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Abstract

During somatic hypermutation (SHM) of antibody variable (V) region genes, activation-induced

cytidine deaminase (AID) converts dC to dU, and dUs can either be excised by uracil DNA

glycosylase (UNG), by mismatch repair, or replicated over. If UNG excises the dU, the abasic site

could be cleaved by AP-endonuclease (APE), introducing the single-strand DNA breaks (SSBs)

required for generating mutations at A:T bp, which are known to depend upon mismatch repair

and DNA Pol η. DNA Pol β or λ could instead repair the lesion correctly. To assess the

involvement of Pols β and λ in SHM of antibody genes, we analyzed mutations in the VDJh4 3′
flanking region in Peyer’s patch germinal center (GC) B cells from polβ−/−polλ−/−, polλ−/−, and

polβ−/− mice. We find that deficiency of either or both polymerases results in a modest but

significant decrease in V region SHM, with Pol β having a greater effect, but there is no effect on

mutation specificity, suggesting they have no direct role in SHM. Instead, the effect on SHM

appears to be due to a role for these enzymes in GC B cell proliferation or viability. The results

suggest that the BER pathway is not important during V region SHM for generating mutations at

A:T bp. Furthermore, this implies that most of the SSBs required for Pol η to enter and create A:T

mutations are likely generated during replication instead. These results contrast with the inhibitory

effect of Pol β on mutations at the Ig Sμ locus, Sμ DSBs and class switch recombination (CSR)

reported previously. We show here that B cells deficient in Pol λ or both Pol β and λ proliferate

normally in culture and undergo slightly elevated CSR, as shown previously for Pol β-deficient B

cells.
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1. Introduction

During the course of a humoral immune response, antibodies become increasingly effective

for removal of the particular pathogen or immunogen that induced the response. This occurs

in germinal centers (GCs) in lymphoid tissues and is due to somatic hypermutation (SHM)

of the antibody variable (V) region genes, followed by selection of B cells producing

antibody with increased affinity for the antigen. In addition, class switch recombination

(CSR), which exchanges the Ig heavy chain constant region gene expressed, results in

improved effector functions. SHM and CSR are both initiated by activation induced cytidine

deaminase (AID), an enzyme highly expressed in activated B cells. AID deaminates

cytosines in the expressed Ig V(D)J genes and IgH switch (S) regions, converting dC to dU

[1–4]. AID-induced lesions can also lead to off-target mutations and DNA breaks that

impact genomic stability [5–8].

The dU’s introduced by AID activity can be removed by two ubiquitous DNA repair

pathways: base excision repair (BER) and mismatch repair (MMR). In the BER pathway,

the dU base is excised by uracil DNA glycosylase (UNG) [9,10], leaving an abasic site with

an intact sugar phosphate backbone, which is usually incised by AP endonuclease APE1,

although during CSR in splenic B cells the homologous enzyme APE2 also appears to

participate [11]. Both APEs leave a SSB with a 3′OH that can be extended by DNA

polymerase [12,13]. DNA Polymerase β (Pol β) is the primary polymerase involved in

replacing the excised nucleotide during BER, but Pol λ also contributes to repair of

oxidative lesions [14,15]. Both enzymes have relatively error-free DNA polymerase activity

and also have lyase activity, which is the activity that removes the 5′-deoxyribose phosphate

group (dRP) that remains after cleavage of abasic sites by APE1 or APE2. The lyase activity

is required in order to ligate the newly added nucleotide to the nucleotide 3′ to the SSB. Pol

β and Pol λ perform short patch repair, i.e. they insert a single nucleotide at the abasic site,

and the DNA ligase 3a-XRCC1 (X-ray cross-complementing protein 1) heterodimer then

seals the nick to generate an intact DNA strand [12,16]. It is unknown whether B cells

lacking both Pol β and Pol λ would have normal cell viability, SHM, or CSR, as they would

be unable to perform short patch repair. However, it is known that in the absence of the

lyase activity of Pol β or Pol λ, replicative high fidelity Pols δ or ε can perform

displacement DNA synthesis at the lesion left by APE activity, inserting 2–13 nucleotides in

what is termed long patch repair [12]. Subsequently, Fen1 excises the DNA flap that

remains, followed by Ligase 1 activity [12,16].

The pathways used to remove dUs appear to differ between SHM and CSR. Ig S regions

have a high density of AID target hotspot sequences (AGCT or WRC/GYW motifs), and it

is essential for CSR that the AID-induced lesions are processed into DNA double-strand

breaks (DSBs). Thus, the high density of AID hotspots likely results in SSBs sufficiently

near on opposite strands to frequently form DSBs. UNG is required for CSR and for S

region DSBs, demonstrating the importance of BER for generating DSBs required for CSR

[10,17]. Also, in ape1+/−ape2−/− B cells, Sμ DSBs are greatly reduced (by ~80%). CSR is

only reduced by ~50% in these cells [18], but they still have one allele of APE1, which is

essential for viability [19]. DNA Pol β has been shown by chromatin immunoprecipitation

to bind to S regions [20]. Theoretically, Pol β should reduce the numbers of S region DSBs
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and inhibit CSR. Indeed, that is what is observed [20]. It is possible that due to the high

frequency of AID-induced lesions, DNA Pol β cannot repair all the SSBs before DSBs are

generated.

By contrast, SHM does not require DSBs. In fact, DSBs appear to be rarely induced in Ig V

regions, since deletions or insertions are rare and most mutations are single-nucleotide

substitutions. It is likely that AID activity is much more limited at V regions than at S

regions for several reasons, including but probably not limited to, the lower density of AID

target hotspots and lack of long R-loops [21–23]. Therefore, it seems unlikely that Pol β
would be overwhelmed by lesions induced in V(D)J genes during SHM. Only limited

analyses of the role of Pol β in SHM have been performed. Esposito et al. [24] observed a

slightly reduced frequency of mutation within VDJ genes expressed after immunization with

NP-chicken gammaglobulin, with a significant reduction in mutation to a specific amino

acid in hypervariable region 1 that enhances NP-binding in polβ−/− relative to polβ+/+

germinal center (GC) cells. These results were interpreted to be due to reduced affinity

selection caused by reduced B cell proliferation in the pol β−/− mice, consistent with their

observation of reduced splenic B and T cell numbers in the Pol β-deficient mice [24]. By

contrast, Poltoratsky et al. [25] reported that Pol β is down-regulated in the human BL2 GC

B cell line, and that BL2 clones with the lowest levels of Pol β show increased V region

SHM relative to other clones. These authors also observed by immunohistochemistry that

Pol β levels are reduced in human tonsillar GC B cells relative to the surrounding stromal

cells. They concluded that Pol β inhibits SHM. Pol λ-deficiency has been reported to have

little or no effect on SHM in expressed VDJ genes in Peyer’s patch GC B cells [26]. There

could be redundancy between Pols β and λ, and no one has examined mice with B cells that

are deficient in both Pol β and Pol λ for effects on SHM or CSR.

In this study, we analyze the effect of combined deletion of the genes for DNA Pols β and λ
on CSR in splenic B cells, and on SHM in the 3′ flanking region of recombined VDJh4

genes in Peyer’s patch GC B cells. We examined the 3′ flanking region to avoid the

problem of confusing mutation itself with selection for high affinity antibodies during an

immune response. Our experiments address the question of whether BER is involved in

creating the SSBs that are used as entrance sites for the translesion DNA Pol η, which is

required for producing A:T mutations during SHM [27–29]. Our data suggest that Pol β is

not down-regulated in mouse GC B cells, as we detect a similar level to that in non-GC B

cells. Although we find that SHM is reduced in mice deficient in Pols β and λ, a detailed

analysis of mutation specificity indicates that this is likely due to an effect on cell

proliferation and/or viability rather than a direct effect on SHM. Also, combined deficiency

of Pol β and λ does not reduce SHM more than Pol β deficiency alone. We hypothesize that

most of the SSBs required for AID-induced mutations at A:T bp are generated by DNA

replication, rather than by BER. We discuss implications of these data for when AID might

act during the cell cycle to initiate SHM.
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2. Methods

2.1. Mice

All mouse strains were backcrossed to C57BL/6 for more than 8 generations. Polβ+/− mice

[30] were bred to create polβ−/− embryos, or to polλ+/− mice [26] to create polβ+/−polλ+/−

mice that were bred to create polβ+/−polλ−/− mice. These mice were bred and the embryos

were harvested from the pregnant females just prior to birth, d 18 to 20 post coitus. Two x

106 fetal liver cells from polλ−/−, polβ−/−polλ−/−, or polβ−/− embryos were injected into the

tail vein of sub-lethally irradiated (900R) CD45.1+ B6.SJL congenic mice (from Jackson

Labs, then bred in our facility). Control (WT) animals received 2 × 106 bone marrow cells

from WT C57BL/6 mice and all recipient mice were maintained on antibiotics. Spleens and

Peyer’s patches were harvested from the recipients between 2 and 12 months after transfer.

Reconstitution by CD45.2+ cells at the time of harvest was >90% in all mice, except for one

that was 85%. Mice were housed in the Institutional Animal Care and Use Committee-

approved specific pathogen-free facility at the University of Massachusetts Medical School.

The mice were bred and used according to the guidelines from the University of

Massachusetts Animal Care and Use Committee.

2.2. Purification of GC cells

Peyer’s patch cells were gently dispersed mechanically and filtered through 70 μm nylon

mesh, and then incubated with anti-CD16/32 antibody (eBioscience) for 10 min on ice to

block Fc receptors prior to the addition of B220-Alexafluor700, CD95-PE (eBioscience),

GL7-FITC and CD45.2-APC (BD Pharmingen) for 30 min on ice. After washing, cells were

resuspended in 7AAD and viable, GC (B220+CD95+GL7+) and non-GC

(B220+CD95−GL7−) B cells were isolated on a FACSAriaII (>95% purity) and frozen for

subsequent DNA or protein extraction.

2.3. Amplification, cloning and sequencing of J558VHFR3-JH4 3′intron segments

DNA extracted from GC B cells was amplified using Pfu Ultra II (Stratagene); primers were

modified slightly from [27,31]. Primers for the first amplification were: forward

5′AGCCTGACAT-CTGAGGAC, and reverse 5′ GTGTTCCTTTGAAAGCTGGAC.

Nested primers for the second amplification were: forward 5′ CCGGAATTC-

CTGACATCTGAGGACTCTGC and reverse 5′ GATGCCTTTCTCC-CTTGACTC. The

reaction conditions for the first primer set were 95 °C for 30 s, 57 °C for 30 s and 72 °C for

1 min for 30 cycles; and for the second primer set were the same but for 35 cycles. The PCR

products were electrophoresed on 1% agarose gels; the 600 bp band was purified using

QIAquick Gel Extraction Kit (Qiagen), dA tails were added with Taq polymerase, and

cloned using TOPO TA cloning kit (Invitrogen), and sequenced by Macrogen USA.

2.4. Immunoblots

20 μg of whole cell extract in RIPA buffer was electrophoresed on gradient gels (4–20%,

Pierce) and transferred to ImmobilonP membrane (Millipore). Blots were blocked with 5%

powdered milk and probed with mouse anti-Pol β antibody (Neomarkers) and donkey anti-

mouse-HRP (Santa Cruz) and developed with Pierce ECL western blot substrate.
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2.5. B cell culture and CSR

Spleen B cells were prepared by T cell depletion with antibody and complement [32], and

isolated on Lympholyte gradients. 100,000 B cells were cultured in 1 ml RPMI with 10%

FBS and supplements as described [32]. Cultures contained 25 μg/ml LPS, 50 U/ml BLyS-

FLAG, 10 ng/ml anti-IgD-dextran (FinaBio). To induce CSR to IgG2a, we also added 20

pg/ml IFN-γ (EBioscience). CSR and cell division were assayed by flow cytometry after 3

days of culture using F(ab)′2 anti-mouse-IgG2a-PE and -IgG3-PE antibodies (Southern

Biotech), and dilution of the intracellular stain CFSE (Invitrogen Corp) as described [11].

3. Results

3.1. DNA Pol β is present in GC B cells

To determine whether SHM, which occurs in GC B cells, is affected by DNA Pol β, we first

assessed whether DNA Pol β is present in these cells. GC B cells (B220+CD95+GL7+) were

purified from Peyer’s patches of wild-type (WT) mice, as these are sites where B cells are

continuously stimulated by gut microbes and therefore undergoing large amounts of SHM

without immunization. We also sorted non-GC (B220+CD95−GL7−) B cells from Peyer’s

patches for comparison. Immunoblot analysis indicated that Pol β is present at similar levels

in both GC and non-GC B cells (Fig. 1). The amount is also comparable to that in splenic B

cells induced to undergo CSR, which is similar to levels in unstimulated ex vivo splenic B

cells [20]. We conclude that Pol β is not detectably down-regulated in Peyer’s patch GC B

cells undergoing SHM.

3.2. Reduced GC B cell numbers in Pol β- and Pol λ-deficient mice

Deletion of the DNA Pol β gene is a lethal mutation, and mice die at birth, although they

survive to at least 18.5 days p.c., sufficient to obtain fetal liver cells that can be transferred

into sub-lethally irradiated mice to reconstitute their hematopoietic system, as described

previously [20,24]. The donor cells can then be identified by expression of CD45.2, as the

congenic host mice express the CD45.1 allele. Although polλ−/− mice develop normally, in

order to treat all 4 genotypes similarly, we created chimeric mice with hematopoietic

systems lacking both DNA Pol β and λ genes (polβ−/−polλ−/−), Pol λ alone (polλ−/−), Pol β
alone (polβ−/−), or WT (polβ+/+polλ+/+). Peyer’s patch cells were harvested from the

chimeric mice between 2 and 12 months after fetal liver transfer, and

CD45.2+B220+CD95+GL7+ cells were isolated by FACS. Although the average recovery of

total Peyer’s patch cells did not differ between genotypes, the percent of Peyer’s patch B

cells that were GC cells was reduced by an average of 50% in all of the Pol β-or Pol λ-

deficient mice (Table 1). Consistent with the known importance of these polymerases for

repair of oxidative damage in DNA [14,15], these results suggest that Pol β and Pol λ are

required for normal levels of GC B cell proliferation and/or viability.

3.3. Mutations in the 3′ Jh4 flank are reduced in Peyer’s patch GC cells from Pol β- and Pol
λ-deficient mice

We analyzed Ig V region SHM by examining the 493 bp region 3′ to the Jh4 gene, a non-

coding region that does not undergo antigen-specific selection, in order to analyze the

mutation pattern in the absence of selection for antigen binding. Also, because the sequences
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are from Peyer’s patches from unimmunized mice, they are likely to be from B cells

responding to many different antigens, and thus not skewed to a limited number of clones.

To obtain the sequences, we amplified this region from genomic DNA using high-fidelity

Pfu polymerase and nested primers complementary to the framework 3 region of the J558L

family and 3′ to Jh4, as others have previously reported [27,31]. We counted all mutations

in non-identical sequences in the dataset from each mouse, and only included sequences that

had mutations in the calculation of mutation frequency. The numbers of unmutated

sequences did not correlate with genotype and varied between mice, suggesting that they

might be from a few contaminating non-GC cells. To determine the mutation spectra, i.e.,

their nucleotide specificity, we include identical mutations only when they are present in

sequences with different CDR3’s, as this indicates they were independently derived.

Results shown in Table 2 demonstrate that mutation frequency is reduced by an average of

24% in polλ−/− cells, and by an average of 35% in polβ−/− and polβ−/−polλ−/− GC B cells

relative to WT cells, and the reduction in all three is highly significant. However, there is no

difference in the nucleotide specificity of the substitution mutations, i.e., no difference in the

proportion of the mutations that are at G:C bp, nor the proportion of transitions at G:C bp,

nor the proportion of mutations at AID target hotspots relative to other nucleotide positions

in any of the polymerase-deficient mice. Although we examined SHM in chronically-

stimulated Peyer’s patch B cells, it has also been shown that under acute antigen stimulation,

Pol β is not important for SHM [24]. The SHM results for polλ−/− cells agree qualitatively

with a previous smaller scale analysis of SHM in Peyer’s patch germinal center B cells from

polλ−/− mice, in which it was found that mutation frequency was slightly decreased, and that

there was no effect on base specificity [26]. However, the proportion of mutations that are

deletions and insertions was significantly lower in polλ−/− mice than in WT mice (Table 2),

and Pol λ is known to generate small deletions due to a propensity for strand slippage

[33,34]. Pol λ is also known to contribute to repair of DNA ends to make them good

substrates for NHEJ during V(D)J recombination [35]. As the proportion of insertions/

deletions was not significantly reduced in the polβ−/−polλ−/− mice, this result is difficult to

interpret, especially given the small numbers of insertion/deletion mutations. Due to the lack

of effect of these polymerases on the specificity of mutations, these results suggest that

neither DNA Pol β nor Pol λ has a direct effect on SHM, and further suggest that the

reduction in mutation frequency is most likely due to reduced cell proliferation and/or

viability in the polymerase-deficient cells. These polymerases are important for repair of

oxidative lesions [14,15], which should be numerous in these highly proliferating GC B

cells.

3.4. Pol λ and Pol β have a small inhibitory effect on CSR

Previously we showed that Pol β deficiency increases CSR to IgG2a by 1.6-fold, and to

additional isotypes if CSR is induced under sub-optimal conditions in which SSBs might be

limiting [20]. We asked whether Pol λ-deficiency also increases CSR. Splenic B cells from

polλ−/− and polλ−/−polβ−/− chimeric mice were induced to switch in optimal culture

conditions to IgG3 or IgG2a. As shown in Fig. 2, both polλ−/− and polβ−/−polλ−/− B cells

showed a consistent, slight increase in the level of CSR to both IgG2a and IgG3, with cells

from the doubly-deficient mice showing a greater increase (up to 1.5-fold). As shown
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previously for Pol β-deficient splenic B cells [20], we observed no effect on cell recovery,

viability or proliferation of cultured B cells.

In conclusion, there is a difference in the role for DNA Pol β in V region SHM in

comparison with CSR induced in culture. Pol β is likely to be important for proliferation or

survival of GC B cells from Peyer’s patches but does not appear to have a direct effect on

SHM. By contrast, Pol β– deficient B cells proliferate normally when induced to switch in

culture, have a slightly increased frequency of CSR, a two-fold increase in S region DSBs,

and a two-fold increase in mutations at the Sμ region, mostly due to an increase of mutations

at A:T bp [20].

4. Discussion

DNA Pol β and Pol λ accurately repair SSBs after APE1 acts, and likely also after APE2, by

adding a single nucleotide complementary to the template DNA (short patch repair), thus

inserting a dC at AID-induced lesions. In addition, the lyase activity of these enzymes

creates a substrate for DNA ligase3a, leading to error-free repair of the DNA strand. These

activities might predict that SHM would be increased in the absence of Pol β and Pol λ,

similar to the increase in mutations found in the unrearranged (germline, GL) 5′ Sμ region

in B cells undergoing CSR in culture [20]. But instead, we observed a decrease in SHM,

which theoretically could be explained by the fact that in the absence of both Pol β and Pol

λ, long patch repair occurs, involving recruitment of high fidelity replicative polymerase

(Pol δ or Pol ε) [12,36]. These enzymes perform accurate displacement DNA synthesis. It is

possible that recruitment of replicative polymerase would decrease recruitment of error-

prone translesion DNA polymerases, which could decrease mutations at A:T bp or alter the

ratios of mutations at AID target hotspots (WRC/GYW motifs) relative to non-hotspot sites.

However, we do not observe any effect on the base specificity of mutations in these mice.

The fact that there is no consistent difference in the specificity of mutations or their location

relative to the AID target hotspots in the Pol β and Pol λ-deficient mice suggests that neither

DNA Pol β or λ acts directly during SHM at V(D)J regions.

Instead, our data suggest that the reduction in SHM observed in Peyer’s patch GC B cells in

mice lacking either or both Pol β and Pol λmight be explained by a reduction in

proliferation and/or survival, consistent with the fewer GC B cells recovered from these

mice. As Pol β, and Pol λ to a lesser extent, are important for repairing SSBs arising after

oxidative base damage [14,15], it is not surprising that GC B cells, which are rapidly

dividing, would survive less well when they lack these enzymes. The importance of Pol β
for cell survival is demonstrated by the fact that polβ−/− mice die before birth, and the lower

numbers of B and T cells found in mice reconstituted with polβ−/− fetal liver cells compared

with mice reconstituted with WT fetal liver cells [24]. Also, as Pol λ contributes to NHEJ

[37,38], polλ−/− cells could have reduced efficiency of DSB repair. This effect on

proliferation and/or survival could result in sub-optimal selection of high-affinity GC B

cells, and this could explain the reduced frequency of a specific mutation that is important

for NP-binding in polβ−/− mice [24].
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It is clear that the effect of Pol β on V region SHM differs from its inhibitory effect on

mutations introduced into the 5′ region of the GL Sμ region in splenic B cells stimulated to

undergo CSR, but that have not yet switched. It is thought that Sμ mutations occur due to

unsuccessful attempts to initiate CSR. Polβ−/− splenic B cells have ~2-fold increased

frequency of S region mutations, with mutations at A:T bp increased more than G:C

mutations [20]. This suggests that in the absence of Pol β, SSBs in S regions are more

numerous, providing increased entrance sites for error-prone DNA Pol η [39,40]. Consistent

with an inhibitory effect on SSBs, DSBs are increased in polβ−/− splenic B cells undergoing

CSR [20]. It has been proposed that the mutation mechanisms for V regions and GL Sμ are

the same, but our data indicate that Pol β deficiency has different effects on the mutations at

these two DNA regions. Pol β repairs SSBs and this is inhibitory for CSR. A priori Pol β
activity could also be inhibitory for SHM at A:T bp, but we find it is not. These differences

suggest that AID-induced lesions are treated differently in the V and S regions, consistent

with the different requirements for SSBs vs DSBs for SHM and CSR, respectively, and

perhaps in part due to the many fewer AID target hotspots in V regions than in S regions.

The DSBs required for CSR are introduced into the Sμ region during the G1 phase of the

cell cycle, and they are also repaired/recombined during G1 phase [41,42], consistent with

the fact that NHEJ is the primary repair pathway for performing S-S recombination [43,44].

Furthermore, UNG has been shown to function only during G1 phase to repair AID-induced

dU lesions in cultured splenic B cells during CSR, and also in vivo during SHM [45]. UNG

is essential for CSR, due to the requirement for DSBs. Chromatin immunoprecipitation

assays have shown that AID recruits UNG to S regions during CSR; interestingly, this

recruitment depends upon the C terminus of AID [46], which is required for CSR but not for

SHM [47,48]. The interaction between AID and UNG does not appear to be direct [46], and

we hypothesize that it might be mediated by a protein(s) that specifically binds S regions, of

which a few have been described [49–53].

The phenotypes of UNG-deficiency on CSR and SHM clearly differ. Deletion of UNG

actually increases the frequency of V(D)J region SHM, indicating that the BER pathway

sometimes accurately repairs AID-induced deaminations [10,45,54,55]. Ung−/− mice have a

large increase in the proportion of transition mutations at G:C bp (increasing from 65% to

become 95% of G:C mutations), but only a small decrease in mutations at A:T bp (15–25%)

[10,56–60]. The increase in transition mutations relative to transversions is expected if U:G

mismatches are not processed by UNG, because dU can be read as dT by most replicative

DNA polymerases, resulting in a transition mutation [61]. Without UNG, SSBs would not

be generated at AID induced lesions, thus reducing sites for entrance of Pol η and

subsequent mutations at A:T bp. Thus, it is surprising that the effect on A:T mutations is

small. That neither UNG nor Pol β have a marked effect on mutations at A:T bp suggests

that most of these mutations do not depend on generation of SSBs through the BER

pathway, and also suggests that another mechanism is used for generating SSBs during

SHM. In other words, these data predict that APE is not important for creating SSBs

required for mutations at A:T bp.

By contrast, V region mutations at A:T bp are reduced by ~80% in mice deficient for the

MMR proteins, Msh2, Msh6, or Exo1 [29,58,62]. Deletions of both the Msh2 and DNA Pol
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η genes eliminates 99% of A:T mutations [29]. As 50–60% of the V region mutations in WT

mice are at A:T bp, it is clear that SSBs, MMR, and Pol η activities are very important for

SHM. The role of MMR in general is to repair errors due to misincorporation during S phase

DNA replication. Msh2-Msh6 recognizes and binds to mismatches generated during

replication, and recruits Mlh1-Pms2 and Exo1, which together cause excision from a SSB

located 5′ to the mismatch and removal of the base misincorporated during DNA replication

[63]. Also, Mlh1-Pms2 creates additional SSBs on the DNA strand with a pre-existing SSB

to create additional entrance sites for excision and repair synthesis [64]. MMR uses SSBs

near the mismatch to identify the newly synthesized strand in order to determine which

strand to excise. The 5′ ends of newly synthesized Okazaki fragments and the 3′ end of the

leading strand have been proposed to serve this function [63]. Recently, it has also been

shown that SSBs created by removal by RNaseH2 of rNTPs misincorporated into the

leading strand also serve this function [65].

It is clear that AID can act during G1 phase [41,42,66], and thus AID would introduce dU

into a DNA strand that serves as template during the subsequent S phase. If UNG does not

excise the dU prior to replication, the dU can be read as dT, creating transition mutations

[61], but this is not a substrate for MMR. If UNG does excise the dU during G1 phase and

APE creates a SSB, A:T mutations can be produced using this SSB. However, this cannot be

the predominant pathway as A:T mutations are only reduced by an average of 20% in UNG-

deficient mice.

By contrast, if AID acts at V(D)J genes during S phase at the replication fork, it could

deaminate either the template or daughter strands, thus producing U:G mismatches that

when repaired by MMR would use SSBs on either the dU or dG strands for recruitment of

Exo1. Since AID requires a single-strand DNA substrate, it might more frequently

deaminate the template strand. The use by MMR of single strand DNA ends or other SSBs

generated during DNA replication would eliminate the requirement for the BER pathway to

generate the SSBs required for mutations at A:T bps. Supporting the hypothesis that A:T

mutations require S phase SSBs is a recent report that B lymphoma cells cultured under

conditions promoting fast replication have a greater proportion of V region mutations at A:T

bp than those cultured under conditions that cause slow replication [67].

The hypothesis that DNA breaks generated during DNA synthesis are involved in creating

most of the A:T mutations might explain why A’s are more frequently mutated than T’s

[68], since DNA replication across the V(D)J segment might originate from the same

direction in most cells, and Pol η has a higher mutation rate using template T than template

A [27,28,69–71]. Our dataset also showed this preference, with the ratio of A to T mutations

ranging from 1.7 to 2.0 (corrected for sequence specificity). One strand might more often

serve as the leading strand and the other as the lagging strand during DNA replication across

V(D)J regions, and this would affect the frequency of SSBs on the two strands and their

positions relative to the U:G mismatch. Alternatively, there might be differential activities

on the transcribed and non-transcribed DNA strands [70,72].
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5. Concluding remarks

Because we find no change in the base specificity or location of mutations in the Jh4 3′
flanking region in GC B cells from polβ−/−, pol λ−/− mice, or pol β−/−pol λ−/− mice, our

data suggest that Pol β does not have an direct role in SHM and support a previous report

concluding the same for Pol λ [26]. Our data indicate that Pol β is expressed in GC cells,

presumably because it is required for repair of oxidative damage expected in these highly

replicating cells. Furthermore, these data, along with the finding of others that UNG is not

important for mutations at A:T bp, suggest that most of the SSBs required for generation of

A:T mutations during SHM are not due to the BER pathway, and most likely are created

instead by DNA replication. Thus, these results imply that during SHM of V(D)J regions,

AID acts during DNA replication, perhaps at the fork immediately after DNA synthesis, in

order to generate mutations at A:T bp, which comprise ~60% of the mutations in WT cells.
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Fig. 1.
Pol βis present and not down-regulated in GC cells. Western blot of whole cell extracts from FACS-purified GC and non-GC

WT B cells, or splenic B cells stimulated in vitro with LPS and anti-IgD-dextran for 48 h. The blot is representative of three

independent experiments (three mice).
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Fig. 2.
CSR is slightly increased in the absence of Pol β and Pol λ. (A) Representative profile and (B) quantification of CSR in CFSE-

stained spleen B cells stimulated for 3 days and assayed by flow cytometry (n = 3 mice of each chimera).
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Table 1

Reduced GC B cell recovery in polβ−/− and polλ−/− mice.

Months since transfer:

% Germinal center B cells

4 6 12d

WT 5.1a (1)b 4.3 (1) 7.6 (2)

polβ−/− 2.8 (1) 1.8 (1) n.d.

polλ−/− n.d.c n.d. 3.5 (2)

polβ−/−polλ−/− n.d. n.d. 3.6 (2)

a
Average GC cells as a percent of B220+ PP cells.

b
Number of individual mice.

c
Not determined.

d
Reconstitution by transferred cells was greater than 97% 12 months after transfer.
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