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Abstract
Activation-induced DNA cytosine deaminase (AID) is required for somatic hypermutation (SHM)
and efficient class switch recombination (CSR) of immunoglobulin (Ig) genes. We created AID-
transgenic mice that express AID ubiquitously under the control of a β–actin promoter. When crossed
with AID−/− mice, the AID-transgenic, AID−/− mice carried out SHM and CSR, showing that the
AID transgenes were functional. However, the frequencies of SHM in V- and switch-regions, and
CSR were reduced compared to those in a wildtype AID background. Several criteria suggested that
the inefficiency of SHM was due to reduced AID activity, rather than lack of recruiting error-prone
DNA repair. High levels of AID mRNA were produced in resting B cells and kidney, cells that do
not express AID in wildtype mice. Compared with these cells, activated B cells expressed about an
order of magnitude less AID mRNA suggesting that there may be a post-transcriptional mechanism
that regulates AID mRNA levels in professional AID producers but not other cells. The AID protein
expressed in resting B cells and kidney was phosphorylated at serine-38. Despite this modification,
known to enhance AID activity, resting B cells did not undergo SHM. Apparently, the large amounts
of AID in resting B cells are not targeted to Ig genes in vivo, in contrast to findings in vitro.
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1. Introduction
Naïve B lymphocytes are triggered to express activation-induced DNA cytosine deaminase
(AID)3 and undergo somatic hypermutation (SHM) and class switch recombination (CSR)
during T cell-stimulated immune responses (reviewed in (Longerich et al., 2006)). The detailed
molecular mechanisms leading from AID expression to mutations in the variable regions of
Ig light and heavy chain genes and heavy chain CSR are not understood. Especially intriguing
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are the facts that AID deaminates cytosine to uracil in Ig genes, but not most other genes in
activated B cells, and that error-prone DNA repair mechanisms are recruited to sites where
AID-created deoxy-uracils exist (reviewed in (Longerich et al., 2006)). Deoxy-uracils arising
in other genes and outside the variable regions and their vicinity in Ig genes are eliminated and
cytosines are reinstalled by a relatively error-free copying of the guanine on the opposite DNA
strand (Friedberg et al., 2006).

We produced transgenic mice expressing AID transgenes at high levels in all cells in order to
evaluate whether allowing excess AID to be produced would change certain characteristics of
SHM. For example, we had previously shown that the presence of two copies of the CAGGTG
hexamer in an Ig transgene leads to an over 4-fold increase in SHM that was completely
reversed when the hexamer was changed to AAGGTG (Michael et al., 2003). CAGGTG is a
good binding site for the E-box protein E47, AAGGTG is not. The SHM increase by CAGGTG
was not accompanied by increased transcription of the Ig transgene, suggesting that CAGGTG,
a component of all Ig enhancers, is an enhancer of somatic hypermutation in activated B cells.
We postulated that the CAGGTG sequence was involved in attracting AID to Ig genes via
transacting-factor binding to this site and inducing a conformational change of the transcription
complex that permitted binding of the limited amounts of AID present in mutating B cells. We
wanted to test whether ectopically expressed AID would obviate the effect of extra SHM
enhancers.

Tansfection of AID into cell lines in culture induced cytosine deamination in a number of genes
leading to C/G to T/A transitions without C/G transversions or mutations at A and T (Martin
et al., 2002; Yoshikawa et al., 2002). This finding suggested that error-prone repair of the AID-
induced uracil and neighboring nucleotides may require the in vivo maturation of B cells to the
SHM state. It was therefore of interest whether AID expression under the control of a β-
actin promoter would induce normal SHM patterns in activated B cells and whether it would
cause mutations in resting B cells.

Finally, AID phosphorylated at serine38 was shown to be more active (Basu et al., 2005;
McBride et al., 2006; Pasqualucci et al., 2006). Conflicting results were obtained with AID
transfected into an embryonic kidney cell line, 293: it did not become phosphorylated nor did
it induce SHM in one report (Basu et al., 2005), in another report it did become S38
phosphorylated in 293 cells as well as in fibroblasts (McBride et al., 2006). It was of interest
to determine whether transgenic AID would undergo this phosphorylation and, if so, whether
the phosphorylation was restricted to activated B cells.

AID-transgenic mice were studied by others and found to undergo SHM and CSR at reduced
levels, despite higher amounts of AID protein in total AID-transgenic B cells than in wild type
B cells (Muto et al., 2006). Also, PNA-lo B cells were found to undergo little if any SHM. We
have made similar observations and expanded the analysis of such mice by comparing levels
of AID mRNA and protein in resting and activated B cells in AID-transgenic versus wildtype
mice. We also investigated the phosphorylation status of serine38 of AID in B cells and kidney.
Further, we analyzed the 3’ decline rate of mutations during SHM and compared the mutability
of high- and low-SHM targets in AID-transgenic and wildtype mice. It was of interest to
determine in our study whether activated and resting B cells differentially regulated AID
expression, to further consider why resting AID-transgenic B cells did not mutate their Ig genes,
and whether the reduced SHM and CSR were due to reduced activity of transgenic AID, or
reduced error-prone repair mechanisms.
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2. Material and methods
2.1. Miice

The plasmid mAID-pCXN2 was a gift of T. Honjo (Kyoto University, Japan) (Okazaki et al.,
2003) and was digested with Sal I /Hind III to remove most of the plasmid sequence. The
purified AID-transgene DNA fragment was used to generate AID-transgenic (Tg) mice on a
C57BL/6NTac background. Two lines of mice, #14 and #18, with about twenty copies of the
AID transgene each (not shown) were generated. The transgenic mice were bred to C57BL/6
mice, keeping the transgene hemizygous. For certain experiments, the transgenic mice were
further crossed with AID−/− mice at The University of Illinois at Chicago Animal Facilities.
The Animal Care and Institutional Biosafety Committees at the University of Chicago and the
University of Illinois gave approvals for the animal protocols used. Primers specific for the
endogenous AID are located in the 5’ untranslated region and exon 1 (Muramatsu et al.,
2000). The 5’ untranslated region of the endogenous AID is absent in the AID transgene.
Primers specific for both the endogenous and transgenic AID genes were sense 5’
CCATTTCAAAAATGTCCGCT 3’ and anti-sense 5’ CAGGTGACGCGGTAACACC 3’ and
were located in exon 2 and 3, respectively.

2.2. Mouse immunization and cell purification
Mice were immunized by i.p. injection of 108 sheep red blood cells (SRBC) on day 1, inoculated
with the same amount of SRBC on day 8, and sacrificed on day 11. Spleens were removed and
minced. Red blood cells were lysed with red blood cell lysing buffer (Sigma, St. Louis, MO).
The remaining white cells were sorted using a Mo-Flo sorter (BD Biosciences) at the University
of Chicago Immunology Core Facility after the cells were stained with fluorescein-peanut
lectin agglutinin (PNA) and PE-anti-B220 (BD Pharmingen). The B220+PNAhigh and
B220+PNAlow B cells were collected for DNA, RNA, and protein isolations.

2.3. In vitro stimulation of B cells
Mouse CD19+CD43− B cells were purified according to Miltenyi Biotec’s instructions
(Auburn, CA). Briefly, mouse spleen cells were attached to magnetic beads conjugated with
anti-mouse-CD43 monoclonal antibody (Miltenyi Biotec, Auburn, CA). The CD43− cells were
further attached to anti-mouse-CD19 beads. The CD43−CD19+ B cells were cultured for 5 days
in RPMI1640 containing 10% FBS in the presence or absence of 50 ug/ml of LPS and 25 ng/
ml of IL-4. DNA, RNA and protein were collected from naïve and activated B cells.

2.4. DNA, RNA and protein
The genomic DNA from B220+PNAhigh, B220+PNAlow, and CD43−CD19+ cells was purified
using either phenol/chloroform or the DNeasy tissue kit (Qiagen, Valencia, CA), while total
RNA was isolated with the RNAqueous-4PCR kit (Ambion, Austin, TX). For Western blots,
total protein was obtained by lysing the purified B cells in hypotonic buffer [10 mM Tris-Hcl
(pH 7.4), 4mM EDTA, 30 mM Kcl, 1% NP40, 1mM NaF, and proteinase inhibitors (Roche,
Germany), or loading buffer. For AID phospho-ser38 detection the protocol, anti-AID and
antipS38 antibodies were previously described (McBride et al., 2006). In brief AID protein
was partially purified from kidney, CD43− or CD43+ splenocyte whole cell extracts (20mM
Tris pH 8, 400 mM NaCl, 1% NP40, 0.5mM EDTA, 25mM NaF, 1mM DTT) by anti-AID
immunoprecipitation before Western blots were performed. For Western blots to determine
PCNA in PNA-hi and PNA-lo B cells, anti-PCNA-HRP (PC10, Santa Cruz Biotech, CA) was
used. The blot was reprobed, after stripping, with anti-actin antibodies (A2066, Sigma, MO).
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2.5. Mutation analysis
The immunoglobulin heavy chain gene was amplified with Pfu Turbo using touchdown PCR
as described (Longerich et al., 2005). The primers were specific to the J558 V region and the
middle of the JC intron so that an ~ 1.2 kb DNA fragment containing the JH4 region and a part
of the JC intron was amplified. The DNA fragment was purified from an agarose gel using the
QIAquick Gel Extraction kit (Qiagen), inserted into the pCR-Blunt II-TOPO vector
(Invitrogen, Carlsbad, CA), and amplified in the TOP10 E.coli (Invitrogen). Plasmid DNAs
were sequenced at the University of Chicago Sequencing Center. Mutations were analyzed
using the Sequencher 4.1. To investigate SHM, a 1.1 kb DNA fragment starting at the first
nucleotide of the JC intron was analyzed. For mutation analysis in the Sμ region, two primers
(5’Sμ/3’Sμ: TTA GAT AAA ATG GAT ACC TCA GTG G/CTC ATT CCA GTT CAT TAC
AGT CTA C) were used to amplify an ~500 bp DNA fragment in the 5’ end of the Sμ region.

2.6. RT-PCR
RT was carried out according to the instructions of SuperScript First-Strand Synthesis System
for RT-PCR (Invitrogen). A semi-quantative PCR was carried out to determine relative levels
of AID mRNA in different samples. AID cDNA was amplified in the presence of primers
mAID126/mAID649 (5’-CTT TAC CAT TTC AAA AAT GTC CGC and 5’-ACT TCG TAC
AAG GGC AAA AGG) (this pair of primers was also used for detecting the AID transgene).
β-actin cDNA was amplified using the primers (5’-GTG GGC CGC TCT AGG CAC CAA
and 5’-CTCTTT GAT GTC ACG CAC GAT TTC). The PCR conditions for AID were 94°C
90s; 94°C 30s, 57°C 30s, 72°C 50s, 32X or 33X; 72°C 370s; those for β-actin were 94°C 90s;
94°C 30s, 56°C 30s, 72°C 50s, 29X or 30X; 72°C 370s.

2.7. Switch recombination
All mice were used at 8 to 10 weeks of age. Purified splenic B cells were obtained and
stimulated as described previously (Shanmugam et al., 2000). Semi-quantitative (q) RT-PCR
was carried out as described (Wuerffel et al., 2001). Primers for GLTs (μγ3γ1), AID, Gapdh
and postswitch transcripts (for μ → γ3 and μ → γ1 switching) were described (Ma et al.,
2002; Muramatsu et al., 2000). FITC labeled rat anti-mouse IgG3 and rat anti-mouse IgG1 (BD
Pharmingen, catalogue numbers 553403 and 553443) were used according to the
manufacturer’s instructions. Cells were stained with propidium iodide and dead cells were
excluded in the FACS analysis.

3. Results
3.1. AID transgenic mRNA

Our AID transgenic mice are similar to those reported by others, including relatively normal
B cell development and predisposition to T cell lymphomas (Muto et al., 2006; Okazaki et al.,
2003) (not shown). In two independent transgenic lines we studied, AID mRNA was found in
all tissues tested. AID wildtype mice immunized with sheep red blood cells produced AID only
in germinal center, PNA-hi B cells, but not in PNA-lo B cells (Fig.1B). However, in AID-
transgenic mice AID mRNA was present at about 7-fold higher amounts in PNA-lo B cells
compared with PNA-hi B cells. This is shown in Fig. 1 for line #14, relative to β-actin mRNA.
In line #18 as well, PNA-lo B cells produced more AID mRNA than PNA-hi B cells (not
shown). Surprisingly, kidney produced even higher levels of AID mRNA (10 fold higher than
PNA-hi B cells) (Fig.1). It appears thus that the half-life of AID mRNA is controlled in mature
B cells which normally are the only cells that produce AID, but is not controlled in other cell
types.
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3.2. Ectopic expression of AID does not cause somatic hypermutation in naïve B cells
AID-transgenic PNA-lo or CD43- B cells express AID mRNA (Fig.1) and protein (Fig. 2) at
a high level and if AID was sufficient for SHM, the IgH gene in these cells should be mutated.
However, AID-transgenic PNA-lo B cells showed essentially no mutations (Table 1 A). On the
other hand, PNA-hi B cells of these mice had normal levels of mutations (Table 1A) compared
with non-transgenic mice (Longerich et al., 2005;Shen et al., 2006).

To test the possibility that the transgenic AID protein did not function properly, we generated
AID-transgenic, AID−/− mice by breedings with AID−/− mice. SHM of IgH genes was readily
seen in activated B cells in both lines #14 and #18 (Table 1B). Thus, the transgenic AID is
functional and can sustain SHM. As in the AID-transgenic mice with endogenous wildtype
AID, also in the absence of endogenous AID few mutations were observed in PNA-lo B cells.
The few mutations found in cells sorted by FACS to be PNA-lo may have come from B cells
that originally were PNA-hi and had incorporated the PNA-lectin during the experiment. Thus,
despite strong expression, the AID transgene does not override the inability of PNA-lo B cells
to undergo SHM.

The mutation frequencies in the absence of endogenous AID were lower than those in the
AID-transgenic mice with endogenous AID (Table 1A), similar to the findings by others (Muto
et al., 2006). The mutation pattern however was not changed in the AID-transgenic, AID−/−
mice compared with wild type mice (Longerich et al., 2005;Rada et al., 2002;Shen et al.,
2006) (Fig. 3). The usual A>T bias was observed in the AID−/− mice with the AID-transgene
(Fig. 3). As in wild type mice (Longerich et al., 2005;Shen et al., 2006), most mutations
accumulated in the 5’ region of the JCH intron, while in the 3’ end of the sequenced 1.1 kb
region, mutations were scarce (Fig. 4). This suggests that the decline of mutation frequencies
always observed beyond about 2 kb from the promoter is not due to lack of AID. Furthermore,
the WRC/GYW hotspot motif was preferentially mutated (Table 1A and B): on average, the
proportion of hotspot-mutations at C and G were 24% in the AID-wt background and 22% in
the AID−/− background, while the proportion of hotspot C and G was only 10% in the
sequenced region. Thus, ectopically expressed AID recapitulates the mutation preferences of
native AID.

3.3. Serine-38 of the AID transgene is phosphorylated in naïve B cells
AID phosphorylation at Serine-38 enhances SHM (Basu et al., 2005; McBride et al., 2006).
To determine whether the lack of SHM in AID-transgenic B cells was due to altered
phosphorylation we analyzed AID immunoprecipitates by Western blotting with anti-phospho-
Ser38 AID antibodies. We found that AID protein was phosphorylated in CD43− (naïve) B
cells in AID-transgenic mice and the percentage of phosphorylated AID in these cells was at
least as high as that in wild-type B cells that had been activated with LPS and IL-4 (Fig. 2A).
AID was phosphorylated at Ser-38 in CD43− B cells of both transgenic lines, #14 and #18 (Fig.
2B). Thus, phosphorylation of AID is not sufficient for SHM in naïve B cells. Furthermore,
AID protein in kidney was also S38 phosphorylated, especially in line #18 (Fig.2C).

3.4. PCNA protein is elevated in PNA-hi B cells
One possibility for the lack of mutations in PNA-lo transgenic B cells was that error-prone
repair was not recruited. Since mono-ubiquitinated PCNA appears to be required for loading
error-prone DNA polymerases on DNA, we compared PCNA protein in PNA-lo and PNA-hi
B cells (Fig. 5). Overall PCNA levels, as well as mono-ubiquitinated PCNA were several-fold
higher in PNA-hi than PNA-lo B cells of wild type and AID-transgenic mice, in agreement
with their likely recruitment of lesion-bypass polymerases during DNA replication and SHM.
PNA-lo B cells, that are not replicating their DNA and presumably employ PCNA for DNA
repair, did not have detectable mono-ubiquitinated PCNA.
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3.5. The differential mutability of two SHM test genes is not equalized in AID transgenic mice
It is still a mystery how AID gets targeted to Ig genes, but not most other genes expressed in
germinal center B cells reviewed in (Longerich et al., 2006). We found previously that an Ig-
κ SHM target transgene, RS, was mutated at least four times more than several other related
transgenes (Michael et al., 2002; Michael et al., 2003). The transgenes with lower mutability
included the RSA variant of the RS transgene in which two CAGGTG sites within the V region
were altered to AAGGTG (Michael et al., 2003). We had concluded that AID was more
efficiently attracted to the RS transgene due to greater binding of postulated SHM enhancing
factors to CAGGTG cis-elements enriched in the RS transgene (Michael et al., 2003). Since
AID-transgenic mice of the #18 line expressed more AID protein in CD43+ B cells (Fig. 2B)
than control wild type mice, it was possible that a requirement for special targeting of AID to
Ig genes was dispensed with in the AID-transgenic mice. The RS or RSA transgenes were
therefore combined with the AID transgenes by crossing the respective mice. The mice were
immunized with SRBC and PNA-hi and PNA-lo B cells were isolated from spleen and tested
for SHM in the κ-transgenes. Table 1 D shows the same differential mutability in the RS versus
RSA transgenes in PNA-hi B cells as was observed with wild type AID (Michael et al.,
2003). RS-transgenic, AID-transgenic mice mutated the RS transgene at a frequency of
75×10−4 bp, 5.4 times more than the 14×10−4 frequency in the RSA mice. As observed for the
endogenous heavy chain genes, also the RS and RSA transgenes were not significantly mutated
in PNA-lo B cells of AID-transgenic mice (Table 1D). Thus, the differential mutability of the
RS and RSA transgenes is unlikely due to limiting AID levels and is therefore likely caused
by reduced access of AID to the RSA transgene.

3.6. Switch recombination
To examine the capacity of the AID-transgene to support CSR we activated splenic B cells
from WT and AID-transgenic, AID−/− (line # 14) mice with LPS and LPS+IL4. Germline
transcripts (GLTs) of μ and γ3 and AID transcripts were assessed by semi-quantitative RT-
PCR and compared to the GAPDH loading control following 48 hours of stimulation (Fig.
6A). The μ and γ3 GLTs are expressed following LPS activation and are not affected by IL4
treatment whereas γ1 and ε GLT expression is IL4 inducible in both WT and AID-transgenic,
AID−/− B cells. It should be noted that although IL4 does not repress the γ3 GLT in LPS
activated B cells, it does suppress μ–>γ3 CSR. Using an RT-PCR assay specific for the
endogenous AID gene, we found that AID transcription was evident in the WT but not AID-
transgenic, AID−/− B cells following LPS and LPS+IL4 activation, whereas AID expression
was detected in WT and AID-transgenic, AID−/− B cells using an RT-PCR assay that will
detect both endogenous and transgenic AID. The post-switch transcript (PST) expression
profile, taken after 5 days of activation, confirms successful CSR in the B cell cultures, whereas
no PSTs were found for AID−/− B cells similarly activated (Fig. 6B). A representative FACS
analysis of B cells stimulated with LPS and LPS+IL4 for 5 days, confirms the PST findings
and indicates that these stimulation conditions specifically induce μ–>γ3 and μ–>γ1 CSR,
respectively (Fig.7). Notably, CSR from AID-transgenic, AID−/− B cells was reproducibly,
about 70% that of WT for both induced IgG3 and IgG1 expression. This level of CSR in the
AID-transgenic, AID−/− B cells is higher than that found for a previously described AID-
transgenic, AID−/− mouse (Muto et al., 2006).

To investigate whether ectopically expressed AID allows mutations in the Ig heavy chain
switch regions, CD43− cells of AID-transgenic, AID−/− mice were activated with LPS and IL-4
for 5 days. An insignificant level of mutations were seen in the 5’ Sμ region in CD43− naïve
B cells, despite the high levels of AID mRNA (Fig. 1) and AID protein (Fig. 2) in these cells.
In the activated B cells, the 5’ Sμ region showed about four times more mutations compared
with the naïve B cells (Table 1C). However, the mutation frequency was several-fold lower
than in wild type B cells (Petersen et al., 2001;Schrader et al., 2003). Thus, both for V region
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SHM and switch region SHM, the AID transgene does not provide the same level of activity
as does the endogenous AID gene.

4. Discussion
4.1. AID mRNA and protein in AID transgenic mice

The AID transgene is expressed as mRNA in all tissues tested (spleen, heart, liver, kidney, B
cells; Fig. 1 and not shown). Strikingly, the levels of AID-transgenic mRNA in PNA-lo B cells
are several times higher than in PNA-hi B cells. Even larger amounts of AID mRNA are seen
in kidney. It is no surprise that transgenic AID is expressed in all cells, since the transgene is
under the control of a β-actin promoter. However, it appears that in PNA-hi B cells, the only
cells that normally express AID, the mRNA level may be regulated, resulting in the similar
levels in AID-transgenic and wild type mice (Fig.1). Given the high amounts of AID mRNA
in the PNA-lo B cells and kidney, one may assume that the transcription rate is equally high
in PNA-hi B cells. Perhaps there exists a post-transcriptional regulation of the mRNA levels,
e.g. by an miRNA process (Kloosterman and Plasterk, 2006), that is specific for PNA-hi
(mutating) B cells.

All cells from AID-transgenic mice that we tested (spleen, kidney, B cells; Fig. 2 and not shown)
also produced AID protein. Concordant with their higher mRNA levels (Fig.1), resting B cells
(CD43−) of AID-transgenic mice contain almost as much AID protein as LPS+IL-4 activated
B cells from wild type mice (Fig.2). The AID protein is phosphorylated at serine-38 in
CD43− B cells (Fig. 2). The proportion of AID that is S38 phosphorylated can be higher in
resting, CD43− B cells of AID-transgenic mice than in activated B cells of wild type mice (Fig.
2A). Serine-38 had been reported to increase the efficiency of AID in cytosine deamination
(Basu et al., 2005;McBride et al., 2006;Pasqualucci et al., 2006).

AID expressed in 293 cells (embryonic kidney) was found not highly phosphorylated and
inactive (Basu et al., 2005). However, when phosphorylated at serine-38 by protein kinase A,
AID could deaminate cytosine in a cell-free, transcription-dependent assay and induce CSR
when transfected into B cells (Basu et al., 2005; Pasqualucci et al., 2006). Others have found
that transfected AID is phosphorylated in cells other than lymphocytes (McBride et al.,
2006) and that transfected AID is active for SHM and/or CSR in fibroblasts (Martin and
Scharff, 2002; McBride et al., 2006; Okazaki et al., 2002; Yoshikawa et al., 2002) and SHM
in B cell lymphomas, hybridomas, and Chinese hamster cells (Martin and Scharff, 2002). Our
data support the notion that S38 phosphorylation of AID is not a specialty of activated B cells.
Our data also show that, unlike AID in a cell-free assay and in transfected cells, S38-
phosphorylated transgenic AID does not induce SHM in resting B cells in vivo.

4.2. Somatic hypermutation and class switch recombination in AID-transgenic mice
The transgenic AID protein is functional as shown by the occurrence of somatic hypermutation
(SHM) and class switch recombination (CSR) in mice that are null for endogenous AID (Fig.
3, Fig. 6, Fig. 7; Table 1). However, the frequencies of both SHM and CSR were reduced in
AID-transgenic mice on an endogenous AID−/− background compared with the frequencies in
a wildtype AID background, as was also found by others (Muto et al., 2006). SHM mutation
frequencies were maximally 10×10−4 in older transgenic mice of the #14 line and 5.2×10−4 in
the #18 line. In contrast, in the wildtype AID background, the SHM frequencies were up to
three to six times higher, as high as 30×10−4 in both lines #14 and #18. Is this relative
inefficiency of the transgenic AID gene due to decreased AID activity or diminished
recruitment of error-prone DNA repair? The patterns of point mutations were essentially the
same in AID-transgenic mice with an AID−/− backgound and with an AID+/+ background with
respect to the proportion of mutations at A and T as well as transversions at C and G (Fig. 3).
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These patterns change when lesion bypass polymerases are diminished or when the uracil
glycosylase Ung or both Ung and DNA mismatch repair are inactive (reviewed in (Longerich
et al., 2006;Shen et al., 2006)). This suggests that post-AID functions are intact in the AID-
transgenic mice, such as the recruitment of error-prone repair in SHM. Also, hallmarks of AID
access to Ig genes are the same in the AID-transgenic mice on an endogenous AID−/−
background compared with wildtype: AID hotspots are preferentially targeted (Table 1 A and
B) and the track of SHM decreases at the same rate as in wild type mice toward the 3’ end of
the mutated region of the heavy chain gene (Fig. 4) (Longerich et al., 2005;Shen et al., 2006).
Furthermore, two Ig-κ ̣transgenes that differ in SHM susceptibility relative to the numbers of
CAGGTG enhancers of SHM (Michael et al., 2003) showed the same differential mutability
as in AID wild type mice (Table 1 D). Thus, it appears that the AID transgene may be less
efficient in inducing SHM than the endogenous AID gene, but that the recruitment of error-
prone repair mechanisms may be intact. Lower efficiency of the AID transgene is also supported
by the diminished CSR activity since CSR depends little if at all on error-prone mechanisms
which are recruited in the case of SHM (Storb and Stavnezer, 2002).

Why would transgenic AID induce SHM less efficiently than endogenous AID? We can only
speculate but the findings may hint at some interesting control of endogenous AID expression.
First, over-expression of AID may lead to a suppressive effect. Second, endogenous AID may
be modified in as yet unknown ways during the cell cycle critical for a high level of mutations,
but, based on its transcription from a non-AID promoter and posttranscriptional events, the
ectopic AID may have a different cell cycle regulation and thus be less able to reach correct
levels (or modifications) in a particular phase so that the protein cannot access DNA as
frequently as in the physiological condition.

4.3. Why do naïve B cells not undergo SHM despite high levels of transgenic AID?
Naive B cells express transgenic AID that is phosphorylated at serine-38. Nevertheless, no
significant mutations were observed in PNA-lo B cells of AID-transgenic mice whose PNA-
hi B cells readily underwent SHM. Thus, Ser38 phosphorylated AID is not sufficient for SHM
in vivo, while it causes cytosine deamination in a cell free system or in transfected cells (Basu
et al., 2005; Pasqualucci et al., 2006). Possibly, error-prone repair mechanisms are not recruited
in resting B cells. Mono-ubiquitinated PCNA appears to be required for targeting lesion-bypass
polymerases (Arakawa et al., 2006; Lehmann, 2006) and PNA-lo B cells produced several-
fold lower levels of PCNA and considerably less mono-ubiquitinated PCNA than activated B
cells (Fig.5), perhaps suggesting lack of error-prone repair of AID-created uracils. However,
if AID had acted in PNA-lo B cells in the absence of error-prone repair, AID activity should
have resulted in C to T transitions (Longerich et al., 2005; Rada et al., 2002). Such AID
footprints were not observed. It appears therefore that the large amounts of AID in AID-
transgenic PNA-lo B cells are simply not targeted to the expressed Ig genes. It is not very likely
that uracils are efficiently eliminated in PNA-lo B cells by error-free repair since Ung and
Smug uracil glycosylases are very low or undetectable in these cells.

Since resting B cells show no mutations, apparently their precursors, preB cells, also do not
mutate. PreB cells may lack unknown activators of SHM or express inhibitors. It is possible
that activators can be induced, since bone marrow preB cells infected with the Abelson murine
leukemia virus undergo SHM (Gourzi et al., 2006).

PreB cells share certain properties with PNA-hi B cells: cell replication is ongoing (Hoffmann
and Melchers, 2003) and E47 protein is high (Quong et al., 2002) in both cell types. While
both replication and E47 may be required for SHM, they are obviously not sufficient. PreB
cells also express several factors (Hoffmann et al., 2002) that are present in replicating PNA-
hi cells and known to be important for SHM: e.g. lesion bypass polymerases (Zeng et al.,
2001), Ung (Di Noia et al., 2006; Rada et al., 2002) and Msh2 (Marra et al., 1996).
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However, the frequency and number of cell cycles are different in preB cells and PNA-hi B
cells. PreB cells undergo about 4 to 5 cell divisions with normal cell cycle times of about one
per day before exiting the cell cycle (Hoffmann and Melchers, 2003). PNA-hi B cells participate
in germinal center reactions that persist for about 2 to 3 weeks (Schwickert et al., 2007) and
antigen-activated B cells migrate back and forth between the dark and light zones of the
germinal center (Allen et al., 2007; Camacho et al., 1998; Schwickert et al., 2007). The cell
cycle time for germinal center B cells has been estimated to be as short as 6 hrs (MacLennan,
1994), but may be 12 hrs or more (Allen et al., 2007) (and mutating DT40 cells cycle about
every 8 hrs; S. Longerich and U.S., unpublished). Thus, potentially, PNA-hi B cells undergo
about 28 to 56 cycles before exiting the germinal center. Possibly, collisions between
replication and transcription complexes on Ig genes in mutating B cells may contribute to SHM
(Shen, 2007). It remains a major challenge to investigate whether there are co-factors for AID
in mutating B cells and/or potential inhibitors in non-mutating B cells, and whether DNA
replication plays a role in the somatic hypermutation process.
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Fig. 1.
AID mRNA levels are higher in PNA-lo B cells and kidney than in PNA-hi B cells of AID-
transgenic mice. A, PNA-lo and PNA-hi B cells and kidney from AID-transgenic mice of line
#14. B, PNA-lo and PNA-hi B cells from wildtype mice and PNA-lo B cells from AID-
transgenic mice of line #14. The total cycles of PCR for β-actin were 29 and for AID were 32.
There was no PCR product in the samples without RT (no DNA contamination) (data not
shown).
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Fig. 2.
Phosphorylated serine 38 of AID in AID-transgenic mice. AID was immuno-precipitated from
cell lysates with anti-AID antibodies and the immunoprecipitates were revealed in Western
blots with either anti-pS38 (top) or anti-AID (bottom). The positions of AID and S38-
phosphorylated AID are indicated. The band at the top of the blots probed for pS-38 is
nonspecific (it also appears in AID −/− cells).
A, rAID, recombinant AID produced in E. coli; the four other lanes contain IPs from 50 million
cells: AID−/− and wt, CD43- B cells were stimulated in culture with LPS and IL-4 for 3 days;
#18, CD43− or CD43+ cells from AID transgenic mice line #18 (the cells were not activated
in vitro).
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B and C, Immuno-precipitation and Western blots as in A. Five wt (.1 to .5) and four different
AID transgenic mice each of lines #14 and #18 (.1 to .4) are indicated. The AID−/− and wt.2
CD43- B cells were stimulated for 3 days with LPS and IL4.
B, Left six lanes: 40 million sorted, CD43− or CD43+ cells/lane. Right six lanes: 60 million
cells per lane.
C, Left six lanes: 40 million CD43− cells or kidney. Right seven lanes: 20 million cells pre
lane.
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Fig. 3.
Normal mutation pattern in IgH gene of AID-transgenic mice. The mutations were collected
from PNA-hi B cells of AID-transgenic/AID +/+ (endogenous) (top) and AID-transgenic/AID
−/− (bottom) mice (see Table 1 A and B). The adjusted percentage of mutations in A, C, G,
and T, respectively was based on the nucleotide composition in the 1.1 kb sequenced DNA
fragment. No identical sequences in the same PCR reaction were observed in this study.
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Fig. 4.
Gradual decline of mutations 3’ of VDJH also in AID-transgenic mice. A, Occurrence of
cytidine in the 1.1 kb region at the start of the Ig heavy chain JC intron. The bars are Cs on
both DNA strands. B, Positions of WRC hotspots in both DNA strands. C, Mutation pattern in
the AID-trangenic, AID+/+ mice. D, Mutation pattern in the AID-transgenic, AID−/− mice.
E, The Ig heavy chain gene (not to scale). Bent arrow, transcription initiation site; variable
region (VDJ), JC intron (the line between VDJ and C), and constant region (C) are indicated.
The sequenced region extends from 1 to 1,100 bp of the JC intron.
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Fig. 5.
PCNA in B cells. Western blot of PNA-lo and PNA-hi B cells from wildtype and AID-
transgenic mice. Top, anti-PCNA; bottom, anti-actin. DT40, chicken B cell line as a positive
control; in this cell mono-ubiquitination has been shown essential for efficient SHM (Arakawa
et al., 2006).
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Fig. 6.
CSR occurs in AID-transgenic/AID−/− mice. A, Germline transcripts (GLTs) were analyzed by
semi-quantitative RT-PCR using cDNAs derived from splenic B cells from AID-transgenic/
AID−/− and WT mice that were activated with LPS or LPS +IL4 for 48 hours. Gapdh RT-PCR
products were harvested after 29 cycles (lanes 1, 4, 7,10), 27 cycles (lanes 2, 5, 8, 11), 25 cycles
(lanes 3, 6, 9, 12). GLT and AID RT-PCR products were harvested after 33 cycles (lanes 1, 4,
7, 10), 31 cycles (lanes 2, 5, 8, 11) and 29 cycles (lanes 3, 6, 9, 12). AID originating from the
endogenous (e) alone (Muramatsu et al., 2000) or from a combination of endogenous genes
and transgenes (e+Tg) (see Materials and Methods) are shown. B, Post-switch transcripts
(PSTs) were analyzed by semi-quantitative RT-PCR using cDNAs derived from splenic B cells

Shen et al. Page 18

Mol Immunol. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from AID-transgenic/AID−/−, AID+/+ and AID−/− mice that were activated with LPS or LPS
+IL4 for 5 days. Gapdh PCR products were harvested after 29 cycles (lanes 1, 4, 7), 27 cycles
(lanes 2, 5, 8) and 25 cycles (lanes 3, 6, 9). PST PCR products were harvested after 33 cycles
(lanes 1, 4, 7), 31 cycles (lanes 2, 5, 8), and 29 cycles (lanes 3, 6, 9).
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Fig. 7.
FACS analysis of μ → γ3 and μ → γ1 CSR in AID+/+, AID-transgenic/AID−/−, and AID−/−

mice. Splenic B cells were isolated from age-matched mice and activated with LPS or LPS
+IL4 for 5 days then analyzed by FACs for CSR. Results are representative of three independent
experiments. Flow cytometric analyses of IgG3- (top) or IgG1- (bottom) expressing B cells
and the percentages of positive cells are indicated in each diagram.
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