–102]. What triggers this signaling divergence is still under
intense investigation. Some believe cis-acting elements in the Ig
locus drives the MMR response in favorable directions, others
believe that the chromatin architecture along with protein
interactions and modifications play an important role [103–111].

5. MMR effectors and their role in Ig diversification

MMR effectors can be glycosylases or DNA nucleases that lead
to the excision of the mismatch and the removal of a stretch
surrounding it [112]. Effectors also are responsible for resynthe-
sizing the excised DNA strand by high or low fidelity polymerases,
and ultimately promoting the ligation of the DNA ends, primarily
by DNA ligase I (Fig. 1).

Most DNA glycosylases, such as UNG and SMUG1, are part of the
BER machinery and differentially contribute to Ig gene mutation in
SHM and CSR [14]. Others, like MBD4, a glycosylase that primarily
recognizes T:G mismatches, stood out as a direct interactor with
MLH1 but did not demonstrate a significant role in SHM or CSR [113].
In summary, multiple sensor and adaptor functions could be
ascribed to BER in what appears to be a parallel cascade to MMR.
However, recent work has explored an intriguing and yet not well-
understood cooperation between BER and MMR to repair AID lesions
[114,115].

As such, DNA nucleases remain the main excising factors in
MMR. It is known in bacteria that MMR uses the MutH
endonuclease to introduce nicks in the strand that contains the
mismatched base based on its DNA methylation status, but the
homologue of MutH in eukaryotes has not been identified [54,116].
The discovery of a latent endonuclease activity in PMS2 (and
MLH3) and the confirmation of the importance of this activity in
yeast [78,117] provide the first clue as to how the necessary single
stranded nicks might occur in mammalian cells [77,78]. In
addition, it provided an additional and unexpected effector activity
for the MutLa complex to go along its adaptor function.
Subsequent studies on PMS2 nuclease defective mice (Pms2E702K)
[88] provided intriguing results. It turns out that although the
PMS2 nuclease activity is indeed critical for CSR, presumably
through the generation of DSBs, it strikingly did not alter S-S region
microhomologies. This suggests that the generation and proces-
sing of DSBs are a multi-step process where MLH1 and PMS2
function at multiple different steps in the generation, processing,
and repair of DSBs during CSR (Table 1).

Since PMS2 functions as an endonuclease, an exonuclease is still
required to resect DNA ends for subsequent polymerase filling.
Exonuclease 1 (EXO1) is a 50-30 exonuclease that is recruited by the
MSH2/MSH6 heterodimer once it has engaged mismatched bases.
It is still possible that there are other exonucleases that may play a
role in MMR [85], but EXO1-deficient mice had a decrease in A:T
mutations in the V region and 70% reduction in CSR that was
comparable to that seen in the MSH2-deficient and mutant mice.
This confirms that EXO1, be it directly or indirectly, is involved in
excising the DNA strand containing the G:U mismatch in SHM and
CSR. The analysis of the switch recombination sites revealed a
decrease in long microhomologies and an increase in long
insertions when compared to wild type littermates. These are
the same changes that are seen in Msh2�/� mice.

In mice and humans deficient in Polh, mutations in A:T bases
are greatly reduced, indicating that it is the major translesional
error prone polymerase recruited to antibody V regions by MMR
[66,118–120]. However, other translesional polymerases – such as
Polu, Poli, and Polz – may work in concert with Polh, or may be
able to substitute for it [119,121–125].

In CSR, the U:G mismatches created by AID are converted into
single-stranded nicks by UNG and apurinic/apyrimidinic endonu-
clease (APE1), or by MMR [126], and are further processed to form
the double stranded breaks that are required for the recombination
between the donor and recipient S repeat [127,128]. This process is
completed by the DNA DSB repair machinery – primarily the non-
homologous end joining (NHEJ) branch – which involves many
additional factors which follow an independent signaling cascade
constituted by a separate set of DNA damage sensors, adaptors, and
effectors. This signaling cascade has been recently described in
more detail [129–133].

6. The paradoxical dichotomy

As described so far, the complete loss or mutations in MMR
proteins can lead to immunodeficiency due to decreased mutation
rates at the Ig locus during SHM and CSR. This error prone function of
MMR has been observed in both humans and mice [10,134,135].
Ironically, mutations in MMR proteins are also associated with
impairment of their canonical error free function, resulting in global
microsatellite instability, increased genomic mutations, and tumor
formation both in humans and in mice [136]. In this sense, MMR
protein mutations are a major cause of hereditary non-polyposis
colorectal cancer (HNPCC or Lynch syndrome) and are seen in
sporadic colon cancer as well as endometrial, lung, breast,
pancreatic, gastric and prostate cancers [137]. Many of the
mutations in HNPCC are in MSH2 and MLH1 and some are in
MSH6 [138].

These seemingly paradoxical outcomes have been an intriguing
aspect in the study of MMR. Even though the mechanistic details
are yet to be worked out, the most plausible explanation for such a
discrepancy is that signaling downstream of the DNA mismatch
occurs differently at the Ig locus versus the rest of the genome.
Interestingly, a recent study has shown that error prone repair of
AID-induced mutations also occurs in a number of non-Ig genes
such as Bcl6, even though they have much lower rates of mutation
than V and SRs. Intriguingly, many non-Ig genes that are targeted
by AID are repaired in a mostly error free way [27]. However, AID-
dependent mutations in the Ig locus are repaired in an error prone
way. This suggests that the Ig genes are both targeted for error
prone repair and protected or excluded from error free repair. But
how is that really achieved? Selective targeting of error prone
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MMR repair to V and different S repeats is likely to require, among
other things, enhanced accessibility to those regions [107]. Since
accessibility is partly mediated by changes in chromatin structure
[139], studies have now shown that modifications in histone
acetylation and methylation are associated with S repeats that are
targeted for mutation and recombination by stimulation with
cytokines [109,140–144]. These and other histone modifications
might be important in targeting the various factors responsible for
CSR, and potentially SHM. In summary, the overall mechanism is
likely a combination of specific targeting of the mismatch inducer
(AID), cis-acting DNA elements, transcriptional regulation and
epigenetic modifications that demarcate the Ig locus from the rest
of the genome.

7. Conclusion

Paradoxically, MMR maintains stability throughout the genome
but is responsible for up to 60% of the mutations in V and S regions
of the Ig locus; and thus, much of the genomic instability in GC
B cells [145]. How activated B cells selectively maintain the tight
balance between the error prone versus the error free aspects of
MMR during the different phases of their cell cycle remains an
intriguingly open question. More rigorous biochemical and cellular
analyses along with separation-of-function mutations in animal
models will undoubtedly unravel a better understanding of the
intricate signaling cascades that govern antibody diversification.
This might eventually help uncover the mechanistic associations
between the maintenance of genomic integrity and tumorigenesis
in the adaptive immune response.
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