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Abstract

Immunoglobulin affinity maturation depends on somatic hypermutation (SHM) in immunoglobulin 
variable (IgV) regions initiated by activation-induced cytidine deaminase (AID). AID induces 
transition mutations by C→U deamination on both strands, causing C:G→T:A. Error-prone repairs 
of U by base excision and mismatch repairs (MMRs) create transversion mutations at C/G and 
mutations at A/T sites. In Neuberger’s model, it remained to be clarified how transition/transversion 
repair is regulated. We investigate the role of AID-interacting GANP (germinal center-associated 
nuclear protein) in the IgV SHM profile. GANP enhances transition mutation of the non-transcribed 
strand G and reduces mutation at A, restricted to GYW of the AID hotspot motif. It reduces DNA 
polymerase η hotspot mutations associated with MMRs followed by uracil-DNA glycosylase. 
Mutation comparison between IgV complementary and framework regions (FWRs) by Bayesian 
statistical estimation demonstrates that GANP supports the preservation of IgV FWR genomic 
sequences. GANP works to maintain antibody structure by reducing drastic changes in the IgV FWR 
in affinity maturation.
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Introduction

Naive B cells expressing BCRs of the primary repertoire spe-
cifically recognize various exogenous antigens and undergo 
affinity maturation for acquired immunity during their prolifera-
tion in the germinal centers (GCs) of lymphoid follicles. The 
immunoglobulin variable (IgV) region undergoes diversifi-
cation in antigen-driven B cells with somatic hypermutation 

(SHM) initiated by activation-induced cytidine deaminase 
(AID) (1–3), followed by subsequent selection of high-affinity B 
cells in the GCs (4–6). AID induces C→U deamination, prefer-
entially at WRC (W = A or T, R = A or G) hotspot motifs on both 
the template and non-template strands of the rearranged IgV 
region during active transcription (4, 7–10). Studies of SHM in 
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the IgV region by Neuberger’s group using uracil-DNA glyco-
sylase (UNG) and mismatch repair (MMR)-deficient mice sug-
gested a two-phase stepwise model by which AID-generated 
U is processed in the IgV region (11, 12). In this model, B 
cells undergo another round of cell division, creating C→T 
and G→A transition (Ts) mutations by direct replication oppo-
site U-containing templates (Phase 1a). The removal of U by 
UNG and replication across the resulting abasic sites during 
base excision repair (BER) generates C→(G/A) and G→(C/T) 
transversions (Tv) in addition to Ts mutations (Phase 1b). 
Further SHM diversification involves error-prone MMR, during 
which the short patches of DNA sequences surrounding U:G 
mismatches are excised and inaccurately resynthesized by 
error-prone DNA polymerases concurrently expressed in GC 
B cells (Phase 2) (13–19). Phase 2 of SHM gives rise to a 
variety of mutations, including A→(T/G/C) and T→(C/G/A), in 
the DNA regions surrounding the G:U mismatch. Thus, sites 
of AID-induced cytidine deamination might represent special 
anchoring sites from which SHM mutations spread throughout 
the rearranged IgV regions.

AID initiates both IgV-region SHM and switch-region 
(S-region) class switch recombination (CSR) (13, 20, 21). The 
level of AID-induced mutation at the S-region sequences exclu-
sively correlates with the rate of CSR. However, in the case of 
affinity maturation, the overall rate of IgV region seems not to 
correlate with the increase in the antibody affinity for the target 
antigen. The generation of high-affinity antibodies depends not 
only on IgV-region SHM, but also on the antigen-driven selection 
process. Analyses of IgV-region SHM and the selection process 
have shown the importance of the SHM mutation types and their 
distributions across the IgV regions for the production of high-
affinity memory and plasma B cells (22, 23). High-throughput 
IgV sequencing and computational methods have been used 
to study the antigen-driven selection process during the affinity 
maturation of human IgV (24–26). In particular, Yaari et al. (27) 
developed a Bayesian statistical method, ‘BASELINe’, to detect 
and quantify the selection work by comparing the observed 
frequencies of non-synonymous amino acid replacement 
(R) mutations and silent synonymous (S) mutations with the 
expected frequencies for R and S. The expected frequencies 
for R and S are calculated based on the underlying targeting 
model to account for SHM hot and cold spots and any nucleo-
tide substitution bias (27, 28). This approach has demonstrated 
different selection pressures acting on the IgV complementarity-
determining regions (CDRs) and the framework regions (FWRs) 
during the maturation of antigen-driven B cells in the peripheral 
lymphoid organs. Hershberg and Shlomchik (5), who focused 
on the mutation profile and the codon usage of the genomic IgV-
region sequences, noted the differences in potential of amino 
acid changes in the IgV-region CDRs and FWRs of the heavy 
and light chains. Thus, a simple random increase in IgV-region 
SHM does not directly correlate with the affinity maturation of 
antigen-specific B cells, but the types of SHM mutations leading 
to advantageous amino acid changes in individual IgV regions 
are important for the generation of high-affinity B cells.

GANP (germinal center-associated nuclear protein) is 
required for the affinity maturation of antigen-specific B cells 
in the mouse system after immunization with T-cell-dependent 
antigens (29, 30). B-cell-specific Ganp-deficient (B-GANP−/−) 
mice showed impairment in their affinity maturation of antibodies 

against immunizing antigens. In contrast, B-cell-specific 
Ganp-transgenic (GANPTg) mice generate much higher affin-
ity antibodies for antigens such as 4-hydroxy-3-nitropheny-
lacetyl (NP)–hapten and the HIV 1 gp41 epitope (31). GANP 
is involved in the IgV transcription complex after shepherding 
AID toward the nucleus to allow AID access (32) and regulates 
nucleosome occupancy for transcription in the rearranged IgV 
region (33). While GANP markedly increases the access of AID 
to IgV-region loci, its effect on the SHM mutation rate in the anti-
gen-specific high-affinity hybridomas remains modest. Here, 
we studied the effect of GANP on the SHM profile in the levels 
of nucleotide and amino acid of IgV-region CDRs and FWRs in 
generation of antigen-specific high-affinity B cells.

Methods

BASELINe program analysis
Mutated sequences were prepared in the FASTA format 
and aligned using the Clustal Omega multiple sequence 
alignment tool (http://www.ebi.ac.uk/Tools/msa/clustalo/). 
The sequences were prepared according to the software 
guidelines and uploaded to the server (27, 28). Briefly, the 
sequences were aligned so that the VH186.2 germline was the 
first sequence. The VH186.2 germline sequence was used as 
the ‘consensus’ sequence to which all the other sequences 
were compared. The identified mutations were classified as 
either silent (S) or replacement (R) mutations.

Protein Variability Server
The protein sequences were extracted from the original base 
sequence data using EMBOSS Transeq (http://www.ebi.
ac.uk/Tools/st/emboss_transeq/). The sequences were pre-
pared in the FASTA format and aligned as described above. 
The aligned sequences were analyzed for protein variabil-
ity using the Protein Variability Server (PVS) implementing 
Shannon entropy (34) (http://imed.med.ucm.es/PVS).

Isolation of GC B cells
B-cell-specific GANPTg and B-GANP−/− mice have been 
described previously (32, 33). The mice were immunized with 
NP–chicken γ-globulin (NP–CGG) in alum (100 µg per mouse) 
for 14 days and their splenic B cells were isolated with a B-cell 
isolation kit combined with a magnetic cell sorter (autoMACS 
Pro Separator; Miltenyi Biotec). The GC B cells were isolated 
from the B220+GL-7+Fas+ population with a FACSAria cell 
sorter (BD Biosciences). All animal experiments were per-
formed with approval from the Center for Animal Resources 
and Development of Kumamoto University Animal Care and 
Use Committee and the Animal Research Committee of the 
Research Institute for Microbial Diseases of Osaka University.

IgV-region sequence and SHM
The IgV-region sequences from the immunized mice 
were analyzed with PCR using primer pair of the forward 
5′-TTCTTGGCAGCAACAGCTACAGGTAAGG-3′ and the 
reverse 5′-GCAGGCTTGAGGTCTGGACATATACATG-3′. The  
aligned sequences of IgV region were analyzed for muta-
tion patterns using SHMTool, as previously described (35). 
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The AID-bound IgV-region sequences from Ramos transfect-
ants were analyzed with PCR using primer pair of the for-
ward 5′-TGGGGCGCAGGACTGTTGAAGCCTTC-3′ and the 
reverse 5′-CCTTGGCCCCAGACGTCCAT-3′.

Measurement of UNG activity
A 33-nt oligonucleotide (5′-AAAGTGGAAAGUAAAGAGGAAA 
GGTGAGGAGGT-3′) was 5′-end labeled with 32P using T4 pol-
ynucleotide kinase. The labeled oligonucleotide was annealed 
to a complementary strand to form a dsDNA substrate con-
taining a G:U mismatch. The nuclear extract from cells of the 
human B-cell line Ramos were prepared as described previ-
ously (33). The uracil excision activity in the Ramos cell extract 
was measured by incubating 250 fmol of the 32P-labeled dsDNA 
with 200 ng of the nuclear extract in a buffer containing 10 mM 
Tris–HCl (pH 8), 1 mM dithiothreitol, and 1 mM EDTA (30 µl vol-
ume). When appropriate 6 µof an anti-SMUG1 neutralizing anti-
body (36) was pre-incubated with the Ramos nuclear extract 
for 3 min at 37°C before the addition of the DNA substrate. 
After incubation for 1–20 min, the reactions were quenched 
by double extraction with phenol:chloroform:isoamyl alcohol 
(25:24:1). To cleave the abasic site that resulted from the exci-
sion of U, the reaction mixtures were heated at 95°C for 5 min 
in the presence of 0.1 N NaOH. The cleaved product (11 nt) 
and uncleaved substrate (33 nt) were separated on a 16% 
denaturing PAGE gel, visualized and quantified with a STORM 
phosphorimager scanner and the ImageQuant software (GE 
Healthcare). The specific activity of the enzyme, defined as 
femtomole of excised U per minute per milligram of cell extract, 
was measured in the linear range of the cell extract concentra-
tion against time, after incubation for 5 or 10 min.

Results

Antigen-driven IgV-region profile of GC B cells from GANP 
mutant mice
We have previously shown that GANPTg mice generate anti-
bodies with much higher affinity for NP–CGG than those pro-
duced by wild-type (WT) mice (31). To further understand the 
mechanism of the GANP-mediated increase in antibody affin-
ity, we investigated the effect of GANP on the IgV-region SHM 
profile in mouse GC B cells after immunization with NP–CGG. 
Mice were immunized with NP–CGG for 14 days and the GC B 
cells expressing B220+GL-7+Fas+ were purified with cell sort-
ing. Sequence analysis of the VH186.2 region showed that the 
mutation frequency was significantly lower in the B-GANP−/− 
mice than in the GANPF/F mice (Fig. 1a; Supplementary Table 
S1, available at International Immunology Online). On the 
contrary, we found an alteration in the SHM profile of the 
GANPTg mice, with a significant increase in the proportion of 
Ts mutations at C/G sites (Fig. 1b, VH186.2; Supplementary 
Figure S1, available at International Immunology Online) 
and a significant reduction in mutations at A/T sites (Fig. 1c, 
VH186.2; Supplementary Figure S1, available at International 
Immunology Online), suggesting that the GANP overexpres-
sion affected the SHM mutation types and their distribution in 
the IgV region in GC B cells.

We employed the BASELINe program to compare the IgV-
region SHM profiles and antigen-driven selection with 50 

sequences of the VH186.2 region from each B-cell group by 
analyzing through five steps (27, 28):
1. SHM point mutations were grouped by location (CDRs 

or FWRs) and type [replacement (R) or silent (S)].  
The observed and expected numbers of mutations were 
then calculated for each category.

2. A posterior probability distribution function (PDF) was cal-
culated for the Bayesian estimation of the R frequency for 
each sequence.

3. Germline normalization allowed the direct comparison of 
sequences with different R frequencies. In this step, an 
estimate of the selection strength (Σ) for each sequence 
was calculated. Positive (negative) values for Σ arise when 
the estimated R-to-S frequency is higher (lower) than 
expected, indicating positive (negative) selection. 

4. The results for multiple sequences were combined to cal-
culate a single PDF for Σ for each group of sequences.

5. Selection was determined and Σ was compared between 
groups. The BASELINe analysis of the immunoglobulin 
sequences spanning the V and J regions of each group 
of mice is shown in Fig. 2(a) in the form of PDFs of the 
estimated Σ values in the CDR and FWR.

The results show significant positive selection in the CDR 
(Fig. 2a, red line and red dashed line) with the mean Σ esti-
mated to be 0.38–1.2 for all four groups of mice. In contrast, 
there was clear negative selection in the FWR, with a mean 
Σ ranging from −0.25 to −0.75 (Fig. 2a, blue line and blue 
dashed line). Compared with the WT mice (lines), the GANPTg 
mice had lower positive Σ in the CDR (red dashed line) (mean 
Σ = 0.525 for GANPTg versus 0.724 for WT) and had a more 
negative Σ in the FWR (blue dashed line) (mean Σ = −0.668 
for GANPTg versus −0.319 for WT) (Fig. 2a, right panel). The 
B-GANP−/− mice showed no obvious change in the strength 
of the positive selection in the CDR (red dashed line). In con-
trast, the B-GANP−/− mice displayed a slightly more nega-
tive Σ value in the FWR (blue dashed line) compared with 
the GANPF/F (blue solid line) (Fig.  2a, left panel). However, 
this could be explained by the markedly reduced mutation 
in the absence of GANP, leading to a considerable reduc-
tion in amino acid substitutions, especially in FWR3 (Fig. 2b). 
Alternatively, GANP may not be the sole player maintaining 
the negative selection in the FWRs. Taking these findings 
together, the expression of GANP may promote stronger 
negative selection for maintaining the specificity and stable 
three-dimensional structures of antibodies.

Effect of GANP expression on the IgV-region SHM profile 
in the Ramos B-cell line
To investigate the primary effect of GANP on the IgV-region 
SHM profile, we used the Ramos B-cell line maintained in 
vitro. The IgV-region SHM profiles of Ramos B cells overex-
pressing (O/E) GFP-tagged GANP (GANPO/E) or GFP alone 
(GFPO/E) were re-analyzed with slight modification (32). We 
obtained the re-analyzed IgV-region sequences from AID-
immunoprecipitation (AID-IP) to give a more accurate picture 
of SHM between GFPO/E and GANPO/E, which were not obtained 
in the previous condition. The GFPO/E cells showed the muta-
tion pattern of C→T (4%) and G→A (4%) in the genomic IgV 
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region (Fig. 3a, left upper panel), whereas GANPO/E altered 
the mutation pattern to C→T (35%) and G→A (35%) (Fig. 3a, 
left lower panel). This Ts bias is similar to that observed in 
the AID-bound IgV-region sequences (Fig. 3a, right panel). 
The AID-bound IgV region showed predominantly Ts muta-
tions occurring at G/C template bases, G→A (32%) and C→T 
(13%) in GFPO/E cells and G→A (37%) and C→T (27%) in 
GANPO/E cells (Fig. 3a, right panel). Mutations at A/T template 
bases represented only 10 and 5% of mutations in GANPO/E 
and GFPO/E, respectively.

GANP overexpression in Ramos cells led to an ~2-fold 
increase in the IgV-region SHM mutation frequency 
(1.72  ×  10−3 for GANPO/E versus 0.85  ×  10−3 for GFPO/E) 
(Fig.  3b, left panel). The genomic IgV sequences from 

GANPO/E cells contained an increased ratio of C/G versus A/T 
mutations (86:14 = 6.1) compared with that of GFPO/E cells 
(43:57 = 0.75). In particular, the Ts:Tv ratio at the C/G sites 
was markedly increased in the GANPO/E cells (82:18 = 4.6 for 
GANPO/E cells versus 20:80 = 0.24 for GFPO/E cells) (Fig. 3b). 
In the AID-bound IgV region, we observed a similar ~2-fold 
increase in the SHM frequency in the GANPO/E cells, and a 
significant increase in the Ts:Tv ratio at the C/G sites in the 
GANPO/E cells (62:38 = 1.6 versus 38:62 = 0.6 for GFPO/E cells) 
(Fig. 3b, right panel). The Ts:Tv ratio at the A/T sites appeared 
to be the same for the GANPO/E and GFPO/E cells. For both the 
genomic IgV and AID-bound IgV sequences, SHM mutations 
occurred at C sites much more frequently in GANPO/E cells 
than in GFPO/E cells (see the C:G ratio in Fig. 3b). These data 
suggest that the overexpression of GANP in Ramos B cells 
greatly increased the Ts mutations at C/G sites.

Association of amino acid changes with IgV affinity 
maturation
It has been shown that IgV sequences have evolved to 
tolerate extensive cytidine deamination (37). To maximize 
affinity maturation, C and G bases are often precisely posi-
tioned in codons so that C→T and G→A mutations cause 
silent or conservative amino acid changes (37). Because 
the IgV-region SHM profile is biased toward Ts mutations 
at C/G sites in GANPO/E GC B cells, we examined the effect 
of GANP on the pattern of amino acid replacement in the 
selected IgV region. The relationship between the SHM of 
VH186.2 sequences and antibody affinity was evaluated 
by examining hybridomas that secrete high-affinity anti-NP 
monoclonal antibodies. The monoclonal antibodies from 
GANPTg and WT mice, which displayed similar high affin-
ity (KD  <  1  ×  10−7 M) for the NP–hapten, were compared 
from our previous report (31). Overall, the number of muta-
tions in the V regions of monoclonal antibodies appeared 
to correlate inversely with the KD value, indicating that 
monoclonal antibodies with a higher number of SHMs have 
higher affinity for the antigen (Supplementary Figure S2, 
available at International Immunology Online). Importantly, 
when we compared the monoclonal antibody amino acid 
sequences in detail using a strategy that classified amino 
acid mutations into groups with similar (‘change replace-
ment’) or different (‘trait replacement’) properties of hydro-
phobicity, polarity and size (5), we found that amino acid 
changes occurred preferentially within the same groups in 
the GANPTg mice (change 21/30 = 70%) but did not in the 
WT mice (13/30 = 43%) (Supplementary Table S2, available 
at International Immunology Online). When we considered 
the amino acid mutation distribution in the IgV structure, the 
CDRs of the monoclonal antibodies from the GANPTg mice 
showed 89% preference for amino acid change replace-
ments with the same properties, compared with 47% in the 
WT mice (Supplementary Table S2, available at International 
Immunology Online). The FWRs showed fewer amino acid 
trait replacements in the monoclonal antibodies from the 
GANPTg mice (64%) than did those in the monoclonal anti-
bodies from WT mice (71%) (Supplementary Table S2, avail-
able at International Immunology Online).

We further analyzed the sites of IgV-region SHM and the 
amino acid mutations in antigen-reactive B cells under-
going IgV-region SHM in the GCs of the GANPTg and WT 

Fig. 1. Mutation frequency in GANP mutant mice. (a) Overall mutation 
frequencies in GANP mutant mice. (b) Mutation bias in GANP mutant 
mice. Data are the Ts:Tv ratios at C/G sites (%) in the VH186.2 and JH4 
regions. (c) A/T mutation bias in GANP mutant mice. Data are the AT 
mutation (%) in the VH186.2 and JH4 regions. The graphs are drawn 
from the data in Supplementary Table S1 (available at International 
Immunology Online).
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mice. The frequency of hotspot usage (GYW) for AID cyti-
dine deamination was markedly increased in the GANPTg 
GC B cells relative to those from the WT mice (from 25 to 
38%), whereas only a few were altered in the GC B cells 
of the B-GANP−/− mice (Fig.  4a). Amino acid mutations in 
VH186.2 were more frequently amino acid change replace-
ments (282/424  =  67%) in the GANPTg mice than in the 
WT mice (259/427  =  61%) in both the CDRs and FWRs 
(Fig. 4b; Supplementary Table S3, available at International 
Immunology Online). This conservative bias toward amino 
acid change replacement was slightly elevated in GANPTg 
mice compared with WT mice in both the CDRs (63 versus 
59%, respectively) and FWRs (71 versus 62%, respectively). 
Remarkably, the amino acid mutations in the B-GANP−/− 
mice showed the opposite patterns to those observed 
in the GANPTg mice. Compared with the GANPF/F, the 
B-GANP−/− mice displayed more non-conservative amino 
acid trait replacements (24 versus 47%, respectively) for 
the whole IgV region, and significantly more amino acid trait 
replacements in the FWRs (26 versus 80%, respectively) 
(Fig. 4a; Supplementary Table S3, available at International 
Immunology Online). Concurrently, conservative amino acid 
change replacements in VH186.2 occurred at a lower fre-
quency in the B-GANP−/− mice than in the GANPF/F mice (53 
versus 76%, respectively), and a reduction in the amino 
acid change replacements was also observed in both the 
CDRs (76 versus 81%, respectively) and FWRs (20 versus 
74%, respectively). Therefore, GANP expression in B cells 
appears to protect them from amino acid trait replace-
ments in the IgV region, especially in the FWRs. This result 

indicates the critically important role of GANP in the preser-
vation of the three-dimensional antibody structure.

Effects of GANP on IgV-region SHM mutations at A/T sites 
in DT40 cells
GANP skews the SHM profile towards Ts mutations at C/G 
sites, accompanied by a reduction in the C/G Tv muta-
tions and a reduction in mutations at A/T sites (Figs 1 and 
3; Supplementary Figure S1, available at International 
Immunology Online). These changes in the SHM profile are 
quite similar to those reported previously in the B cells of 
UNG−/− mice (13) and in chicken DT40 B cells (38). Therefore, 
we re-examined the effects of GANP on the SHM profile in 
the genomic IgVL segment of DT40 B cells (Supplementary 
Figure S3a, available at International Immunology Online) 
(39). We used an UNG−/− mutant DT40 clone that does not 
undergo gene conversion in the IgV region, but instead pro-
duces SHM Ts mutations in the IgV region upon the introduc-
tion of AID (AIDRUNG−/−) (39). GANPO/E in AIDRUNG−/− cells 
induces a marked 7-fold increase in the SHM mutation fre-
quency (105.5 × 10−3) compared with that in the AIDRUNG−/− 
cells (14.5 × 10−3) (Supplementary Figure S3b, available at 
International Immunology Online). Interestingly, the GANPO/E 
in AIDRUNG−/− cells showed a dramatic shift in the IgVL SHM 
profile, with nearly 100% of mutations occurring at C/G sites 
and almost all Ts mutations. Although the AIDRUNG−/− Mock 
control cells also predominantly contained Ts mutation at 
C/G sites, we still observed a substantial number of SHM 
mutations at A/T sites (9.2% A→G/T and 19.8% T→C/G). The 
GANP-mediated inhibition of SHM mutations at A/T sites in 

Fig. 2. Bayesian estimation of antigen-driven selection in the sequences of the VH186.2 region in NP-CCG immunized GANP mutant mice. (a) 
The left graphs display the posterior PDF for the immunoglobulin sequences from the GANPF/F (continuous line) and B-GANP−/− (dotted line) 
and from WT (continuous line) and GANPTg (dotted line), respectively. The top half of each plot shows the estimated selection strength in the 
CDR, and the bottom part provides an estimate for the FWR (27). The right side graph shows the value of mean selection strength (Σ) among 
GANP mutant mice for CDR and FWR of VH186.2 region. (b) Protein variability plot (34). Sequence variability is plotted against the consensus 
sequence, used as the reference sequence. Protein variability is measured as Shannon entropy, according to PVS guidelines (http://imed.med.
ucm.es/PVS). Dots represent variable positions, i.e. amino acid positions subject to variation caused by SHM.
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DT40 B cells suggests that GANP is involved in regulation 
of error-prone MMR and/or access of polymerase η to the 
IgV region, which are principally responsible for SHM at A/T 
sites.

Effect of GANP on UNG activity
The effect of GANP on UNG activity was examined with an 
in vitro assay using a 32P-labeled 33-bp heteroduplex DNA 
substrate carrying a single U:G mismatch. The substrate 
DNA was incubated with Ramos B-cell nuclear extract and 
treated mildly with sodium hydroxide to cleave the abasic 
site. It was resolved with denaturing PAGE and visualized 
with phosphorimaging (Fig. 5). Only the 33-nt DNA substrate 
was detectable in the absence of cell extract (Fig. 5a, lane 
1). The uracil excision activity in the Ramos B-cell nuclear 
extracts, which converts dU to an abasic site, was measured 
as the appearance of an 11-nt cleavage product after incu-
bation for 5 or 10 min (Fig. 5a, lanes 2–13). The cell extract 
from GANP-overexpressing cells (GANPO/E) showed a 1.5-
fold increase in UNG-specific activity compared with the con-
trol (Fig. 5a, lanes 3, 9). It has been shown that SMUG1 can 
act as a back-up uracil-DNA glycosylase for dU processing 
in IgV and S regions during SHM and CSR (40, 41). To dif-
ferentiate the effect of GANP on UNG and SMUG1 activity, 

the uracil excision activity of the Ramos extracts was meas-
ured in the presence of an anti-SMUG1 neutralizing antibody 
(Fig. 5a, lanes 5–7, 11–13). Consistent with the low expres-
sion of SMUG1 in B cells (40), its inhibition led to only a 
slight reduction (10–20%) in the UNG activity in each B-cell 
extract tested (Fig. 5b). The absence of SMUG1 did not alter 
the effect of GANP on the UNG activity in the Ramos cells. 
GANP overexpression increased the UNG activity ~1.5-fold 
and GANP depletion slightly reduced the UNG activity rel-
ative to that in the control cells (Fig.  5b). Therefore, GANP 
may support UNG activity, and the effect of GANP in favor-
ing Ts mutations is mediated through the regulation of the 
repair mechanism after the UNG-mediated removal of U from 
single-stranded DNA.

Discussion

Affinity maturation of antibodies occurs after extensive diversi-
fication of the immunoglobulin repertoire of B cells. Antibodies 
with high affinity for a given antigen are generated by cycles of 
SHM and antigen-affinity selection. This process is similar to the 
natural evolutionary mechanism, albeit on a much shorter time 
scale, during which random genomic mutations that confer an 
advantageous phenotype are selected under survival pressure. 
However, recent studies suggest the existence of an elaborate 

Fig. 3. GANP-mediated mutations in the rearranged IgV region in human Ramos B cells. (a) Mutations in the rearranged V-region segment from 
genomic DNA (left) and after AID-IP (right) from GFPO/E and GANPO/E Ramos cells. The genomic IgV sequences were re-analyzed from previ-
ously published clones (32), and the AID-bound IgV sequences were newly obtained. Patterns of nucleotide substitutions are expressed as the 
percentages of the total mutations after correction for base composition. (b) The ratio of the mutations at C/G to those at A/T is indicated, as is 
the ratio of Ts:Tv substitutions at both C/G and A/T. The ratio of total Ts to total Tv and the C:G ratio are also shown.
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mechanism that controls the distribution and types of SHM at 
the rearranged IgV loci to maximize the affinity maturation and 
selection of high-affinity memory and plasma B cells (5, 37, 42).

GANP interacts with AID in the cytoplasm and facilitates the 
translocation of AID to the nucleus and the targeting of AID 
to the rearranged IgV region (32, 33). In our previous paper, 
markedly reduced mutations in GANP-IP, probably due to 
later access of AID after GANP binding, confirms that the role 
of GANP in the induction of mutation is through AID recruit-
ment, and could mean that mutation profiles observed in 
GANP-IP are not an accurate reflection of SHM. In our current 
study, we re-analyzed former mutations to include AID-bound 
IgV sequences from GFPO/E B cells (Fig. 3a, right panel), as 
this represents physiological SHM condition. Although GANP 
is important for generation of high-affinity GC B cells in vivo 
in response to thymus-dependent (TD) antigens (29), its 
effect on the level of SHM in IgV regions is modest, resulting 
in increases of <1.5-fold in mice and <2-fold in B-cell lines 
(Figs 1 and 3; Supplementary Table S1 and Figure S3, avail-
able at International Immunology Online). The importance of 
GANP in affinity maturation might be associated with its effect 
on the distributions and types of IgV-region SHM mutations. 
The SHM profile is closely associated with the distribution 
of AID-initiated C→U deaminations on the transcribed and 
non-transcribed IgV strands and with the downstream pro-
cessing of U to generate a variety of Ts and Tv mutations at 
C/G and A/T template sites. The results of this study provide 
evidence that the mere increase in mutation does not neces-
sarily contribute to increasing the affinity of the IgV region for 
the target antigens. This might be consistent with the compu-
tational statistical analysis with next-generation sequencing 
of IgV diversification reported by Kleinstein et al., although 
their study did not mention the relationship with antibody 
affinity (27, 28). Furthermore, the function of GANP strikingly 
supports the proposal of Hershberg and Shlomchik (5) that 
conservative amino acid changes favor the integrity of the 
antibody, particularly in the FWRs of the IgV structure during 

affinity maturation. The antibodies generated by the UNG−/− B 
cells did not significantly lose their affinity for the antigens 
(43), indicating that SHM with predominant Ts mutations at 
C/G sites in UNG-negative cells can still generate high-affinity 
antibodies against TD antigens. This information was clearly 
presented in early articles (5, 43), but the details have not 
been examined. The generation of high-affinity antibodies 
might not solely depend on the extent of diversification in the 
sequence of overall IgV region.

GANP likely facilitates the access of AID to the non-tran-
scribed strand in vitro, as observed by the 9-fold increase 
in the C:G ratio in endogenous sequences and the 2-fold 
increase in AID-bound immunoglobulin sequences (32, 33). 
In the analysis of the IgV-region SHM in vivo, GANP reduced 
the C:G ratio, also implying that GANP controls the AID-
induced mutation of the transcribed strand (31). The GANP/
AID complex may affect the SHM profile preferentially on the 
transcribed strand, probably together with the transcriptional 
machinery. In vitro, GANP causes a pause in transcription 
by recruiting stalling factors (33) and creating a transcrip-
tion bubble, a structure that facilitates the access of AID to 
the non-transcribed strand. This may play a role in the MMR 
mechanism, which has been shown to preferentially target the 
non-transcribed strand (44). Although UNG and MMR play 
roles in the further amplification of mutations, the role of GANP 
might be to restrict the mutation of the IgV region to Ts-biased 
mutations at the level of MMR and/or the DNA polymerases. 
However, the regulation of strand preference seems to be a 
little more complicated in vivo than in vitro, although our data 
clearly show that GANP induces a transcription-strand bias.

The codon usage and the amino acid appearance of any 
given profile are not simply random, but might be inherently 
regulated to conserve the genotype so that point mutations do 
not directly cause a functional change. The IgV region, com-
posed of heavy and light chains, forms a pocket that interacts 
directly with the tertiary structure of an antigen through the loop 
structures of the CDRs, in which a considerable proportion of 

Fig. 4. Hotspot motif preference and patterns of amino acid replacements under the influence of GANP. (a) The GANPF/F and B-GANP−/−. (b) WT 
(continuous line) and GANPTg. Targeting AID to the WRC hotspot motif (non-transcribed strand) and the GYW hotspot motif (transcribed strand) 
in B-GANP−/− B cells compared with the GANPF/F B cells, and in GANPTg B cells compared with WT B cells (upper part of pie charts). Patterns of 
amino acid replacements in the CDR and FWR of GC B cells (lower part of pie charts). Types of amino acid replacements are represented by 
pie charts. Red: trait. Blue: change. The pie charts are drawn from the data in Supplementary Table S2 (available at International Immunology 
Online).
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the amino acid changes is associated with affinity maturation. 
However, antigen-driven B cells are under pressure to main-
tain the same antigen specificity, even during the antigen-
driven diversification of the IgV repertoire. The conservation of 
the FWR β-strand is significant for the assembly of the back-
bone and for the global structure of the IgV region. The CDR 
loop is highly variable in the genome and the codon usage in 
the CDRs seems to have developed with a greater inherent 
tendency to mutate into different amino acids by replacement 
than the codon usage of the FWRs (5, 37, 45).

A single-nucleotide mutation that will result in an amino acid 
change was designated an ‘amino acid changeability muta-
tion’, and changes that cause non-conservative amino acid 
changes and radically alter the amino acid encoded, includ-
ing its hydrophobicity, polarity and size, are designated ‘trait 
changeability mutations’ (5). Therefore, IgV region SHM pro-
files appear to be unequal, which is presumably attributable to 
a Ts bias at the nucleotide level. In our analysis of IgV-region 
SHM profiles and the affinities of monoclonal antibodies for NP–
hapten, the GANPTg mice favored Ts mutations at C/G, result-
ing in an amino acid change to a similar or the same amino 
acid group, classified according to the amino acid properties, 
particularly in the CDRs. This function may be important for 
ensuring antigen specificity and the maintenance of the pro-
tein backbone in the IgV region during the acquisition of many 
point mutations at the C nucleotides in the CDRs and FWRs.

As well as BER and MMR, homologous recombination (HR) is 
also reported to induce SHM (46–49). GANP has been shown 
to promote HR by suppressing non-homologous end-joining 
(NHEJ) (39), so HR may be involved in the introduction of sin-
gle-base substitutions. This would efficiently induce the required 
amino acid replacement in the IgV region, without disrupting its 
genomic structure. In contrast, NHEJ roughly reconnects broken 

ends, which probably induces frameshifts and jeopardizes the 
whole structure of the IgV region. This could explain why the IgV 
region must be protected from NHEJ (50). The role of GANP 
in protecting the IgV genomic structure may be part of a more 
global role in protecting DNA from damage and is probably 
associated with transcription-coupled DNA repair.

GANP functions in regulating the access of AID/APOBEC3G 
to the selected target DNA strand (32, 33, 51). This ability 
to limit the access of potentially hazardous enzymes is pre-
sumably important for protecting the genomes of host cells. 
Moreover, GANP also minimizes the damage to the genome 
and presumably prevents the genomic DNA from rigorous 
alteration by inhibiting NHEJ repair by interacting with and 
dissociating from the DNA-dependent protein kinase, cata-
lytic subunit (DNA–PKcs) during the DNA damage response 
(39). Therefore, GANP may play a ‘stagehand’ role in pro-
tecting the protein structure and maintaining the antigen-
specific reactivity of the IgV region. GANP is thought to be a 
crucial molecule that has evolved the AID/APOBEC family of 
cytidine deaminases in mammals, with their highly developed 
humoral immunity.

Supplementary data

Supplementary data are available at International Immunology 
Online.
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Fig. 5. Effect of GANP overexpression and knockdown on endogenous UNG activity. (a) Uracil excision activity (for an U:G mismatch) in the 
nuclear extract of Ramos B cells (control), Ramos cells overexpressed with GANP (GANPO/E) or GANP knockdown by siRNA (GANP-depleted). 
32P-labeled dsDNA (250 fmol) with an U:G mismatch was incubated with 200 ng of nuclear extract for 5 or 10 min. Where indicated, 6 µg of an 
anti-SMUG1 antibody was incubated with the cell extract to neutralize any SMUG1 activity before the addition of the DNA substrate. Following 
hot alkali treatment, the 11-nt cleavage product was separated from the 33-nt substrate with 16% denaturing PAGE and visualized with phos-
phorimaging. (b) UNG activity in Ramos nuclear extracts in the presence or absence of an anti-SMUG1 neutralizing antibody. Specific activity 
was calculated as femtomole of excised U per minute per microgram of cell extract. Error bars represent the SDs calculated from three inde-
pendent experiments. *P < 0.05.
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