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      To generate high affi  nity antibodies, germinal 
center (GC) B cells are enabled to introduce point 
mutations into the variable region of their 
rearranged Ig genes. This process of somatic 
hypermutation (SHM) occurs at an astonishing 
rate of one per thousand bases per generation, 
six orders of magnitude greater than spontane-
ous mutagenesis ( Di Noia and Neuberger, 2007 ). 
SHM is initiated by the activation-induced cy-
tidine deaminase (AID), an enzyme found to 
be diff erentially expressed in B cells of the GC 
( Muramatsu et al., 2000 ). AID deaminates C to 
U within single-stranded DNA, and targets 
both DNA strands in the variable and switch 
regions of Ig genes. To establish point muta-
tions at and around the U, three alternative 
pathways can handle this initial lesion ( Fig. 1 ).  
(a) Replication across a U instructs a template 
T to DNA polymerases and generates G/C to 
A/T transitions ( Rada et al., 2004 ;  Shen et al., 
2006 ). (b) The U can be excised from the 
DNA backbone by the base excision repair 
(BER) protein Ung2, and an abasic or apyrim-
idinic (AP) site is generated, causing replicative 
DNA polymerases to stall. To continue repli-
cation, specialized translesion synthesis (TLS) 
polymerases can be recruited, enabling a direct 
replicative bypass of AP sites. As AP sites are 

noninstructive, these TLS polymerases gener-
ate G/C transversions and may contribute to 
G/C transitions (Ung2-dependent SHM). Ac-
cordingly,  Ung  mutant B cells lack most G/C 
transversions ( Rada et al., 2002 ). (c) Alter-
natively, the U can be recognized as a U:G 
mismatch by the mismatch repair complex 
Msh2–Msh6, resulting in Exo-1 activation and 
the formation of a single-stranded gap around 
the initial mismatch. Interestingly, Msh2-, 
Msh6-, and Exo-1–defi cient B cells lack 80–
90% of all A/T mutations, suggesting that the 
gap-filling process is executed by TLS poly-
merases predominantly generating A/T muta-
tions (Msh2-dependent SHM;  Rada et al., 
1998 ;  Wiesendanger et al., 2000 ;  Bardwell 
et al., 2004 ). As a signifi cant fraction of A/T 
mutations (10–20%) are found in Msh2-defi -
cient GC B cells but not in Ung2/Msh2 
double-defi cient GC B cells, Ung2-dependent 
mutagenesis generates the described fraction of 
A/T mutations ( Rada et al., 2004 ). Whether 
Ung2-dependent A/T mutations are generated 
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 During somatic hypermutation (SHM), B cells introduce mutations into their immunoglobu-

lin genes to generate high affi nity antibodies. Current models suggest a separation in the 

generation of G/C transversions by the Ung2-dependent pathway and the generation of 

A/T mutations by the Msh2/ubiquitinated proliferating cell nuclear antigen (PCNA-Ub)–

dependent pathway. It is currently unknown whether these pathways compete to initiate 

mutagenesis and whether PCNA-Ub functions downstream of Ung2. Furthermore, these 

models do not explain why mice lacking Msh2 have a more than twofold reduction in the 

total mutation frequency. Our data indicate that PCNA-Ub is required for A/T mutagenesis 

downstream of both Msh2 and Ung2. Furthermore, we provide evidence that both pathways 

are noncompetitive to initiate mutagenesis and even collaborate to generate half of all G/C 

transversions. These fi ndings signifi cantly add to our understanding of SHM and necessitate 

an update of present SHM models. 
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ment, Rev1 is an eff ective cytidyl transferase when bypassing 
abasic sites in vitro ( Nelson et al., 1996 ). In contrast, poly-
merase  �  is ineff ective in handling abasic sites ( Haracska et al., 
2001 ) and preferentially inserts mismatched nucleotides op-
posite template T ( Rogozin et al., 2001 ). Consistent with 
these in vitro data, the mutation spectra of polymerase 
 � –defi cient B cells from humans and mice lack a signifi cant 
fraction of A/T mutations, suggesting polymerase  �  to be 
used mainly downstream of Msh2 ( Zeng et al., 2001 ;  
Delbos et al., 2005 ;  Martomo et al., 2005 ). In addition to its 
role downstream of Msh2, polymerase  �  was responsible for 
the remaining A/T mutations downstream of Ung2, as shown 
in Msh2-defi cient mice ( Delbos et al., 2007 ). Although the 
lack of polymerase  �  had no eff ect on SHM ( Schenten et al., 
2002 ), polymerase  �  was found to generate A/T mutations 
in case of polymerase  �  defi ciency ( Faili et al., 2009 ). Thus, 
polymerase  �  can substitute polymerase  � , whereas Rev1 
cannot, as revealed by the normal generation of G to C 
transversions in polymerase  � –defi cient mice. 

 The question remains how and when these error-prone 
polymerases become used to establish specifi c nucleotide sub-
stitutions. During replication, the DNA sliding clamp prolif-
erating cell nuclear antigen (PCNA) functions as a critical 
processivity factor by tethering the DNA polymerases to 
the DNA template. Studies in yeast and subsequently in 
mammalian cells revealed an important role for site-specifi c 

during long-patch BER (i.e., within the strand containing 
the AP site) or, alternatively, during the extension phase of 
TLS across the AP site is currently unknown. In summary, 
these data suggest a specifi c role of these pathways in recruit-
ing and activating selective TLS polymerases to establish de-
fi ned mutations. The combination of these pathways enables 
hypermutating B cells to generate the entire spectrum of nu-
cleotide substitutions. 

 In contrast to replicative DNA polymerases, TLS poly-
merases lack proofreading activity. The capacity of TLS 
polymerases to accommodate non–Watson–Crick base pairs 
within their catalytic center is benefi cial regarding the accu-
rate replication across modified bases, such as UV-C–
induced cyclic pyrimidine dimers by polymerase  � . However, 
TLS polymerases are highly mutagenic when replicating 
across undamaged DNA and defi ned lesions such as AP sites 
( Prakash et al., 2005 ;  Jansen et al., 2007 ). Because each 
polymerase displays its own mutagenic signature, alterations 
in the mutation spectrum can often be attributed retrospec-
tively to the absence of, or failure in activating, specifi c 
polymerases. The Y family of DNA polymerases comprises 
four members, of which at least polymerase  � , Rev1, and to 
some degree polymerase  �  are implicated in SHM. Rev1-
defi cient B cells display reduced frequencies of G/C to C/G 
transversions ( Jansen et al., 2006 ;  Ross and Sale, 2006 ), sug-
gesting that Rev1 functions downstream of Ung2. In agree-

  Figure 1.   Current model: pathways of SHM downstream of AID.  The three pathways: (a) replication across U, (b) Ung2-dependent SHM, and (c) Msh2-

dependent SHM. Known and unknown (?) polymerases involved in the generation of specifi c mutations are indicated. TS, transitions; TV, transversions.   
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 WT, single-, and double-mutant mice were analyzed for 
nonselected mutations in rearranged JH4 intronic regions. 
Compared with WT mice, both PCNA K164R  and Msh2 sin-
gle mutants showed a reduction of 36 and 61%, respectively, 
in the mutation frequency (0.94, 0.6, and 0.37%, respec-
tively;  Table I ).  The decreased mutation frequency is further 
revealed by the changes in mutation load between the diff er-
ent strains of mice ( Fig. S1 ). Given the fact that both PCNA-
Ub and Msh2 play a critical role in the generation of A/T 
mutations, the 1.7-fold diff erence in the mutation frequen-
cies between PCNA K164R  (0.6%) and Msh2 (0.37%) mutant B 
cells is quite striking. This diff erence might be attributed to 
a selective growth/survival disadvantage of Msh2-defi cient 
B cells, to a signifi cant contribution of Msh2 to G/C muta-
tions, and/or to suppression of G/C mutations by PCNA-Ub 
(see Ung2-dependent G/C transversions... and PCNA-Ub 
selectively suppresses G/C transitions..., respectively). In ad-
dition, a marginal increase in the mutation frequency and 
mutation load in Ung-defi cient GC B cells was detected 
(1.13 vs. 0.94%;  Table I  and Fig. S1). This latter fi nding is 
consistent with previous publications ( Rada et al., 1998 ;  Rada 
et al., 2002 ) and suggests that the 20% higher mutation fre-
quency in Ung-defi cient mice is caused by partial Ung-
dependent BER in WT mice, implicating a role for Ung in 
error-free repair of AID-created uracils in Ig genes. Alterna-
tively, accurate replication of a proportion of AP sites might 
occur, i.e., the insertion of a G opposite an AP site. Furthermore, 
the mutation frequency in GC B cells of PCNA K164R /Ung 
double-mutant mice resembled that of the PCNA K164R  single 
mutant (0.63 vs. 0.6%), whereas the frequency detected in 
the PCNA K164R /Msh2 mutant mice resembled that of the 
Msh2 single mutants (0.4 vs. 0.37%). 

 A/T mutations downstream of Ung2 and Msh2 depend 

on PCNA-Ub 

 Comparing the mutation profi les ( Fig. 2 ), both PCNA K164R  and 
Msh2 mutant B cells exhibit a strong reduction in all A/T muta-
tions, whereas Ung2-defi cient B cells lacked most C/G transver-
sion mutations, as previously described ( Rada et al., 1998 ;  Rada 
et al., 2002 ;  Langerak et al., 2007 ).  When comparing Msh2 to 
PCNA K164R /Msh2 mutant B cells, it becomes clear that Ung2-
dependent A/T mutations, which have recently been shown to 
be introduced by polymerase  �  ( Delbos et al., 2007 ), disappear 
almost completely in PCNA K164R /Msh2 mutant GC B cells, 
indicating that most Ung-dependent A/T mutations require 
PCNA-Ub to activate polymerase  �  ( Fig. 2 ). 

monoubiquination of PCNA at lysine 164 (ubiquitinated 
PCNA [PCNA-Ub]) in recruiting and activating TLS poly-
merases upon replication fork stalling ( Hoege et al., 2002 ; 
 Stelter and Ulrich, 2003 ;  Kannouche et al., 2004 ). In mice 
and chicken DT40 B cells homozygous for a PCNA K164R  
mutation, we and others recently demonstrated a critical role 
for PCNA-Ub in SHM ( Arakawa et al., 2006 ;  Langerak et al., 
2007 ;  Roa et al., 2008 ). As shown in memory B cells of 
PCNA K164R  knockin mice, the failure to modify PCNA at 
lysine 164 caused a 10-fold decrease in mutations at template 
A/T, normally accounting for 50% of all mutations in WT 
mice. This decrease was accompanied by an overall 25% re-
duction in the mutation frequency. The lack of A/T muta-
tions indicated a role for PCNA-Ub downstream of Msh2. 
In strong contrast, data from DT40 cells suggested a role for 
PCNA-Ub in generating the vast majority of G/C transver-
sions, placing PCNA-Ub downstream of Ung2. 

 To dissect the role of PCNA-Ub in Ung2- and Msh2-
dependent SHM, we intercrossed the PCNA K164R  knockin 
strain of mice with mice defi cient for Ung or Msh2. Com-
paring the effi  cacy of Ung2- and Msh2-dependent mutagenesis 
revealed that both pathways strongly depend on PCNA-Ub 
to generate mutations at template A/T but not at G/C. Fur-
thermore, in addition to its role in the generation of A/T 
mutations, we identifi ed a previously unknown role for Msh2 
in generating 50% of all G/C transversions. Finally, we pro-
vide evidence for the employment of Ung2 and Msh2 in a 
noncompetitive manner in processing uracils downstream of 
AID, supporting the idea of a temporal separation of these 
pathways ( Weill and Reynaud, 2008 ). 

 RESULTS AND DISCUSSION 

 We previously reported on the analysis of SHM in the JH4 in-
tronic region of memory B cells from homozygous PCNA K164R  
mice ( Langerak et al., 2007 ). As memory B cells compromised 
for SHM might resemble a selected pool of cells that have 
compensated their defect by entering additional rounds of GC 
reactions, the mutation frequency in these cells does not pro-
vide a good measure for the effi  cacy in generating point muta-
tions during SHM. To study the impact of PCNA-Ub on the 
generation of somatic mutations more directly, we analyzed 
unselected Peyer’s patch GC B cells of PCNA K164R  mutant 
mice in this report. To dissect the contribution of PCNA-Ub 
in establishing mutations downstream of Ung2 and Msh2, we 
studied the intercrosses of PCNA K164R  knockin mice with Ung 
or Msh2 mutant mice. 

  Table I.  SHM frequencies in JH4 introns of GC B cells 

WT K164R Ung K164R × Ung Msh2 K164R × Msh2

Number of mice 5 5 2 2 3 3

Number of mutated sequences 234 183 76 90 114 90

Total mutations 1,083 563 442 290 216 181

Total bp sequenced 115,695 93,356 39,049 46,008 58,049 45,647

Mutations/bp (%) 0.9 (0.6–1.5) 0.6 (0.4–0.7) 1.1 (1–1.3) 0.6 (0.6–0.7) 0.4 (0.3–0.4) 0.4 (0.3–0.5)
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failure in removing uracils by Ung2 and ubiquinating PCNA 
resulted in a mutation spectrum in which almost all muta-
tions (99.3%) were G/C transition mutations, a fi nding com-
parable to Ung/Msh2 double mutants previously described 
( Rada et al., 2004 ;  Shen et al., 2006 ). These data indicate 
that during Msh2-dependent SHM, TLS polymerases  �  and 
 �  both depend on PCNA-Ub to establish most A/T muta-
tions. In summary, we suggest a model in which PCNA-Ub 

 To analyze the role of PCNA-Ub in Msh2-dependent 
mutagenesis, we compared SHM in B cells from Ung mutant 
and PCNA K164R /Ung double-mutant mice. Although poly-
merase  �  has been proven to be responsible for the introduc-
tion of most A/T mutations downstream of Msh2, the lack 
of polymerase  �  revealed that the remaining A/T mutation 
activity depends on polymerase  �  and at least a third as yet 
unidentifi ed polymerase ( Faili et al., 2009 ). The combined 

  Figure 2.   Mutations in rearranged J H 4 intronic sequences from WT and PCNA K164R , Msh2, Ung, PCNA K164R  x Ung, and PCNA K164R  x Msh2 

mutant mice.  (A) Pattern of nucleotide substitution. Values are expressed as the total number of mutations and the percentage of total mutations before 

and after correction for base composition. (B) Relative contribution of A/T mutations, G/C transitions, and G/C transversions. Values are expressed as the 

percentage of total mutations. The number of mice analyzed is indicated in  Table I .   
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line ( Edmunds et al., 2008 ). Surprisingly, in PCNA K164R  mu-
tant DT40 cells, Rev1 depends on PCNA-Ub in generating 
G to C transversions during SHM ( Arakawa et al., 2006 ). 
These results further indicate a specifi c role of PCNA-Ub in 
stimulating selectively A/T but not G/C mutations down-
stream of Ung2 and Msh2. 

 Distribution of mutations in GC B cells 

 To compare the distribution of mutations of WT, single-, or 
double-mutant GC B cells, we plotted the frequency of G/C 
and A/T mutations as a percentage of total mutations against 
the nucleotide position within the JH4 intronic region ( Fig. 4 ).  
As mentioned before, A/T mutations were strongly reduced 
in Msh2 and PCNA K164R  single- and double-mutant B cells. 
Comparing the distribution of G/C mutations, except for some 
previously defi ned hotspots ( Frey et al., 1998 ;  Rada et al., 
1998 ;  Martomo et al., 2004 ;  Delbos et al., 2007 ), no diff er-
ence was observed regarding the overall distribution of the 
remaining G/C mutations in Msh2 and PCNA K164R /Msh2 
mutant B cells. Furthermore, the failure to ubiquinate PCNA 
did not interfere with the distribution of G/C mutations, a 
fi nding consistent with the major role of PCNA-Ub in re-
cruiting polymerases  �  and  �  in establishing mutations at 
template A/T. 

 Hotspot targeting in PCNA K164R  mutant B cells 

 During SHM, mutations at template G/C are frequently found 
in RGYW/WRCY (W = A/T, R = A/G, and Y= C/T) 
hotspot motifs ( Rogozin and Kolchanov, 1992 ). Consistent 
with this observation, AID was found to preferentially deami-
nate WRC motifs in vitro ( Pham et al., 2003 ). To compare 
hotspot targeting between WT, single-, and double-mutant 
mice, we analyzed the percentage of mutations inside of 

acts downstream of both Msh2 and Ung2 to ensure that TLS 
polymerase  �  (and in its absence also polymerase  � ) is re-
cruited to introduce mutations at template A/T, and high 
fi delity polymerases are prohibited from error-free replica-
tion of intact A/T templates. The remaining A/T mutations 
(3.4%) found in the PCNA K164R  mutant might be generated 
in a PCNA-Ub–independent manner by polymerase  � , poly-
merase  � , or an as yet unidentifi ed polymerase. Future inter-
crosses between PCNA K164R  mutant, polymerase  � –, and 
polymerase  � –defi cient mice should help to distinguish be-
tween these possibilities. 

 PCNA-Ub selectively suppresses G/C transitions 

but not transversions. 

 To determine the contribution of PCNA-Ub in generating 
G/C transitions and transversions, the mutation frequencies 
for each individual base substitution in GC B cells from WT 
and PCNA K164R  mice were compared ( Fig. 3  and  Fig. S2 ).  
Interestingly, the generation of G/C transitions was increased 
in PCNA K164R  mutant B cells, suggesting that PCNA-Ub 
normally counteracts/suppresses the accumulation of G/C 
transition mutations. These data suggest a model in which the 
U-containing strand is removed and PCNA-Ub is required to 
recruit a polymerase that inserts a C opposite the G on the 
other strand. In contrast to G/C transitions, the generation of 
G/C transversions occurred equally effi  ciently in PCNA K164R  
mutant GC B cells. Given the role for the TLS polymerase 
Rev1 in generating G to C transversions during SHM ( Jansen 
et al., 2006 ;  Ross and Sale, 2006 ), these fi ndings exclude a 
role of PCNA-Ub in activating Rev1 and all other as yet un-
identified G/C transverters during SHM in mammals. In 
agreement, damage tolerance mediated by Rev1 was found to 
be independent of PCNA-Ub in the chicken DT40 B cell 

  Figure 3.   Absolute frequency mutations grouped into G/C transitions, G/C transversions, and A/T mutations.  Absolute mutation frequency of 

A/T mutations, G/C transitions (TS), and G/C transversions (TV). Values are expressed as the percentage of total sequenced base pairs from mutated clones. 

The contribution of single nucleotide substitutions is revealed in  Fig. S2 . Asterisks indicate signifi cant changes compared with WT ( �  2  test; all signifi cant 

changes had a p-value <10  � 5 , and nonsignifi cant changes had a p-value >0.1). The number of mice analyzed is indicated in  Table I .   
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of specifi c base substitution in GC B cells from WT as well as 
Ung, Msh2, and PCNA K164R  single- and double-mutant mice 
are shown in  Fig. 3  and Fig. S2. 

 As previously described, no major diff erences were found 
in the mutation frequencies of WT and Ung-defi cient GC B 
cells ( Rada et al., 2002 ), suggesting that the lack of Ung2-
dependent mutagenesis can be compensated eff ectively by 
replication across U (G/C transitions) and/or Msh2-dependent 
mutagenesis. To determine whether Msh2 is capable of re-
moving uracils that otherwise would be processed by Ung2, 
we compared the effi  cacy in the generation of A/T mutations 
between WT and Ung2-defi cient B cells. If Msh2-dependent 
mutagenesis competes with Ung2 mutagenesis, one expects 
A/T mutations to increase in the absence of Ung2. When 
comparing the generation of A/T mutations, the lack of U 
removal by Ung2 did not increase the effi  cacy in generating 
A/T mutations ( Fig. 3 ). These data reveal that Msh2-depen-
dent SHM does not compete with Ung2-dependent muta-
genesis, a fi nding consistent with the noncompetitive model 
of SHM. In line with this model, Msh2 appeared incapable of 
removing uracils usually processed by Ung2, as revealed by 
the selective and compensatory increase of G/C transitions as 
a consequence of direct replication over the U. This quantitative 

RGYW/WRCY and GYW/WRC hotspots. Because of the 
lack of A/T mutations in PCNA K164R  and Msh2 single and 
double mutants, there was a twofold increase of hotspot muta-
tions in these mice when considering their relative contribu-
tion to all mutations. However, as hotspots overlap with AID 
deamination sites, we compared the targeting of G/C muta-
tions (underlined) within R G YW/WR C Y and  G YW/WR C . 
No major diff erences were observed between WT and mu-
tant GC B cells ( Fig. S3 ), indicating that virtually all G/C mu-
tations were generated directly downstream of AID or Ung2 
during replication across U or AP sites, respectively. 

 Ung2 and Msh2 mutagenesis are noncompetitive 

 Whether the Ung2 and Msh2 pathways of SHM compete for 
the recognition of a U or act noncompetitively is a long-
standing question ( Di Noia and Neuberger, 2007 ;  Weill and 
Reynaud, 2008 ). In the latter case, the common substrate U 
is expected to be processed in an error-free or error-prone 
manner to exclude that a U not processed by Ung2 enters 
Msh2-dependent mutagenesis and vice versa .  To address this 
issue of SHM, it is essential to compare the absolute effi  cacies 
in generating defi ned nucleotide substitutions between the 
diff erent mouse models. These absolute mutation frequencies 

  Figure 4.   Mutation distribution in the JH4 intronic region.  The distribution of all G/C (above x axis) and A/T (below x axis) mutations along the JH4 

intronic region starting from the splice donor are indicated as the percentage of total mutations. The genetic backgrounds are indicated. The number of 

mice analyzed is indicated in  Table I .   
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G/C transversions depend on the synergistic action of Ung2 
and Msh2, and (d) uracils are processed noncompetitively 
downstream of Msh2 and Ung2. 

 Combining these and previous fi ndings, we propose an 
updated model regarding the generation of base substitutions 
during SHM in which uracils are introduced on both strands at 
distinct phases of the cell cycle ( Aoufouchi et al., 2008 ). U in-
troduced during the S phase can directly act as template T dur-
ing replication to generate G/C transitions or be converted to 
an AP site by Ung2. If not repaired, the AP site causes replica-
tive polymerase to stall and activate a TLS polymerase to initi-
ate the generation of both G/C transversions and transitions. 
In addition, we suggest that Ung2-dependent A/T mutations 
are generated by the combined action of PCNA-Ub and poly-
merase  �  during the extension phase of TLS across the AP site, 
or alternatively, during long-patch BER of the strand contain-
ing the AP site. Uracils generated outside the S phase would be 
recognized as a U:G mismatch by Msh2–Msh6, resulting in 
the formation of an Exo-1–generated single-stranded gap. The 
fi ll-in reaction requires the combined action of PCNA-Ub 
and polymerase  �  (or polymerase  �  in the absence of poly-
merase  � ) to generate mutations at template A/T. We now 
suggest that during this gap-fi lling process polymerase  �  or 
high fi delity polymerases become stalled upon encountering an 
AP site. The subsequent activation of specialized TLS poly-
merases (such as Rev1) enables TLS across the AP site, ex-
plaining the proposed synergism between Msh2 and Ung2 in 
generating G/C transversions. 

 Three scenarios can explain the existence of Ung2-
dependent AP sites within the Msh2/Exo-1–dependent single-
stranded gap: (a) the AP site may preexist as a result of the 
combined action of AID and Ung2 before the gap formation or 
(b) a U exists in the single-stranded gap and as such is effi  ciently 
removed by Ung2, and/or (c) secondary deamination by AID 
takes place on the single-stranded gap, and the U is immedi-
ately processed into an AP site by Ung2. Further studies should 
reveal which of these sources of AP substrates contribute to the 
generation of Ung2/Msh2-dependent G/C transversions. 

 MATERIALS AND METHODS 
 Mice.   The generation and genotyping of PCNA K164R  knockin, Ung-defi -

cient (provided by D. Barnes and T. Lindahl, Cancer Research UK London 

Research Institute, London, England, UK), and Msh2-defi cient (provided 

by H. te Riele, The Netherlands Cancer Institute, Amsterdam, Nether-

lands) mice and the Flpe deleter strain (provided by S. Dymecki, Harvard 

Medical School, Boston, MA) have been previously described ( de Wind 

et al., 1995 ;  Nilsen et al., 2000 ;  Rodríguez et al., 2000 ;  Langerak et al., 

2005 ;  Langerak et al., 2007 ). PCNA K164R  mice were crossed to the Flpe 

deleter strain to delete the selection cassette from the targeted PCNA allele 

and crossed with  Msh2  and  Ung  mutant mice to generate WT, single-, and 

double-mutant mice. Mice were maintained at the animal facility of the 

Netherlands Cancer Institute. All experiments were approved by an inde-

pendent animal ethics committee of the Netherlands Cancer Institute. 

 Isolation of GC B cells and mutation analysis.   GC (CD19 + , PNA high , 

CD95 + ) B cells were sorted from Peyer’s patches of 2-mo-old animals. DNA 

was extracted using proteinase K treatment and ethanol precipitation. The 

JH4 3 �  fl anking intronic sequence of endogenous rearrangements of VHJ558 

family members were amplifi ed during 40 cycles of PCR using PfuUltra 

analysis provides direct evidence that uracils normally recog-
nized and processed by Ung2 remain refractory to Msh2-
dependent SHM in Ung2-defi cient B cells. 

 To analyze the reverse situation, i.e., to determine whether 
Ung2 is capable of removing uracils normally processed by 
Msh2, we compared the effi  cacy in the generation of G/C 
transversions between WT and Msh2-defi cient B cells. If Ung2 
mutagenesis competes with Msh2, one expects G/C transver-
sions to increase in the absence of Msh2. Strikingly, when 
comparing the generation of G/C transversions, the lack of 
mismatch recognition resulted in a twofold decrease in the fre-
quency of these mutations. As nearly all G/C transversions de-
pend on Ung2 as revealed in Ung2-defi cient B cells, these data 
support not only the noncompetitive model but also indicate 
that 50% of all G/C transversions actually require a synergistic 
action of Msh2 and Ung2 (see following paragraph). Further-
more, the lack of mismatch recognition did not grossly change 
the effi  cacy in generating G/C transitions, suggesting that be-
fore replication uracils usually processed by Msh2 are now re-
paired by BER. 

 These selective changes in the mutation spectra between 
WT, Msh2, Ung2, and PCNA K164R  mutant GC B cells fur-
ther support the noncompetitive model between Ung2- and 
Msh2-dependent mutagenesis. This concept is in line with 
the model recently proposed by  Weill and Reynaud  ( 2008 ), 
in which both pathways are suggested to be active in S and 
G1, respectively. 

 Ung2-dependent G/C transversions downstream of Msh2 

 It has been reported that Msh2-defi cient mice have a reduced 
mutation frequency that mainly has been attributed to a defect 
in establishing A/T mutations ( Rada et al., 1998 ). Simultane-
ously, a relative increase of G/C transitions over G/C transver-
sions was found in Msh2-defi cient B cells. It has therefore been 
suggested that uracils usually processed by Msh2 are not re-
paired before replication, leading to the generation of transi-
tions. However, as already mentioned, when comparing the 
effi  cacy in generating G/C transitions, no diff erence was found 
between WT and Msh2-defi cient mice. Moreover, the lack of 
Msh2 resulted in a selective twofold reduction of G/C trans-
versions as compared with WT and PCNA K164R  mutant B cells. 
Therefore the 60% reduction in mutation frequency in Msh2-
defi cient GC B cells as compared with WT (0.37 vs. 0.94%) is 
likely explained by a defect in the generation of most A/T mu-
tations and the 50% reduction in G/C transversions. In addi-
tion, the lower mutation frequency found in Msh2-defi cient 
GC B cells as compared with PCNA K164R  mutant GC B cells 
(0.37 vs. 0.6%) is likely explained by an increase in G/C transi-
tions in PCNA K164R  cells and a decrease in G/C transversions 
in Msh2 mutant B cells. 

 Concluding remarks 

 In conclusion, (a) PCNA-Ub acts downstream of Ung2 and 
Msh2 to generate A/T mutations by selectively activating the 
TLS polymerases  �  and  � , (b) PCNA-Ub can counteract 
G/C transitions but not G/C transversions, (c) about half of all 
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