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aBstRact 

We have recently suggested that during somatic hypermutation (SHm), G/C 
transversions depend on Ung2 but a significant fraction require the cooperation 
between msh2 and Ung2. As Rev1 is the only known polymerase involved in the 
generation of C/G to G/C transversions during SHm, we questioned whether 
the C/G to G/C transversions downstream of msh2 depend on Rev1, another 
polymerase or both. To address this question we analyzed WT, msh2, Rev1 
and msh2;Rev1 double deficient B cells. Our data suggest that most msh2-
independent C/G to G/C mutations require Rev1, while downstream of msh2 
additional polymerase(s) are required. In addition we noticed that the previously 
observed restricted distribution of G/C mutations in msh2-deficient mice relates 
to increased generation of G/C transitions inside WGCW motifs and decreased 
G/C transitions and transversions outside these motifs. 
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intRoduction

To create a virtual unlimited antibody repertoire with a size-limited genome, 
Lederberg proposed over 50 years ago that lymphocytes undergo a high 
frequency of somatic mutation, or somatic hypermutation (SHm). While antibody 
diversification is now known to occur initially during early B cell development by 
V(D)J recombination of the immunoglobulin (Ig) genes, it has been established 
that the generation of high affinity antibodies in activated mature B cells critically 
depends on SHm to introduce point mutations into the antigen binding region of 
Ig genes (Neuberger, 2008). SHm is initiated by the activation-induced cytidine 
deaminase (AID) (muramatsu et al., 2000), an enzyme which deaminates cytosine 
(C) to uracil (U) on both DNA strands (Di Noia and Neuberger, 2007). The 
subsequent processing of this initial lesion enables B cells to generate the entire 
spectrum of nucleotide substitutions. When excised from the DNA backbone by 
the base excision repair protein uracil-DNA glycosylase (Ung2), the generated 
abasic or apyrimidinic (AP) site causes replicative DNA polymerases to stall. The 
recruitment of specialized translesion synthesis (TLS) polymerases enable direct 
replicative bypass of the AP site, however as AP sites are non-instructive, G/C 
mutations will be generated depending on the nucleotide insertion preference 
(error signature) of the polymerases employed. While multiple polymerases 
have been shown to bypass AP sites in vitro, so far only Rev1-deficient B cells 
display reduced G/C mutations during SHm (Jansen et al., 2006;Ross and 
Sale, 2006;masuda et al., 2009;Arakawa et al., 2006). In agreement with the 
in vitro ability of Rev1 to bypass AP sites by incorporating dCmP opposite of 
this lesion (Nelson et al., 1996), C to G and G to C transversions are selectively 
reduced in Rev1 mutant B cells. However, while in chicken DT40 B cells Rev1 
is required for the generation of most of the C to G and G to C transversions, 
Rev1 seems to generate only part of these mutations in mammalian B cells. In 
addition to G/C transversions, replication across AP sites may also contribute to 
G/C transitions. However, as replication across a U also generates G/C transitions 
(Rada et al., 2004;Shen et al., 2006), the relative contribution of these pathways 
in generating G/C transitions at template U or an abasic site in the DNA template 
strand is currently unknown. Accordingly, Ung-deficient B cells lack most G/C 
transversions, while G/C transitions are increased (Rada et al., 2002;Krijger et 
al., 2009).

Alternatively, the U can be recognized as a U:G mismatch by the mismatch 
repair complex msh2-msh6 (mutSa), resulting in exonuclease 1 (exo-1) activation 
and the formation of a single-stranded gap around the initial mismatch. As msh2, 
msh6 and exo-1-deficient B cells lack 80-90% of all A/T mutations (Rada et al., 
1998;Wiesendanger et al., 2000;Bardwell et al., 2004), it has been suggested 
that the gap filling process is executed by the TLS polymerases h and k, which 
predominantly generate A/T mutations during SHm (Zeng et al., 2001;Delbos 
et al., 2005;martomo et al., 2005;Delbos et al., 2007;faili et al., 2009). The 
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recruitment of polymerase h and k downstream of msh2 strongly depend on 
modification of the DNA sliding clamp PCNA at lysine 164, as B cells unable to 
modify PCNA on this residue reveal a selective reduction of A/T mutations (Krijger 
et al., 2009;Langerak et al., 2007;Roa et al., 2008).

As the generation of G/C transversions depends on AP sites generated by 
Ung2, while most A/T mutations depend on msh2, a strict separation has been 
proposed between these pathways in establishing defined mutations. However, 
msh2 and msh6-deficient mice show a more restricted distribution of G/C 
mutations to WGCW motifs (Delbos et al., 2007;frey et al., 1998;martomo 
et al., 2004;Rada et al., 1998;ehrenstein et al., 2001). In addition, recent 
analysis of msh2-deficient B cells suggested that approximately 50% of all G/C 
transversions requires the combined activity of msh2 and Ung2 (Krijger et al., 
2009) and suggests a model in which DNA polymerases involved in the gap filling 
process downstream of msh2 are stalled by AP sites. The subsequent activation 
of specialized TLS polymerases enables TLS across the non-instructive AP site, 
thereby generating msh2/Ung2-dependent G/C transversions. It is currently 
unknown whether msh2-dependent and msh2-independent G/C transversions 
require the same polymerases, or whether different polymerases are involved 
in these pathways. As Rev1 is the only polymerase known to introduce G/C 
transversions during SHm, we questioned whether G/C to C/G transversions 
downstream of msh2 depend on Rev1, another polymerase or both by analyzing 
SHm in WT, msh2, Rev1 and msh2;Rev1 double deficient B cells. In addition we 
compared the mutation frequency of G/C mutations between msh2 deficient 
and WT B cells within and outside WGCW motifs.

Results and discussion

We previously reported on the SHm spectra of Rev1 and msh2 single-deficient 
mice (Jansen et al., 2006;Krijger et al., 2009). We here intercrossed Rev1-deficient 
mice with msh2-deficient mice and compared SHm in the JH4 intronic region 
between wild-type, Rev1-deficient, msh2-deficient, and double-deficient GC B 
cells (table 1). While the average mutation frequency in Rev1-deficient GC B cells 

table 1

  wt Rev1 msh2 Rev1;msh2

number of mice 3 6 6 3
number of sequences 63 112 121 245
mutated sequences (%) 81.0 75.9 60.3 56.3
total number of point mutations 365 458 179 277
mutation frequency / total sequence (%) 1.16 0.82 0.30 0.23
mutation frequency / mutated sequence (%) 1.43 1.08 0.49 0.40
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was 25% lower as compared to WT, this difference was non-significant (t-test, 
p=0.2) (fig. 1). Likewise, the frequency of mutated B cells was indistinguishable 
between wild-type and Rev1-deficient B cells (fig. 1). furthermore, the mutation 
frequency in GC B cells of Rev1/msh2 double-deficient mice resembled that of 
the msh2 single mutants (0.40% vs. 0.49%). Compared to WT, msh2 single and 
Rev1;msh2 double mutant B cells showed a strong reduction in the mutation 
frequency (74% and 80%, respectively) (table 1) and mutation load (supplemental 
figure 1). 

Rev1 acts independent of Msh2 during SHM 
The decreased mutation frequency in msh2-deficient B cells is consistent with 
previous publications (Rada et al., 1998;Delbos et al., 2007;Krijger et al., 2009;frey 
et al., 1998) and has been attributed to a selective survival disadvantage of msh2-
deficient B cells (Vora et al., 1999). However, at least in vitro, msh2 deficiency does 
not impair proliferation or survival of splenic B cells (Rada et al., 1998;Delbos et 
al., 2007). furthermore, the proportion of GC B cells in the Peyer’s patch is similar 
between msh2-deficient and proficient mice (Rada et al., 1998). Recently, we 
have proposed an alternative explanation for the reduced mutation frequency, 
in which msh2 is not only involved in the generation of most A/T mutations, 
but also acts synergistic with Ung2 to generate a significant proportion of G/C 
transversions (Krijger et al., 2009). As, Rev1 is the only polymerase known so 
far to introduce G/C to C/G transversions during SHm, we questioned whether 
these transversions depend on msh2, i.e. are generated downstream of Ung2 
or downstream of msh2 and Ung2. Comparing the mutation frequencies for 
each individual base substitution (fig. 2 & Sup. fig. 2), both Rev1;msh2 and 
msh2-deficient B cells exhibit a strong reduction in all A/T mutations (95.3%, c2 
test p<0.01), while both Rev1-deficient and msh2-deficient B cells lacked a large 
proportion of the C/G to G/C transversions (78.6% and 68.4% respectively, c2 test 

Fig. 1.

figure 1. mutation frequency in wt, msh2, Rev1 and msh2;Rev1 double deficient 
B cells. Left panel: fraction (%) of unique sequences that carry mutations. Right panel: 
mutation frequency (%) of unique sequences. mean and SD are indicated.
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figure 2. mutations in rearranged Jh4 intronic sequences from wt, msh2, Rev1 
and msh2;Rev1 double deficient B cells. (A) Pattern of nucleotide substitution. Values 
are expressed as the total numbers of mutations and percentage of total mutations. (B). 
Absolute mutation frequency of A/T mutations, G/C transitions (TS) and G/C transver-
sions (TV). Values are expressed as the percentage of total sequenced base pairs from 
mutated clones. The contribution of single nucleotide substitutions is revealed in S2. 
Asterisks indicate significant changes compared to wild-type (Chi-Square test, all signifi-
cant changes had a p value < 0.05).
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p<0.01), as previously described (Delbos et al., 2007;Krijger et al., 2009;Jansen 
et al., 2006;masuda et al., 2009;Rada et al., 1998;frey et al., 1998). In addition, 
C/G to T/A and A/T to T/A mutations were reduced in Rev1-deficient B cells 
(27.5% and 35.4%, respectively) (c2 test p=0.04 and p=0.01, respectively). As 
Rev1 can only incorporate dCmP, during SHm other polymerases might require 
Rev1 to generate these mutations. In agreement, besides its catalytic function, 
Rev1 has been suggested to play a structural role in TLS (Nelson et al., 2000). 
Although C/G to T/A transitions and A/T mutations have recently been reported 
to be also reduced in B cells expressing a catalytically inactive Rev1, it has been 
suggested that in this setting Rev1 might be stabilized at the AP site, thereby 
preventing the polymerase switch (masuda et al., 2009). 

most interestingly, C/G to G/C transversions disappear almost completely in 
Rev1/msh2-deficient GC B cells, indicating that most msh2-independent C/G to 
G/C mutations require Rev1 (figure 2b). In addition, as C/G to G/C mutations 
are further reduced in Rev1/msh2 double-deficient B cells compared to Rev1 
single-deficient B cells, the Ung/msh2 dependent pathway is likely to require the 
activation of additional polymerase(s) to generate these mutations. 

Mutation distribution in Msh2 mice
In addition to the above mentioned reduction in the number of G/C transversions, 
the distribution of the remaining G/C mutations has been described to be altered 
in the absence of msh2 (Delbos et al., 2007;frey et al., 1998;martomo et al., 
2004;Rada et al., 1998). In agreement, while the targeting of G/C mutations to 
the SHm hotspot RGYW/WRCY hotspots was unaltered in msh2-deficient B cells 
compared to WT B cells (37.6% vs 38.4%) (Rogozin and Kolchanov, 1992;Krijger 
et al., 2009), B cells lacking msh2 showed a more restricted distribution of G/C 
mutations to WGCW motifs than WT B cells (53.7% vs 24.1%). Of note, no 
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Fig. 3.

figure 3. absolute mutation frequency of g/c transitions and g/c transversions 
within and outside wgcw motifs. Values are expressed as the percentage of total 
sequenced base pairs from mutated clones. The contribution of single nucleotide substitu-
tions is revealed in S3.
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difference was observed between WT and Rev1-deficient B cells. By comparing the 
mutation frequency of the single base substitutions within and outside WGCW 
motifs in WT and msh2-deficient B cells, we observed that the mutation frequency 
of G/C mutations was reduced outside WGCW motifs (0.42% vs 0.21%), but 
increased within WGCW motifs (0.13% vs 0.24%) in msh2-deficient B cells 
compared to WT B cells. The higher frequency within WGCW motifs in msh2-
deficient B cells is caused by increased G/C transitions, while both G/C transitions 
and transversions are reduced outside WGCW motifs (fig. 3 and Sup. fig. 3). 
As AID was found to preferentially deaminate WRC motifs in vitro (Pham et al., 
2003), and the WGCW motif consist of overlapping WRC motifs on both strands, 
it has been suggested that AID deaminates initially WGCW and that processing 
of the U by msh2-msh6 facilitates a secondary round of AID deamination outside 
WGCW motifs (martomo et al., 2004). However, as the distribution of mutations 
in msh2;Ung double-deficient B cells has been described to be comparable to 
WT B cells, it has more recently been suggested that increased WGCW targeting 
in msh2-deficient B cells may instead be caused by increased Ung2 dependent 
error-free repair of uracils outside WGCW motifs (Delbos et al., 2007). While 
both models could explain the decreased mutation frequency outside WGCW 
motifs in msh2 deficient B cells, they do not explain the increased G/C transitions 
within WGCW motifs of msh2 deficient B cells. future analysis comparing the 
mutation frequency of WT, msh2 and msh2;Ung2 double mutant B cells should 
reveal whether in the absence of both Ung2 and msh2 the mutation distribution 
is normalized due to decreased G/C transitions within WGCW motifs, or whether 
the mutation frequency outside WGCW motifs increases. The observation, that 
msh2;Ung2 double mutant mice show comparable mutation frequencies to WT 
B cells, suggest that the latter scenario is more likely.

concluding RemaRks

Combining previously and present observations we suggest that during somatic 
SHm G/C transversions are generated downstream of two pathways which both 
depend on Ung2 generated AP sites. During replication G/C transversions and 
possibly G/C transitions are generated upon replication of AP sites. We suggest 
that during replication the activation of Rev1 is required for the generation of 
most G/C to C/G mutations. In addition G/C transversions can be generated 
independent of replication by TLS across AP sites during gap filling downstream of 
msh2. Besides Rev1, we now suggest that additional polymerases are required to 
generate G/C to C/G mutations during this gap filling process. This model explains 
why in chicken DT40 cells almost all G/C to C/G mutations are dependent on 
Rev1, as these cells are defective in msh2-mediated SHm. In addition we suggest 
that the previously described relative increased targeting of G/C mutations to 
WGCW motifs in msh2-deficient mice relates to an increase in the generation 
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of G/C transitions inside WGCW motifs and simultaneously a decrease in the 
generation of G/C transitions and transversions outside these motifs.

mateRials and methods

Mice
The generation and genotyping of Rev1-deficient and msh2-deficient mice have 
been described previously (Jansen et al., 2006;Wind et al., 1995). While Rev1-
deficient mice were initially not born after backcrossing for two generations to 
C57BL/6, further backcrossing, a hysterectomy and the transfer to a new animal 
facility gave rise to viable offspring. mice were maintained on a pure C57BL6/J 
background at the animal facility of the LUmC.  All experiments were approved by 
an independent animal ethics committee of the LUmC (Leiden, The Netherlands).

Isolation of germinal center B cells and mutation analysis
Germinal center (CD19+, PNA high, CD95+) B cells were sorted from Peyer’s 
patches of 3 months old animals over one year time. DNA was extracted using 
proteinase K treatment and ethanol precipitation. The JH4 3’flanking intronic 
sequence of endogenous rearrangements of VHJ558 famliy members were 
amplified during 40 cycles of PCR using PfU Ultra polymerase (Stratagene) (Jolly 
et al., 1997). PCR products were purified using the QIAquick Gel extraction kit 
(Qiagen) and cloned into the TOPO II blunt vector (Invitrogen Life Technologies) 
and sequenced on a 3730 DNA analyzer (Applied Biosystems). Sequence alignment 
was performed using Seqman software (DNAStar). Calculations exclude non-
mutated sequences, insertions and deletions. Clonally related sequences were 
counted only once. 
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supplemental figure 1. accumulation of mutations in individual Jh4 intronic 
sequences. The mutation load is provided as a frequency of mutated sequences harboring 
a defined number of mutations. The genotypes are indicated.
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Sup. Fig. 2

supplemental figure 2. absolute mutation frequency of individual nucleotide 
substitutions. Values are expressed as the percentage of defined nucleotide substitutions 
of all mutated sequences derived from a specific genotype as indicated in the legend.
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supplemental figure 3. absolute mutation frequency of g/c transitions and g/c 
transversions within and outside wgcw motifs. Values are expressed as the per-
centage of total sequenced base pairs from mutated clones. The contribution of single 
nucleotide substitutions is revealed in S3.
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