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Mismatch repair plays an essential role in reducing the cellular mutation load. Paradoxically, proteins in
this pathway produce A - T mutations during the somatic hypermutation of immunoglobulin genes. Although
recent evidence implicates the translesional DNA polymerase v in producing these mutations, it is unknown
how this or other translesional polymerases are recruited to immunoglobulin genes, since these enzymes are
not normally utilized in conventional mismatch repair. In this report, we demonstrate that A - T mutations
were closely associated with transversion mutations at a deoxycytidine. Furthermore, deficiency in uracil-VN-
glycolase (UNG) or mismatch repair reduced this association. These data reveal a previously unknown
interaction between the base excision and mismatch repair pathways and indicate that an abasic site generated
by UNG within the mismatch repair tract recruits an error-prone polymerase, which then introduces A - T
mutations. Our analysis further indicates that repair tracts typically are ~200 nucleotides long and that
polymerase n) makes ~1 error per 300 T nucleotides. The concerted action of Msh2 and UNG in stimulating
A - T mutations also may have implications for mutagenesis at sites of spontaneous cytidine deamination.

The affinity maturation of the antibody response depends on
the somatic hypermutation (SHM) process. The enzyme acti-
vation-induced cytidine deaminase (AID) initiates SHM in
germinal center B cells by deaminating C within immunoglob-
ulin (Ig) genes, yielding a G - U lesion that is resolved by
several mechanisms (29). Replication across the U generates
G - Cto A - T transition mutations, while the removal of the U
by uracil-N-glycolase (UNG) leads to transversion and transi-
tion mutations at the original G - C base pair (33). The AID-
generated G - U lesion is also a substrate for the mismatch
repair (MMR) proteins Msh2, Msh6, and Exol. Unlike their
normal role in DNA repair, the processing of this lesion by
these MMR proteins during SHM paradoxically leads to the
production of mutations at A - T base pairs (see below).

MMR is a DNA repair process utilized by prokaryotes and
eukaryotes (25). This pathway repairs DNA errors caused by
the misincorporation of nucleotides during DNA synthesis.
The initial mismatch is detected by MutSa, which consists of
Msh2 and Msh6 in mammalian cells. The ability of MMR to
discriminate between the mutated and unmutated strands of
DNA is thought to be dictated by nicks or gaps on the newly
synthesized lagging strand between Okazaki fragments or by
strand ends on the leading strand at the replication fork (18).
The MutLa endonuclease (Mlh1/Pms2) uses the DNA nick or
end as a marker of the newly synthesized, and therefore mu-
tated, strand to introduce a new nick on either side of the
mismatch (15). This nicked strand is then excised by the 5'-
to-3" exonuclease Exol, and the ensuing gap is repaired by the
replicative polymerase 8. However, since AID acts primarily
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during G; of the cell cycle (11, 36), it is unclear whether
Msh2/6 is capable of distinguishing between the AID-mutated
and unmutated strands prior to strand excision.

Consistently with their role in DNA repair, deficiency in
Msh2, Msh6, or Exol generally leads to an increase in muta-
tion frequencies in different tissues (40). However, in the case
of SHM of Ig genes, the loss of these MMR proteins reduces
the frequency of mutations at A - T base pairs (4, 5, 10, 16, 22,
30, 32, 37, 41, 42). One possible difference between conven-
tional and mutagenic MMR is the involvement of the error-
prone DNA polymerase m in the latter process. Indeed, both
mice and humans lacking polymerase m resemble Msh2-defi-
cient mice, in that mutations at A - T base pairs in the V region
are less frequent (6, 7, 47). Moreover, the error spectrum of
polymerase  on undamaged DNA matches the mutation spec-
trum of A - T mutations in the V region (35). While it is now
well established that mutations at A - T base pairs are pro-
duced largely by proteins involved in the MMR pathway, it is
not known how DNA polymerase m is recruited during SHM.

One possible explanation for the use of error-prone poly-
merases is the occurrence of replication-blocking lesions, such
as an abasic site or a modified nucleotide, in the V region of Ig
genes. Evidence that a replication block leads to mutagenic
MMR comes from recent studies showing the requirement of
ubiquitinated PCNA for mutagenic MMR (1, 19, 34). Mono-
ubiquitination at the K164 residue of PCNA in response to
DNA damage leads to translesional synthesis (1), and SHM at
A - T base pairs is reduced in PCNAR!4R/KIR mice 10 levels
observed in MMR-deficient mice (19, 34). In addition, the
finding that translesional DNA polymerases are involved in
SHM (9, 31, 45-47) suggests that replication-blocking lesions
are common at the Ig locus during SHM. Taken together,
these observations suggest a model in which replication-block-
ing lesions recruit error-prone polymerases, which then gener-
ate mutations at nearby A - T base pairs. As reported here, we
have tested this model by examining the correlated mutations
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in V region sequences from hypermutating Ramos cells and in
murine centroblasts.

MATERIALS AND METHODS

Cell culture, subcloning, and flow cytometry. Ramos 67 cells were maintained
as previously described (48), and Abelson pre-B cell lines 15-63 (Msh2™/7) and
8-58 (Msh2~/~) were maintained in RPMI medium (Invitrogen) with 10% bo-
vine calf serum (HyClone), penicillin (100 U/ml), and streptomycin (0.1 mg/ml;
Sigma). For subcloning, Ramos 67 cells were plated at 0.1 cell per well into
96-well plates. After ~15 cell divisions (~32,000 cells), cells were harvested and
prepared for flow cytometry cell sorting or enzyme-linked immunospot
(ELISPOT) assays. To isolate IgM-positive and IgM-negative clones, Ramos
cells were stained with fluorescein isothiocyanate- or biotin-conjugated anti-IgM
Fab fragment antibody (Jackson ImmunoResearch Laboratories), with the latter
followed by staining with allophycocyanin-conjugated-streptavidin (eBioscience),
and single IgM-positive and IgM-negative cells were sorted (FacsAria; BD)
directly into 96-well plates. Based on the previously measured mutation rate in
these cells (107> mutation/bp/generation) (48), we estimate that under this
protocol, 15% of IgM-reverted cells had undergone multiple independent mu-
tational events in the 1,000-bp V region (10~° mutation/bp/generation X 1,000
bp X 15 generations = 0.15 mutation per V region).

Measurement of MMR activity. To quantify MMR activity, pCA-OF-express-
ing clones were harvested and washed in phosphate-buffered saline (PBS)
(Gibco, Invitrogen), and the green fluorescent protein (GFP) reversion fre-
quency was determined using a flow cytometer (FACSCalibur; BD) as previously
described (39). Flow cytometry data were analyzed using FlowJo software.

ELISPOT assays. The ELISPOT assay for IgM secretion was performed as
previously described (21).

Plasmids and transfections. To measure MMR activity, the microsatellite-like
plasmid pCA-OF was used. To inhibit UNG activity, pEF (control) and pEF-
UGI plasmids were used. Plasmids were linearized with Mlul (pEF and pEF-
UGI) and BglII (pCA-OF). For cell transfections, ~4 X 10° log-phase cells were
mixed with 10 pg of linearized plasmid DNA in 4-mm cuvettes and electropo-
rated (Gene Pulser Xcell) at 250 V and 950 wF for Ramos cells and at 450 V, 950
wF, and 150 Q for the pre-B cells. Cells were diluted in appropriate media and
plated in 96-well plates. After incubation at 37°C for 24 h, stable clones were
selected with puromycin (pEF and pEF-UGTI; 0.8 pg/ml) or blasticidin (pCA-OF;
2.5 pg/ml for Ramos and 25 pg/ml for pre-B cells).

DNA extraction, PCR, and sequencing in Ramos. Genomic DNA was ex-
tracted as previously described (21). For V region amplification from IgM-
positive and IgM-negative clones, Tag polymerase was used with the following
cycling parameters: 95°C for 2 min for 1 cycle, and then 35 cycles of 95°C for 45 s,
58°C for 30 s, and 72°C for 90 s. The forward and reverse primers were
5'RamV5316 (5" ACAGCCAGCATACACCTCCC) and 3'RamV6209 (5" CAA
CCTGAG-TCCCATTTTCC), respectively. PCR products were purified using
the Wizard PCR Preps purification system (Promega) according to the manu-
facturer’s specifications and sequenced using 5" RamV_Inner (5' CACCAACT
ACAACCCGTCCC) and 3’ RamV_Inner (5'GTGGCCATTCTTACCTGA
GG). To measure V region mutation rates by PCR, amplifications were
performed on DNA from unselected Ramos clones using PFU Ultra II (Strat-
agene) as previously described (21).

Amplification and analysis of murine Ig sequences. All murine V region
sequence data were generated from sorted PNAM B220™ germinal center B cells
isolated from Peyer’s patches or spleen as described previously (22). Mutations
were analyzed in the intronic JH2-JH4 region or the intronic VyJ558-JH4 rear-
rangement flanking region (wild-type and UNG ™/~ mice). Wild-type mouse data
were obtained from previously published works (3, 22, 33). UNG /" sequence
data were generously provided by J. Di Noia, C. Rada, and M. Neuberger.
Additional UNG ™/~ sequence data were generated from genomic DNA kindly
provided by H. Ming and U. Storb (37). The V;J558-JH4 flanking region was
amplified from genomic DNA as previously described (33). To compensate for
the unequal distribution of nucleotides in the sequenced region (the C:G ratio
was ~0.7:1, and the A:T ratio was ~0.8:1), the data shown in Fig. 4C were
normalized for nucleotide content according to the following formula: percent
bottom strand C mutations = 100(bottom strand C mutations/number of bottom
strand C’s)/[(bottom strand C mutations/number of bottom strand C’s) + (top
strand C mutations/number of top strand C’s)]. The same formula was used to
normalize for A - T mutations.

In vitro UDG assay. The inhibition of UNG by uracil-DNA glycosylase inhib-
itor (UGI) was confirmed using the uracil DNA glycosylase assay as previously
described (8), with minor modifications. Briefly, a double-stranded oligonucleo-
tide containing a single U:G mismatch was 5’ labeled with [y->*P]dATP. The
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labeled substrate was incubated with 1 U of uracil DNA glycosylase (NEB) or
with serially diluted Ramos nuclear extracts (1 to 10 pg) in uracil glycosylase
buffer (NEB) for 3 h at 37°C, followed by incubation with sodium hydroxide (100
mM) for 10 min at 98°C. Samples were electrophoresed on a 20% denaturing
acrylamide gel with a running buffer of 1X TBE (Tris-borate-EDTA) at 300 V for
3 h and visualized using a PhosphorImager (Molecular Dynamics). Quantitation was
performed using ImageQuant software, version 5.0 (Molecular Dynamics).

Statistical analysis. Ramos and murine data were graphed using GraphPad
software (Prism), and statistical analyses were performed using the unpaired ¢
test, Fisher’s exact test, and Mann-Whitney test.

RESULTS

Transversion mutations at C are linked to A - T mutations.
As noted above, SHM of both G- C and A - T base pairs
depends wholly on AID, while A - T mutations depend addi-
tionally on mismatch repair and potentially on replication-
blocking lesions. These observations suggest the specific model
illustrated in Fig. 1A. As in other models, the G-U mismatch
generated by AID is detected by the MMR system. Since
translesional synthesis is the final stage of MutSa-mediated
repair during SHM, we investigated the mutational outcomes
of MutSa when it targeted either the AID-mutated or unmu-
tated DNA strand. Assuming that MutSa targets both strands
equally for repair, 50% of the time the mutated (U-containing)
strand is degraded by Exol. The resynthesis of the ensuing gap
restores the original G - C base pair. If, however, the unmu-
tated (G-containing) strand is excised, as illustrated in Fig. 1A,
the degradation of the unmutated strand by Msh2/Exol ex-
poses U in the opposite strand. The excision of the U by UNG,
which is threefold more active on single-stranded DNA
(ssDNA) than on double-stranded DNA (17), generates an
abasic site. The resynthesis of the degradation tract begins
faithfully but stalls at the abasic site, thus inducing the ubig-
uitination of PCNA and the assembly of translesional poly-
merases that can then bypass this lesion. Random nucleotide
insertion opposite the abasic site leads to a G - C transversion
mutation 50% of the time; further extension 3’ by the trans-
lesional polymerase v then introduces A - T mutations into the
V region.

The scenario described above predicts that sequences with
mutations at A - T base pairs will be enriched for mutations at
G - C base pairs and that the G - C mutations will be predom-
inantly transversions. To test these predictions, we examined
sequences from hypermutating Burkitt’s lymphoma Ramos
cells and from hypermutating centroblasts in mice. For the
Ramos cell analysis, we used an IgM-negative variant Ramos
67 that harbors a TAA nonsense codon in the endogenous Ig
heavy chain (IgH) locus, truncating translation in the variable
domain. Consequently, sorting for IgM-positive Ramos 67 cells
was expected to select for cells that had undergone a mutation
at an A - T base pair. We therefore isolated IgM-positive cells
and examined the associated mutations in an ~1-kb V region-
containing segment of the IgH locus.

In these experiments, it was important to minimize the oc-
currence of unrelated mutations. The mutation rate of the V
region in Ramos 67 is known to be ~10~° mutations/bp/gen-
eration (48). Therefore, Ramos 67 was subcloned and allowed
to expand only ~15 cell divisions before sorting. This protocol
was expected to yield an IgM-positive cell population in which
only ~15% of cells had undergone multiple independent mu-
tations within the V region being analyzed (see Materials and
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FIG. 1. Model for mutagenic repair by MutSa. (A) A cytidine in
the representative DNA sequence is deaminated by AID, thus gener-
ating a G - U lesion, which stimulates the MMR-directed Exol exci-
sion of the unmutated DNA strand. This yields a U in the opposite
strand within an ssDNA region. The removal of the U by UNG gen-
erates an abasic site. The resynthesis of the excised strand begins with
an error-free replicative polymerase until the abasic site is encoun-
tered, causing the polymerase to stall. This leads to translesional syn-
thesis, with the recruitment of error-prone polymerases to bypass the
abasic site as well as polymerase m to generate mutations at A - T base
pairs. (B) On the top is a schematic of the IgH locus of Ramos 67
(R67) cells with the position of the TAA nonsense codon represented
by an arrow. On the bottom is a diagram describing the enrichment for
Ramos clones containing A - T mutations, including subcloning, sort-
ing based on IgM expression, and the sequencing of the V region.
FITC, fluorescein isothiocyanate.
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Methods for the calculations). Subclones of Ramos 67 were
stained with fluorescein isothiocyanate-labeled anti-IgM, and
IgM-positive and -negative clones were sorted directly into
individual wells on a 96-well plate. Sorted cells then were
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expanded, genomic DNA was extracted, and an ~1-kb region
encompassing the V region was amplified by PCR (Fig. 1B).
To minimize PCR errors, we sequenced the PCR products
directly.

To assess the likelihood that G - C mutations were associ-
ated with A - T mutations, we measured the excess of G - C
mutations in the IgM-positive and IgM-negative clones. Under
conditions in which we limited proliferation to ~15 cell divi-
sions, most unselected IgM-negative Ramos clones did not
harbor a mutation. Indeed, there was an ~5-fold increase in
mutation frequency (not including the reverted nonsense
codon) in selected IgM-positive clones compared to that of the
unselected IgM-negative clones (Fig. 2A), indicating that se-
lecting for mutations at A - T base pairs enriched for other
types of mutations.

Of 51 independent IgM-positive clones, 21 clones (41%)
contained mutations at G -+ C base pairs, whereas of 68 un-
selected clones only 8 clones (12%) had a mutated G - C (Fig.
2B; also see Table S1 in the supplemental material), support-
ing the model shown in Fig. 1A that mutation at A - T enriches
for mutations at G - C. Sequences derived from Ramos 67
IgM-positive clones with associated G + C mutations are shown
in Fig. S1 in the supplemental material. Of note, the TAA
nonsense codon in all [gM-positive clones was reverted exclu-
sively to either TAC or TAT (see Fig. S1 in the supplemental
material), which encodes tyrosine. Two mechanisms that cause
this limited set of revertants might be due to the mutagenic
preference of polymerase m (24, 35) or the assembly of IgM.
That is, the TAA codon lies opposite the sequence 5'-TTA-3’,
and polymerase m preferentially misincorporates nucleotides
opposite a T in the motif TT or TA (the underlined nucleotide
is mutated). The reversion pattern most probably reflects the
fact that the nonsense codon is located within the conserved
Tyr-Tyr-Cys motif in the FR3 region and indicates that other
amino acids in this motif do not allow the assembly of mem-
brane-bound IgM.

We compared the types of mutations in the IgM-positive and
IgM-negative clones (Fig. 2C; also see Table S1 in the supple-
mental material). The mutations in the unselected IgM-nega-
tive clones predominantly were transition mutations at G - C
base pairs, similarly to that reported earlier (48). However, the
mutation spectrum of the IgM-positive pool differed signifi-
cantly from that of the IgM-negative pool, in that there were
more A - T mutations (P = 0.0204) and more G - C transver-
sion mutations (P < 0.0001). Seventy-five to 80% of G - C
mutations in both populations occurred in AID hot spot motifs
(i.e., WRC), suggesting that these mutations arose from a
processed AID deamination event. Moreover, 65% of muta-
tions at A occurred at polymerase n WA motifs (40% of A in
the Ramos V region are in WA motifs), as expected for mu-
tations due to the SHM process.

We also examined the location of these mutations with re-
spect to the TAA nonsense codon (Fig. 2C). Mutations at
G - Cbase pairs are initiated by altering the C. If the C is in the
top (or bottom) strand, mutations at G - C base pairs corre-
spondingly are deemed to be mutations in the top (or bottom)
strand. In the case of the unselected IgM-negative clones, 30%
of mutations in these clones were found within a distance of
100 bp either upstream or downstream of the TAA codon. In
contrast, in the IgM-positive clones, 71% of all mutations were
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FIG. 2. Sequences with A -+ T mutations are enriched for transversion mutations at C on the bottom strand in an UNG-dependent manner.
(A) Mutation frequency at the V region in R67 clones is shown for sorted [gM ™ and IgM ™ clones. Only unique mutations from independent clones
were scored. The reverting mutation at the TAA nonsense codon was excluded. The data represent 51 IgM™" and 68 IgM ™~ R67 clones and 18 IgM*
and 52 IgM ™~ UGI-expressing R67 clones. Statistical analyses were conducted using the Fisher’s exact test (*#*, P < 0.0001; *, P = 0.0284). (B) The
percentage of sequences containing associated A - T and G - C mutations was determined for reverted IgM™* untransfected (left) and UGI-
expressing (right) R67 clones. (C) Mutation characteristics in the V region of IgM™ and IgM™~ clones are shown. Individual mutations are
represented by white, gray, or black circles. The location of C transition (TRN) and C transversion (TRV) mutations and A mutations (MUT)
relative to the reverted mutation at the TAA nonsense codon (vertical line at x = 0) also is depicted. Mutations on the top strand (above the
midline) and bottom strand (below the midline) are shown for R67 IgM™ (top), R67 IgM~ (middle), and R67 IgM™ UGI-expressing clones
(bottom). Statistical analyses to compare top and bottom strand mutations were conducted using the ¢ test (#*%, P < 0.0001 for transversion
mutations at C [top panel]; **, P = 0.0052 for mutations at A [top panel]; *, P = 0.0486 for transition mutations at C [bottom panel]).

localized within 100 bp on either side of the TAA codon. These
data further corroborate the notion that most mutations in the
IgM-positive clones were associated with mutations at the
TAA codon. Moreover, these results suggest that the typical
repair tract is ~200 nucleotides.

Strikingly, C transversion mutations clustered on the bottom
strand in IgM-positive cells (P < 0.0001), while no bias was
seen in the unselected IgM-negative clones (P = 0.6874).
These transversion mutations in the bottom strand were found
equally upstream and downstream of the A - T mutation. This
pattern of clustering is not predicted by the model in Fig. 1A.
That is, this model hypothesizes that polymerase r is recruited
when replication is blocked at an abasic site and then proceeds
to introduce mutations at A - T base pairs. This hypothesis
therefore predicts that A - T mutations will be associated with
an upstream C in the bottom strand and a downstream C in the
top strand. The implications of this observation will be consid-
ered in the Discussion.

The reversion of the TAA codon also was associated with
the occurrence of other A - T mutations. As considered in the
Discussion, the frequency of these A - T mutations can be used
to estimate the error rate of the translesional polymerase.
Eight out of these 10 A - T mutations occurred with A on the
top strand (P = 0.005). This is consistent with observations in
wild-type mice, which also have been interpreted to reflect the
preferential excision of the top strand by Msh2/Exol, followed
by preferential misincorporation opposite T (24, 43) (see Fig.
4C). In keeping with the strong preference for misincorpora-

tion opposite T, in this paper we refer to mutations at A+ T
base pairs as A mutations.

AID does not show a strong strand bias preference. We next
tested whether the strand bias of the C transversion mutations
reflects a preferential specificity for AID mutating the bottom
strand in Ramos cells. For this analysis, we assembled previ-
ously obtained sequence data from Ramos clones that were
carried in culture but not subjected to any form of selection
(e.g., IgM expression). Only unique mutations at G - C base
pairs were included in this analysis, unless genealogies indi-
cated that the mutation was unique or that the same mutation
occurred in different clones. As suggested by the data in Fig. S2
in the supplemental material, after correcting for base compo-
sition, AID marginally prefers to mutate the top strand by a
ratio of 0.48:0.44 (63 mutations/131 C on the top strand, 67
mutations/151 C on the bottom strand), supporting previous
findings (23, 43). In addition, using this data set, we found that
mutations at AID hot spot motifs (i.e., WRC) occur on both
strands at approximately similar frequencies (data not shown),
which is consistent with the notion that AID mutates both
strands approximately equally. This suggests that the bias for C
transversion mutations on the bottom strand in IgM-positive
clones is not due to AID directly but likely reflects a strand
preference of the repair process (see below).

Inhibition of UNG abrogates linked C transversion and A
mutations. An abasic site produced by a DNA glycosylase is
likely an intermediate for C transversion mutations within AID
hot spot motifs. To test whether these transversions depend on
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using the ¢ test (the asterisk indicates P = 0.0150 for G - C transition mutations and P = 0.0492 for G - C transversion mutations). TRN, transition;
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cells. Statistical analyses comparing median reversion frequencies were performed using the Mann-Whitney test (***, P = 0.0007). (D) MMR
activity for Msh2 /= and Msh2*/~ pre-B cell lines and R67 clones was quantified using a microsatellite instability assay based on the GFP reversion
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instability can lead to GFP expression. Statistical analyses were performed using the Mann-Whitney test (%, P = 0.003 for results with Msh2 ™/~

pre-B cells compared to those with Msh2*/~ pre-B cells).

UNG, we inhibited UNG by stably transfecting Ramos cells
with a UGI-expressing plasmid (8) and examined whether the
inhibition of UNG altered the frequency or spectrum of mu-
tations. We screened transfected clones and measured residual
UNG activity in nuclear extracts using a previously described
assay (8). As shown in Fig. 3A, nuclear extracts from UGI-
expressing Ramos 67 had no detectable residual glycosylase
activity relative to that of empty vector controls, indicating that
UNG is the major glycosylase in Ramos cells. By sequencing
the V region in unselected Ramos clones, we found that trans-
version mutations at G - C base pairs were reduced in UGI-
expressing clones by at least sixfold (58.7 X 107° versus
<9.01 X 107% P = 0.015) (Fig. 3B), similarly to that reported
for UNG™/~ mice (33). To determine the effect of UGI ex-
pression on the mutation frequency at A - T base pairs, we
measured the reversion frequency of the TAA codon using an
ELISPOT assay for IgM secretion (Fig. 3C). The IgM rever-
sion frequency in UGI-transfected clones was reduced ~3-fold
relative to that of the empty vector control (P = 0.007), indi-
cating that at least ~2/3 of the mutations at A - T base pairs
depended on UNG, possibly in concert with the Msh2/Exol

pathway (see below). As expected, UNG inhibition did not
perturb MMR activity, as measured by a microsatellite insta-
bility assay (Fig. 3D) (39).

To determine whether UNG activity is required for linked C
transversion and A mutations, we measured whether UGI ex-
pression reduced the fraction of IgM-positive clones in which
the reversion mutation was associated with a C transversion.
As shown in Fig. 2B and C, ~31% (16/51) of IgM-positive
Ramos 67 clones had a linked transversion, compared to
~17% (3/18) for the UGI-expressing cells. Combined with the
reduced mutation frequency at A - T base pairs in UGI-ex-
pressing Ramos cells (Fig. 3B), these data indicate that ~2/3 of
A - T mutations in Ramos cells are produced by replication
across an UNG-generated abasic site on the bottom strand.
Although A - T mutations occurred when UNG was inhibited
(Fig. 2C and 3C), the residual A - T mutations were not asso-
ciated with C transversions. These data suggest that a mecha-
nism that is independent of an abasic site also generates A + T
mutations during SHM.

Murine Ig sequences with A - T mutations are enriched for
C transversion mutations. Our analysis showed that IgM-pos-
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itive Ramos clones that have an A - T mutation in their V
region are enriched for a nearby C transversion mutation on
the bottom strand. We tested whether a similar relationship
holds in the V regions of murine B cells that were hypermu-
tating in vivo. For this analysis, we examined the JH2-JH4 or
V,;J558-JH4 intronic Ig sequence from PNA™M Peyer’s patch B
cells from nine wild-type mice and five UNG ™/~ mice (see Fig.
S3 in the supplemental material). A limitation in examining
linked A - T and G - C mutations in Ig sequences derived from
mice is that they often are heavily mutated, which likely is due
to multiple rounds of mutational events during the life cycle of
the centroblast. Therefore, we restricted our analysis to se-
quences containing a maximum of five mutations per sequence
(see Table S2 in the supplemental material), thereby minimiz-
ing the possibility that mutations arose independently. As
shown in Fig. 4A, ~57 and ~85% of Ig sequences that con-
tained at least one A - T mutation and had up to five total
mutations also harbored a G - C mutation in wild-type and
UNG /™ mice, respectively. To examine the relationship be-
tween C transversion mutations and A - T mutations in the
wild-type-restricted data set, we measured the number of se-
quences with C transition or C transversion mutations with
respect to the presence or absence of A - T mutations. For
wild-type mice, in sequences with no A - T mutations, only
21% (5/24) of those sequences harbored a C transversion mu-
tation (Fig. 4B). However, among sequences that contain A + T
mutations, 65% (20/31) also contained C transversion muta-
tions (P = 0.0023) (Fig. 4B). Thus, sequences with A - T mu-
tations are enriched for C transversion mutations in murine B
cells, thereby corroborating the Ramos cell data. However, Ig
sequences from UNG™/~ mice showed no difference in C
transversion mutations whether or not a sequence harbored an
A - T mutation (Fig. 4B), highlighting, just as with the UGI-
Ramos data, that a mechanism independent of abasic sites
produces A - T mutations during SHM.

We next examined whether specific mutations displayed a
strand bias exclusively in sequences with A - T mutations. To
eliminate bias due to the unequal distribution of nucleotides in
the sequenced region, all values were normalized for nucleo-
tide content (see Materials and Methods). As shown in Fig. 4C,
only 28% of A - T mutations had the A on the bottom strand,
indicating that A mutations occurred preferentially in the top
strand (P < 0.0001), consistently with previous data for mice
(24) and for Ramos cells (Fig. 2C). Importantly, 72% of C
transversion mutations occurred on the bottom strand (P =
0.00392) (Fig. 4C) in wild-type mice, displaying the same
strand preference as that in Ramos cells (Fig. 2D), and most of
these mutations depended on UNG (Fig. 4C). Moreover, in
wild-type mice, in sequences containing A mutations in the top
strand, 100% of transversion mutations and 65% of transition
mutations at C were located on the bottom strand (P < 0.0001
and P = 0.0249, respectively) (Fig. 4D, top). In contrast, se-
quences containing A mutations on the bottom strand showed
no strand preference for C mutations (P = 0.6261; P = 0.2195
for C transversion and C transition mutations, respectively)
(Fig. 4D, middle). There also was no strand preference in
sequences with no mutations at A - T base pairs (P = 0.5796;
P = 0.5734 for C transversion and C transition mutations,
respectively) (Fig. 4D, bottom).

To extend this analysis, we determined whether A mutations
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display a strand bias in sequences harboring a single C muta-
tion. Sequences with a top strand C mutation do not display a
significant strand bias with A mutations (P = 0.1114) (Fig. 4E,
top). In contrast, sequences with a bottom strand C mutation
display a bias of A mutations to the top strand (P < 0.0001)
(Fig. 4E, bottom), which is consistent with data shown in Fig.
4D and with Ramos data (Fig. 2C). Notably, bottom strand C
transversion mutations are preferentially located upstream of
A mutations (P = 0.0015) (Fig. 4E, bottom), which is consis-
tent with the model shown in Fig. 1A. However, as noted
above, this relationship was not observed in Ramos cells (Fig.
2C). Collectively, these data show that A mutations on the top
strand are associated with C transversion mutations on the
bottom strand in murine B cells, supporting the notion that the
excision of the top strand by Exol and the removal of U on
the bottom strand by UNG generates A mutations on the top
strand.

Deficiency of MMR leads to decreased C transversion mu-
tations. The model (Fig. 1A) envisages that the AID-generated
G-U mismatch recruits the MMR system, which sometimes
excises the G-containing strand exposing the U to UNG, lead-
ing to frequent transversion mutations. Because UNG displays
greater activity on U in ssDNA than in double-stranded DNA
(17), deficiency in MMR should protect U from UNG and lead
to an increase in transition mutations at C on the bottom
strand. As such, we examined Ig sequences from wild-type and
MMR-compromised (i.e., Msh2™/~, Msh29¢744 Msh6~/~, and
Exo1~/7) mice from previously published data (4, 20, 22) (see
Fig. S4 in the supplemental material).

Figure 5 shows the percentage of C mutations on the top or
bottom strand in wild-type and MMR-deficient mice. While
transition and transversion mutations at C were similar be-
tween wild-type and MMR-deficient mice on the top strand,
we observed a twofold decrease in the fraction of C mutations
that were C-to-G transversion mutations (P = 0.014) on the
bottom strand in MMR-deficient mice (P = 0.003) and a cor-
responding ~1.3-fold increase in C-to-T transition mutations
in MMR-deficient mice (P = 0.003). These data indicate that
~50% of C transversion mutations on the bottom strand are
produced indirectly by MMR proteins and suggest that in the
absence of MMR, a larger proportion of AID-generated U on
the bottom strand is instead being replicated, leading to an
increase in C transition mutations. Since AID is slightly more
active on the top than the bottom strand and the UNG path-
way has not been shown to display a strand bias, this result
indicates that the MMR and base excision repair pathways
cooperate to produce C transversion mutations on the bottom
strand and A mutations on the top strand, as inferred from the
analysis of Ramos cells.

DISCUSSION

SHM is initiated by the AID-mediated deamination of cyti-
dines. Proteins involved in the MMR pathway have been
coopted by the SHM process to extend mutagenesis from this
initial G - C base pair to A - T base pairs. To gain insight into
this process, we used a hypermutating B cell line, Ramos, in
which we selected for mutation at a specific A - T base pair and
then analyzed the other, correlated mutations. We also tested
for similar correlations in Ig sequences from mice. We have
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(A) Percentages of sequences with associated A - T and G - C mutations from nine wild-type mice and five UNG /" mice. All analyzed
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transition and G - C transversion mutations in sequences with and without A - T mutations in wild-type (WT) and UNG ™'~ mice (for the
wild-type mice, n = 31 without A - T mutations and n = 24 with A - T mutations; for UNG '~ mice, n = 20 without A - T mutations and
n = 41 with A - T mutations). Sequences with G - C transversion mutations that also contained G - C transition mutations were scored as
sequences with G - C transversion mutations. Statistical analyses were performed using Fisher’s exact test (%, P = 0.0023 for sequences with
and without A mutations from wild-type mice for G - C transversion mutations). (C) Percentages of mutations located on the bottom strand
were determined for wild-type and UNG ™/~ mice in unrestricted (UnRes; columns 1 to 3 and 7 to 9) and restricted (Res; columns 4 to 6
and 10 to 12) data sets. Sequences that did not contain A - T mutations were excluded from this analysis. Mutations were normalized for
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for the comparison of C transversion mutations in the restricted data set between wild-type and UNG ~/~ mice). (D) Location of C and A
mutations in the JH2-JH4 and V;J558-JH4 intronic regions of wild-type mice. Data shown are from sequences containing A mutations in
the top strand (top) or the bottom strand (middle) or containing no A mutations (bottom). Top strand mutations and bottom strand
mutations are depicted above and below the midline, respectively. Statistical analyses were performed using the ¢ test (*, P = 0.0249 for
bottom strand transition mutations [top panel]; **%, P < 0.0001 for bottom strand transversion mutations [top panel]). (E) Strand bias of
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analyses for the strand bias of A mutations were performed using the ¢ test (¥*%, P < 0.0001), and those for the location of A mutations
relative to C transition and transversion mutations were performed using Fisher’s exact test (P = 0.0015).
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FIG. 5. Bottom, but not top, strand C transversion mutations are
reduced in MMR-deficient mice. The percentages of C-to-T, C-to-G,
and C-to-A mutations on the top strand (left) and on the bottom
strand (right) in wild-type and MMR-deficient mice is displayed. Data
were collected from the JH2-JH4 region of wild-type (two
Msh2G674A**, one Msh2G674A™™, and one Exol™~) and MMR-
deficient (one Msh27/~, one Exol™’~, one Msh6~/~, and three
Msh2G674AM™M) mice from previous publications (see Fig. S4 in the
supplemental material). Statistical analyses were performed using the
t test (the asterisk indicates P = 0.0250 for C to T mutations on
the bottom strand and P = 0.0121 for C to G mutations on the bottom
strand).

interpreted our results based on the model in Fig. 1A. This
model postulates that the creation of an abasic site, the result
of cytidine deamination followed by uridine excision, recruits
an error-prone polymerase that introduces mutations at A -+ T
base pairs. As predicted by the model, we observed that C
transversions, a proxy measurement for the replication of an
abasic site, were strongly associated with A - T mutations in
Ramos cells and in mice (Fig. 2 and 4).

It is evident from our data and from data for UNG /" mice
(33) that not all mutations at A - T base pairs arise from this
pathway, as A - T mutations occurred even when UNG was
deficient (Fig. 2A; also see Fig. S3 in the supplemental mate-
rial), and the residual A - T mutations were not strongly cor-
related with the occurrence of C transversions (Fig. 2B and
4B). A possible explanation is that these mutations result from
an MMR-dependent but UNG-independent mechanism.
These data argue that in the absence of UNG, A - T mutations
are made by a qualitatively different mechanism, perhaps still
MMR dependent but not involving an abasic site.

Our analysis of C transition mutations suggested that both
top and bottom strands were mutated to a similar extent (see
Fig. S2 in the supplemental material), indicating that AID
targets both strands equally. However, C transversions oc-
curred predominantly in the bottom strand (Fig. 2 and 4),
suggesting that the MMR system preferentially excises the top
strand, leading to DNA polymerase m-induced A mutations in
the top strand. One potential explanation for the preferential
excision of the top strand by the MMR pathway is that the
lagging strand is synthesized off the bottom strand during DNA
replication. This would place Okazaki fragments on the top
strand in the new daughter cell. Since the MMR system repairs
mismatches more efficiently on the lagging strand than on the
leading strand (28), this would lead to the preferential excision
of the top strand (28). The disproportionate position of Oka-
zaki fragments in the top strand could occur if the Ig genes in
B cells were replicated by an origin of replication that is lo-
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cated 3’ of the V region, such as those found in the 3" enhancer
region (49) and the intronic w enhancer (2).

The model illustrated in Fig. 1A, in which translesional syn-
thesis begins at the abasic site, predicts that all C transversion
mutations on the bottom strand are upstream of the mutated
A - T base pair. However, we found that bottom strand C
transversions occurred both upstream and downstream of the
mutated A - T base pair in Ramos cells (Fig. 2 and 4E). One
explanation has been suggested by Ohm-Laursen and Baring-
ton, who observed an inverse correlation between the mutation
rate at A - T base pairs and the distance to the nearest 3’ WRC
motif (27). The authors proposed that this correlation was due
to a 3'-to-5" exonuclease or endonuclease, such as MRE11,
which has been shown to increase SHM when ectopically over-
expressed in Ramos cells (44). The 3’-to-5" exo/endonuclease
would be recruited after replication stalls at the abasic site,
thus extending the gap (~100 nucleotides) to include an up-
stream A - T, followed by error-prone gap filling. As a result, A
mutations are induced both upstream and downstream of the
abasic site, resulting in the accumulation of C transversion
mutations on the bottom strand located 3" and 5’ of the A
mutation.

Our data reveal that in sequences containing A - T muta-
tions with associated C transversion mutations, a C-to-G mu-
tation predominates. This indicates that a deoxycytidine is fre-
quently inserted opposite the abasic site. We propose that
Revl, a known deoxycytidil transferase, is involved at this step.
Studies of yeast show that Revl preferentially inserts C oppo-
site abasic sites in a gapped duplex substrate (12), which mim-
ics an MMR-induced excision tract containing an abasic site in
the template strand. Moreover, C-to-G transversion mutations
were significantly reduced in mutated Ig genes in Revl-defi-
cient mice (14). Although Revl efficiently inserts C opposite
abasic sites and other lesions, it does not readily extend from
them (13). Following the initial insertion event, Revl is re-
placed by a second translesional polymerase that can extend
from a C-abasic site mispair, and in hypermutating B cells this
is likely polymerase m. The reason for the utilization of poly-
merase m is not fully understood but may be related to the
finding that Msh2/6 proteins associate physically with, and
stimulate the catalytic activity of, polymerase m (42).

Figure 2 shows that most mutations at G - C base pairs were
located within 100 nucleotides on either side of the mutated
A - T base pair. These data suggest that the Exol degradation
tract is ~200 nucleotides in length. Similar results were found
in a study that examined the length of MMR-dependent
ssDNA in yeast and mammalian cells (26). Using electron
microscopy, the authors demonstrated that the length of Exol
tracts peaked at ~200 nucleotides. Furthermore, Unniraman
and Schatz (38) showed, using a transgenic mouse model, that
mutations at A - T base pairs accumulated up to ~30 nucleo-
tides away from a G - C-rich tract, suggesting that the Exol
tract is ~60 nucleotides in length. Based on data generated in
our study as well as by Mojas et al. and Unniraman and Schatz,
we conclude that the excision tract produced by Exol during
MMR is ~200 nucleotides (26, 38).

Our analysis also can be used to estimate the error rate of
the translesional polymerase r in vivo. Ten of the 51 V genes
that we sequenced from the IgM-positive Ramos revertants
contained A - T mutations in addition to the A - T mutation
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that restored IgM production; 8 of these 10 mutations had A in
the top strand. Considering that transversions at G - C oc-
curred mostly with C on the bottom strand, these eight A + T
mutations probably represent misincorporations opposite T in
the bottom strand. These eight A mutations were generated in
the course of repairing 51 excision tracts (i.e., 51 revertant
clones analyzed) that we estimate to be ~200 nucleotides long
in a sequence of 100 bp on either side of the TAA nonsense
codon, which contains 24% T’s. This calculation thus implies
that the error rate of polymerase m opposite template T is
~3.3 X 1072 (i.e., 8/51 X 200 X 0.24]). This error rate is
~10-fold lower than the in vitro error rate of human polymer-
ase m (3.5 X 107?) (35), which may be due to the repair of
polymerase m-generated errors in our in vivo system.

Like other seeming paradoxes, the discovery that somatic
hypermutation coopts machinery that otherwise prevents mu-
tations has proved very instructive. The lesson from the im-
mune system is that a G-U mismatch, which AID creates fre-
quently by deaminating cytidine, entrains further mutations.
This process of mutagenesis has implications for non-B cells,
because all cells must cope with the spontaneous deamination
of cytidine. Although the spontaneous rate of deamination is
low, the target size (all of the C’s in the genome) is large, so the
mutational load potentially is high. If MMR and UNG were to
act on these spontaneous G-U mismatches in the same manner
as that in Ig genes, the system would extend mutagenesis be-
yond the G - U lesion, clearly a deleterious situation for non-Ig
cells. We can anticipate from this apparent paradox that some
method of avoiding the hypermutation problem has evolved.
The solution to this puzzle will prove very interesting to elu-
cidate.
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