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Background: Bcl6 is a potent inhibitor of cell senescence, and somatic mutations accumulate in senescent cells.
Results: Mutation frequencies in senescent Bcl6-deficient cells were higher than senescent wild-type cells, and ADAR1 is
overexpressed in Bcl6-deficient cells.
Conclusion: Bcl6 negatively regulates ADAR1 expression, and ADAR1 overexpression induces adenosine-targeted DNA
mutations.
Significance: Bcl6 may protect senescent cells from accumulation of somatic mutations.

Somaticmutations accumulate in senescent cells. Bcl6, which
functions as a transcriptional repressor, has been identified as a
potent inhibitor of cell senescence, but a role of Bcl6 in the accu-
mulation of somatic mutations has remained unclear. Ig class-
switch recombination simultaneously induces somatic muta-
tions in an IgM class-switch (Ig-S�) region of IgG B cells.
Surprisingly, mutations were detected in the Ig-S� region of
Bcl6-deficient IgM B cells without class-switch recombination,
and these mutations were mainly generated by conversion of
adenosine to guanosine, suggesting a novel DNAmutator in the
B cells. The ADAR1 (adenosine deaminase acting on RNA1)
gene was overexpressed in Bcl6-deficient cells, and its promoter
analysis revealed that ADAR1 is a molecular target of Bcl6.
Exogenous ADAR1 induced adenosine-targeted DNA muta-
tions in IgM B cells from ADAR1-transgenic mice and in wild-
type mouse embryonic fibroblasts (MEFs). These mutations
accumulated in senescentMEFs accompanied with endogenous
ADAR1 expression, and the frequency in senescent Bcl6-defi-
cient MEFs was higher than senescent wild-type MEFs. Thus,
Bcl6 protects senescent cells from accumulation of adenosine-
targeted DNAmutations induced by ADAR1.

Somatic mutations accumulate in mammals with age (1) and
have been proposed to contribute to aging (2). Protection of

DNA against somatic mutations may lead to prevention of
aging. Bcl6 has been identified as a potent inhibitor of cell
senescence by a senescence rescue screen (3). Bcl6 overexpres-
sion efficiently immortalizes primary mouse embryonic fibro-
blasts (MEFs)2 by blocking anti-proliferative p19ARF-p53 sig-
naling. The Bcl6 gene encodes a nuclear phosphoprotein that
binds to silencer regions of target genes to repress expression of
these genes as a sequence-specific transcriptional repressor (4),
and thus Bcl6 was suggested to repress expression of its target
genes on the p19ARF-p53 signaling. Indeed, a recent report has
demonstrated that the p53 gene is amolecular target of Bcl6 (5).
However, a role for Bcl6 in accumulation of somatic mutations
in senescent cells has remained unclear.
There aremany sources of somaticmutations (6). In addition

to external sources, there are cell intrinsic sources such as reac-
tive oxygen species. Activation-induced cytidine deaminase
(AID) (7, 8) is one of cell-intrinsic sources. AID belongs to an
RNA-editing cytidine deaminase family (9), and there are
several models to explain the molecular mechanism of AID-
mediated somatic mutations (10). A significant body of data
on the mechanism has been reported (11), and thus a con-
sensus of the mechanism is a “DNA deamination” model.
AID deaminates cytosine (C) to uracil (U) directly on ssDNA
of transcription bubbles (12–17) and creates U-guanine (G)
base pair mismatches that recruit DNA repair machinery.
Attempted error-prone repair of these lesions triggers
somatic mutations (18).
AID-induced somatic mutations are mainly restricted to

variable regions of rearranged Ig genes in germinal center
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(GC) B cells. The Bcl6 gene is ubiquitously expressed and
predominantly in GC B cells. However, we cannot examine a
role for Bcl6 in accumulation of somatic mutations in GC B
cells using Bcl6-deficient (Bcl6-KO) mice because GC for-
mation was impaired in Bcl6-KO mice (19–21). Recent
reports demonstrated that Bcl6 is required for survival and
proliferation of GC B cells by regulating expression of DNA
damage response and checkpoint genes (22, 23). AID-in-
duced somatic mutations are also detected in an unrear-
ranged IgM class-switch (Ig-S�) region and the c-myc gene
of Ig class-switched B cells (24–26). Naive IgM B cells from
Bcl6-KO mice normally differentiate into class-switched
IgG1 B cells after immunization (27), and thus we examined
frequencies of somatic mutations in the Ig-S� region and the
c-myc gene of Bcl6-KO IgG1 B cells. The frequencies in
Bcl6-KO IgG1 B cells were higher than wild-type (WT) IgG1
B cells, suggesting an inhibitory role of Bcl6 in accumulation
of somatic mutations.
We simultaneously examined the frequencies in Bcl6-KO

IgM B cells without Ig class-switch recombination. Surpris-
ingly, a frequency in the Ig-S� region of Bcl6-KO IgM B cells
was significantly higher than WT IgM B cells. These muta-
tions were mainly generated by conversion of adenosine to
guanosine, suggesting a novel cell-intrinsic inducer of
somatic mutations other than AID in Bcl6-KO IgM B cells.
Then, we looked for adenosine-targeted RNA-editing genes
as the novel inducer. An ADAR (adenosine deaminase acting
on RNA) family (28) converts adenosine of pre-mRNA into
inosine (29), which is subsequently translated as guanosine,
and thus we examined expression of ADAR family genes in
various cells from Bcl6-KO mice. Here, we show that the
ADAR1 gene among the ADAR family genes was overex-
pressed in various cells from Bcl6-KO mice and that the
ADAR1 gene is a molecular target of Bcl6. ADAR1 overex-
pression induced adenosine-targeted DNA mutations in the
Ig-S� region of IgM B cells from spleens of ADAR1 trans-
genic (Tg) mice and in the Ig-S� region and the c-myc gene
of WT MEFs without induction of AID. These mutations
accumulated in MEFs at a senescent stage accompanied with
endogenous ADAR1 expression, and the frequencies in
senescent Bcl6-KO MEFs were higher than senescent WT
MEFs. We discuss a physiologic role of Bcl6 in protection of
senescent cells against accumulation of adenosine-targeted
DNA mutations induced by ADAR1.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6 mice were purchased from Japan SLC
(Hamamatsu, Japan). Bcl6-KOmice (20) andBcl6-Tgmicewith
the exogenous Bcl6 gene under the control of the Lck distal
promoter (30) were as described. Murine ADAR1 cDNAs (31)
subcloned into the BamH1 site of the Lck distal promoter
expression cassette (pLck(d)-ADAR1-hGH) (32) weremicroin-
jected into a male pronuclear of fertilized eggs from (C57BL/6
� DBA2) F1 mice to generate ADAR1-Tg mice. Conditional
ADAR1-deficient (ADAR1-cKO) mice were developed by
crossing ADAR1flox/flox mice (33) with CD21-cre Tg mice (34).
These mice were backcrossed with C57BL/6 mice more than
five generations and maintained under specific pathogen-free

conditions in the animal center of Graduate School of Medi-
cine, Chiba University (Chiba, Japan). All procedures con-
formed to the Chiba University Resolution on use of animals in
research and were approved by the Institutional Animal Care
and Use Committee at Chiba University, Graduate School of
Medicine.
B Cell Culture—Single cell suspensions were prepared from

spleens, and cells were incubated with amixture of biotinylated
Abs against CD43 and IgG1 (Pharmingen). IgM B cells were
purified from spleen cells by depleting CD43� and IgG1� cells
with the magnetic cell sorting system (Miltenyi Biotec). Purity
of IgM B cells was 89–95%. Purified IgM B cells were cultured,
as described (27). Briefly, purified IgM B cells (5.0 � 105/ml)
were cultured in RPMI 1640 medium (Sigma) supplemented
with 10% fetal calf serum (Intergen), 50 �M 2-Mercaptoeth-
anol, 100 �g/ml of streptomycin (Wako Chemical Co.,
Osaka, Japan), and 100 units/ml of penicillin G potassium
(Banyu Pharmaceutical Co., Tokyo, Japan). For B cell activa-
tion, IgM B cells were cultured with lipopolysaccharide
(LPS) (4 �g/ml; Sigma) and interleukin-4 (rIL-4, 1000 units/
ml) for 4 days in a humidified atmosphere at 37 °C with 5%
CO2. In some experiments, IgM B cells and IgG1 B cells were
sorted by FACSVantage (Becton Dickinson). Purity of IgG1
B cells was �95%.
MEF Culture—MEFs were established by harvesting embry-

onic day 13.5 embryos. Head and liver were removed from
embryos, and the remaining embryonic tissues were
trypsinized at 37 °C for 30 min. The disrupted tissues were
plated in DMEM (Sigma) supplemented with 10% fetal calf
serum (Sigma) and cultured at 37 °C in 5% CO2. The 3T3 type
serial MEF cultivation was done as described (35). Briefly, 3 �
105 cells were cultured on a 6-cmwell for 3 days (passage 1; P1),
the total cell number was counted, then 3 � 105 cells were
cultured on a separate well for 3 days (P2). In some experi-
ments, MEFs were cultured until P5 and then treated with
10–100 �M of H2O2 for 2 h.
Isolation of CD4 T Cells and GC B Cells—Spleen cells were

blocked with 20 �g/ml of anti-Fc receptor II/III (2.4G2;
Pharmingen)Abs. These cells were incubatedwith phycoeryth-
rin-labeled anti-CD4 (Pharmingen) Abs, and CD4 T cells were
sorted by FACSVantage. Purity of these sorted cells was �95%.
For isolation of GC B cells, mice were immunized intraperito-
neallywith 50�g of (4-hydroxy-3-nitrophenyl)acetyl-chicken�
globulin (NP25-CG, Biosearch Technologies, Novato, CA) pre-
cipitated in alum plus 106 pertussis. GC B cells were isolated
from spleens of these mice 10 days after immunization. Spleen
cells after blocking were incubated with PE-labeled anti-B220
(eBioscience, San Diego, CA) and fluorescein isothiocyanate-
labeled peanut agglutinin (PNA, Vector Laboratories, Burlin-
game, CA). GC (B220�PNA�) B cells were sorted by
FACSVantage (Becton Dickinson). Purity of those cells was
�95%.
PCR and Sequencing—DNA isolation methods were as

described (36). Briefly, highmolecularweight nuclearDNAwas
extracted with SDS/proteinase K lysis, followed by phenol/
chloroform extraction. PCR was done with the primers shown
below using LA Taq polymerase (TaKaRa). After purification,
the PCR fragments were ligated into the pGEM-T Easy Vector
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System (Promega). The ligation mixture was used for transfor-
mation and the library was platedwithout preculturing to avoid
amplification of sister clones. Nucleotide sequences were
determined using an ABI PRISM 310 genetic analyzer (PE Bio-
systems). The 400 base pairs of the Ig-S� region (the first base
corresponding to position 4800 in GenBankTM/EBI accession
number J00440) and the 300 base pairs of the c-myc gene (the
first base corresponding to the position 23103197 in Gen-
BankTM/EBI accession number NT039621) were sequenced.
The primers used were as follows: Ig-S� (25), 5�-AATGGAT-
ACCTCAGTGGTTTTTAAT-3� and 5�-TCTCGGTTAAGC-
CTAGTTTA-3�; c-myc (26), 5�-ACCTAAGAAGGCAGCTC-
TGGAGTG-3� and 5�-TCATCTTGACAAGTCGCTCTA-
CCC-3�. Common primers for SP6 or T7 were used for
sequencing PCR products in the pGEM-T Easy Vector.
Real-time Quantitative Reverse Transcription (qRT)-PCR—

Real-timeqRT-PCRwas performed as described elsewhere (37).
Total RNAwas extracted fromvarious organs and cells with the
TRIzol reagent (Invitrogen). Total RNA was reverse-tran-
scribed using SuperScript III Reverse Transcriptase (Invitro-
gen) and oligo(dT) (Pharmacia), and the cDNAs were used for
PCR. Real-time PCR with cDNAs was conducted using a SYBR
Green PCR Master Mix (Perkin-Elmer Applied Biosystems)
and run on an ABI Prism 7000 Sequence Detection System
(Perkin-Elmer Applied Biosystems). GAPDH mRNA was used
as an internal control for the amount of mRNA. Primers for the
cDNA amplification were as follows: ADAR1, 5�-AAGGTCG-
GCCGAGTCAGTGTTAT-3� and 5�-ACAACTCTTTCCCT-
GGTCCATC-3�;ADAR2, 5�-TGTCAAAGATGCCAAGGTG-
A-3� and 5�-AGGTGGAACTGCACGGTATC-3�; ADAR3, 5�-
AGTCCAGACGTGGGATGGCATCC-3� and 5�-CTCACC-
CGGGTGCCAAGACCGGC-3�; ADAT1, 5�-AAGAAGACT-
GTGGAGGCTCA-3� and 5�-GGACAGCAAGGCTGTTC-
TTC-3�;AID, 5�-CTGCCAAACCTGATGTCTTGATTTT-3� and
5�-CAACGTGGCGTCCAAACAGGCACTT-3�; and GAPDH, 5�-
TGTGTCCGTCGTGGATCTGA-3� and 5�-TTGCTGTTGAAG-
TCGCAGGAG-3�.
Somatic Hypermutation (SHM) in the VH186.2 Gene—NP-

binding IgG1 B cells were sorted from spleens of mice immu-
nized with NP25-CG by FACSVantage (27), and RNA was pre-
pared from these isolated IgG1 B cells. RT-PCR was done, and
the VH186.2 gene followed by D and J regions and a proximal
segment of theC�1 gene was amplified by two rounds of nested
PCRwith high-fidelity Pfu-Ultra DNA polymerase (Stratagene,
La Jolla, CA). After purification, the PCR fragments were
ligated into the pGEM-T Easy Vector System (Promega). The
forward and reverse primers for the first-round PCR were
5�-CATGCTCTTCTTGGCAGCAACAGC-3� and 5�-GTG-
CACACCGCTGGACAGGGATCC-3�, and for second-round
PCR, primers were 5�-CAGGTCCAACTGCAGCCAG-3� and
5�-AGTTTGGGCAGCAGA-3�. Nucleotide sequences of the
cloned VH186.2 gene were determined by automated sequenc-
ing using an ABI PRISM 3100 DNA sequencer (PE Biosystems,
Foster City, CA).
Chromatin Immunoprecipitation (ChIP) Assay—ChIP assay

was done using the ChIP assay kit (UpState Biotechnology) and
then conducted according to the manufacturer’s instructions.
The following Abs were used: Bcl6-specific rabbit polyclonal

Abs (Santa Cruz Biotechnology) and rabbit IgG (Santa Cruz
Biotechnology). Primers used for analysis in the promoter
region and intron 1Aof theADAR1 genewere as follows: region
1, 5�-TGGTGGCACACACCTGTAATCC-3� and 5�-ACCAT-
GATGCTGTCTCTTACTGTCC-3�; region 2, 5�-GCCCATG-
CTACACAGAGAAACTGTC-3� and 5�-CCTAGCTCCTGC-
AAGACAATGG-3�; region 3, 5�-AATAGCTCCCAAGCTCT-
CAGAGAAC-3� and 5�-TGACCCTCGTAATTCACAC-
TACGC-3�; region 4, 5�-GCAGAGGCAGGTATTTCTGAG-
TCC-3� and 5�-CCATTAAGAGCTGGGGAGATGATGAC-3�.
Preparation of Nuclear Extracts and EMSA—Nuclear

extracts were prepared from splenic IgMB cells and activated B
cells and rapidly stored at �70 °C after determination of the
protein amount using a Bio-Rad protein assay (Bio-Rad). Oli-
gonucleotides were labeled with biotin using the biotin 3� end
DNA labeling kit (Pierce). The binding reaction was done using
the LightShift chemiluminescent EMSA kit (Pierce). The fol-
lowing oligonucleotide sequenceswere used forDNAprobes or
competitor fragments in EMSA: region 1, 5�-TGGAATCTGT-
TTCCAAGAAAATAAAGACT-3�; region 2, 5�-TCCACCTG-
TTTTCCAAGAAATGCTGCAGCA-3�; region 3, 5�-GGGG-
AAGCGTTTTCAAGGAAACGAACTGGA-3�; region 4,
5�-GGCCCTCAGGCTTCCAGGAATTTTTCTTCT-3�; WT
Bcl6, 5�-CATTTAACTTTCCTTGAAAAACTAGTAAAA-3�;
and Mut Bcl6, 5�-CATTTAACTTTCCTTTTAAAACTAGT-
AAA-3�. The supershift assay was performed using 2 �g of
Bcl6-specific rabbit polyclonal Abs or rabbit IgG (Santa Cruz
Biotechnology).
Reporter Constructs with the ADAR1 Promoter Region—

Genomic DNA fragments of the ADAR1 promoter region (38)
were inserted into cloning sites of a pGL3-Basic vector carrying
the SV40 enhancer (pADAR1 Luc) and the firefly luciferase
reporter gene (Promega). Mutant luciferase constructs
(pADAR1 Luc (mutBcl6)) were generated by PCR using oligo-
nucleotide primers carrying point mutations (QuikChangeXL
site-directed mutagenesis kit, Stratagene). The primer used for
themutation on aBcl6-binding sequence of region 3 (MutBcl6):
5�-CATTTAACTTTCCTTTTAAAACTAGTAAA-3�. The Bcl6
expression vector (pcDNA3-Bcl6) was constructed, as described
(39).
Transient Transfection and Luciferase Assay—Transfection

of genes was conducted by electroporation using the Bio-Rad
Gene PulserII (Bio-Rad). Cells (1 � 107) were incubated with
DNA (total 20 �g) for 10 min on ice and then electroporated at
960microfarads with 220mV for Ramos cells (HumanBurkitt’s
lymphoma cell line). These cells were harvested 24 h after elec-
troporation. Luciferase activity in cell extracts was determined
using a luciferase assay kit (Promega).
The ADAR1-EGFP Fusion Gene and Its Transfection—Puri-

fied IgM B cells or MEFs were transfected with the pEGFP-
ADAR1(La) vector as described (31). RetroNectin (TaKaRa)
was used for the transfection. EGFP� IgG1B cells orMEFswere
isolated using FACSVantage.
Statistical Analysis—Statistical analysis was made using

unpaired t test. p values of less than 0.05 were considered to be
significant.
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RESULTS

SomaticMutations in the Ig-S� Region and the c-myc Gene of
Bcl6-KO B Cells—Naive IgM B cells from spleens of WT and
Bcl6-KO mice were stimulated with LPS and IL-4 for 4 days,
and IgM B cells and IgG1 B cells were isolated by fluorescence
activated cell sorter (FACS). Mutation frequencies in the Ig-S�
region of IgG1 B cells were compared with IgM B cells. As we
expected, frequencies in the Ig-S� region of WT IgG1 B cells
(p � 0.014) and Bcl6-KO IgG1 B cells (p � 0.001) were higher
than WT IgM B cells (Fig. 1A). Surprisingly, the frequency in
Bcl6-KO IgM B cells was also higher thanWT IgM B cells (p �

0.037). The frequency in Bcl6-KO IgG1 B cells was slightly
higher than Bcl6-KO IgM B cells (p � 0.124) and WT IgG1 B
cells (p � 0.169), although the difference was not significant.
Percentages ofmutations fromadenine (A)/thymine (T) toG/C
among total mutations were very high in WT (74% � 25/34)
andBcl6-KO (63%� 33/52) IgMB cells (data not shown) and in
WT (64%) and Bcl6-KO (66%) IgG1 B cells (Fig. 1B). Percent-
ages of mutations from C/G to T/A were also high in the WT
(18% � 6/34) and the Bcl6-KO (12% � 6/52) IgM B cells and in
the WT (24%) and the Bcl6-KO (16%) IgG1 B cells.
AID-induced somatic mutations are also detected in the

c-myc gene of class-switched B cells, and thus, somatic muta-
tions in the c-myc gene of these IgG1 B cells were analyzed. The
frequency in the Bcl6-KO IgG1 B cells was significantly higher
than the WT IgM B cells (p � 0.005), the Bcl6-KO IgM B cells
(p � 0.001) and the WT IgG1 B cells (p � 0.005) (Fig. 1C).
However, the frequency in the Bcl6-KO IgM B cells was not
higher than theWT IgM B cells (p � 0.475). We observed very
high percentages of mutations from A/T to G/C among total
mutations in theWT (50%) and the Bcl6-KO (61%) IgG1 B cells
(Fig. 1D). Percentages of mutations from C/G to T/A were also
high in the WT (50%) and the Bcl6-KO (22%) IgG1 B cells.
Overexpression of ADAR1 in Various Cells from Bcl6-KO

Mice—Somatic mutations from A/T to G/C were major muta-
tions in the Ig-S� region of Bcl6-KO IgM B cells, suggesting
induction of a novel cell-intrinsic inducer other thanAID in the
B cells. Because RNA-editing adenosine deaminase such as
ADAR converts adenosine of pre-mRNA into inosine (29),
which is subsequently translated as guanosine, we speculated
that ADAR could be responsible for the DNA mutations. We
then examined expression of ADAR family genes in various
organs from WT and Bcl6-KO mice by real-time qRT-PCR.
ADAR1 expressionwas detected in brain inwhichADAR1 edits
pre-mRNA of serotonin-2C receptor (40) but not in other
organs examined from WT mice and augmented in various
organs fromBcl6-KOmice (Fig. 2A). Expression of otherADAR
family (ADAR2, ADAR3, and ADAT1) genes (41) in various
organs fromWTmicewas similar to that in Bcl6-KOmice (data
not shown). ADAR1 expression was also augmented in splenic
CD4 T cells from Bcl6-KO mice and suppressed in those from
lck-Bcl6 Tg (Bcl6-Tg) mice (Fig. 2B). The ADAR1 gene was
expressed in Bcl6-KO IgM B cells but not in WT IgM B cells
(Fig. 2C). When WT and Bcl6-KO IgM B cells were activated
with LPS and IL-4, ADAR1 expression was transiently induced
in both B cells and detected longer time in activated Bcl6-KO B
cells, whereasAID expression in theBcl6-KOBcells was similar
to the WT B cells. Expression of other ADAR family genes was
not detected in naive IgM B cells and activated IgG1 B cells
from both mice (data not shown). These results suggested that
ADAR1 was involved in induction of somatic mutations in the
Ig-S� region of Bcl6-KO IgM B cells.
ADAR1 as a Molecular Target of Bcl6—To examine whether

the ADAR1 gene is a molecular target of Bcl6, we looked for
Bcl6-binding sequences in the murine ADAR1 gene (Gen-
BankTM/EBI accession no. AAK16102) and found four putative
Bcl6-binding sequences in the promoter region (upstream
region of the exon 1A) and the intron 1A (Fig. 3A). ChIP assay
demonstrated Bcl6 binding to these regions in naive IgMB cells

FIGURE 1. Somatic mutations in the Ig-S� region and the c-myc gene of
Bcl6-KO B cells. Splenic IgM B cells from WT and Bcl6-KO mice were stimu-
lated with LPS and IL-4 for 4 days. The Ig-S� region and the c-myc gene of IgM
B cells and IgG1 B cells were sequenced. A and C, pie charts indicate mutations
in the Ig-S� region (A) and the c-myc gene (C) of IgM B cells and IgG1 B cells.
Sectors of the pie are proportional to the number of sequences with a given
number of mutations. The number of sequences is shown in the center of the
pie chart. A frequency of mutations is described below the pie chart. B and D,
types of nucleotide substitutions in the Ig-S� region (B) and the c-myc gene
(D) of IgG1 B cells are shown as percentages of total mutations.
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but not in B cells activated with LPS and IL-4. Specific binding
of Bcl6 to Bcl6-binding sequences at regions 2 and 3 was con-
firmed by EMSAwith a cold competitor. Nuclear extracts from
naive IgMB cells but not those from activated B cells contained
bindingmolecules to regions 2 (data not shown) and 3 (Fig. 3B),
and the binding complex was removed by the addition of anti-
Bcl6 Abs. The cold competitor but not that with mutations in
the Bcl6-binding sequence blocked the binding. Furthermore,

we confirmed a potential of exogenous Bcl6 for repressing
ADAR1 promoter activity in Ramos cells by co-transfection of
the reporter (pADAR1 Luc) gene under the control of the
ADAR1 promoter containing region 3 and a Bcl6 expression
vector (pcDNA3-Bcl6). Co-transfection of various amounts
(5–10 �g) of pcDNA3-Bcl6 repressed the promoter activity in
Ramos cells (Fig. 3C). Bcl6-dependent repression was con-
firmed by co-transfection of the reporter gene with mutations
in the Bcl6-binding sequence of region 3 (pADAR1 Luc (mut-

FIGURE 2. ADAR1 mRNA expression in various organs and cells from WT,
Bcl6-KO, and Bcl6-Tg mice. A and B, amounts of ADAR1 mRNA in various
organs (A) and CD4 T cells (B) from WT, Bcl6-KO, and Bcl6-Tg mice were ana-
lyzed by real-time qRT-PCR. Data presented are as a representative of three
independent experiments. C, ADAR1 and AID mRNA levels in activated B cells.
Splenic IgM B cells from WT and Bcl6-KO mice were stimulated with LPS and
IL-4 for 4 days. ADAR1 and AID mRNA levels were analyzed by real-time qRT-
PCR. Data are presented as a representative of three independent experi-
ments. ND, not detected.

FIGURE 3. Bcl6-binding to putative Bcl6-binding sequences in the ADAR1
promoter region. A and B, splenic IgM B cells from WT mice were stimulated
with LPS and IL-4 for 6 h. A, ChIP analysis for Bcl6 binding to the ADAR1 pro-
moter region of B cells. DNA samples were analyzed by PCR with primers
specific for each indicated region, and 10% of input DNA (bottom) was ana-
lyzed by PCR. Data presented are as a representative of three independent
experiments. B, EMSA for Bcl6-binding to region 3. An arrow indicates the
retarded bands. For cold probe competition experiments, 50-fold molar of
unlabeled competitor oligonucleotides was included in binding reactions
with nuclear extracts from naive IgM B cells. Data are presented as a repre-
sentative of three independent experiments. C, repression of ADAR1 pro-
moter activity by Bcl6. Ramos cells were transfected with pADAR1 Luc (filled
bar) or pADAR1 Luc (mutBcl6) (open bar) and serial dilution of pcDNA3-Bcl6.
Luciferase activity of these cells transfected with pADAR1 Luc (mutBcl6) was as
100%. Data are presented as the mean � S.D. from three independent
experiments.
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Bcl6)) and pcDNA3-Bcl6. These results indicated that the
ADAR1 gene is a molecular target of Bcl6.
Effect of ADAR1 on Induction of SomaticMutations in BCells—

We transfected the ADAR1-EGFP fusion gene into IgM B cells
from spleens of WT mice. These IgM B cells were stimulated
with LPS and IL-4 for 4 days, and EGFP� IgG1 B cells were
isolated by FACS. The Ig-S� region and the c-myc gene of
EGFP� IgG1 B cells were sequenced. Mutation frequencies in
these regions of ADAR1-transfected IgG1 B cells were signifi-
cantly higher than mock-transfected IgG1 B cells (Ig-S�, p �
0.012; c-myc, p � 0.007) (Fig. 4A). Percentages of mutations
from A/T to G/C among total mutations were very high in the

Ig-S� region (64%) and the c-myc gene (58%) of ADAR1-trans-
fected IgG1 B cells (Fig. 4B). Percentages of mutations from
C/G to T/A were also high in both regions (Ig-S�, 36%; c-myc,
34%) of the IgG1 B cells.
We generated Lckd-ADAR1 Tg (ADAR1-Tg) mice to exam-

ine whether exogenous ADAR1 induces somatic mutations in
the Ig-S� region of IgM B cells without class-switch recombi-
nation. Amutation frequency in the Ig-S� region of IgMB cells
from spleens of ADAR1-Tg mice was higher than WT IgM B
cells (p � 0.034) (Fig. 4C). Mutations from A/T to G/C were
major in the Ig-S� region of ADAR1-Tg IgM B cells (62% �
8/13). Mutations from C/G to T/A were also detected in the B
cells (15% � 2/13). IgM B cells from ADAR1-Tg or ADAR1-
cKO mice were stimulated with LPS and IL-4 for 4 days, and
IgG1 B cells were isolated by FACS. The Ig-S� region of IgG1 B
cells was sequenced. Mutation frequencies in the region of
ADAR1-Tg and ADAR1-cKO IgG1 B cells were higher (p �
0.138) and lower (p� 0.049) thanWTIgG1B cells, respectively.
Furthermore, we examined effect of the exogenous ADAR1 on
induction of SHM in GC B cells because the amount ofADAR1
mRNA in GC B cells from spleens of ADAR1-Tg mice was
	6-fold more than GC B cells from WT mice 10 days after
immunization (data not shown). We immunized ADAR1-Tg
mice with NP-CG in alum and examined SHM of the rear-
ranged VH186.2 gene (42) in NP-binding IgG1 B cells from
spleens of ADAR1-Tg mice 10 days after immunization. A
mutation frequency in the VH186.2 gene of ADAR1-Tg IgG1 B
cells was higher thanWT IgG1 B cells (p � 0.044), whereas the
frequency in the CDR1 region of the VH186.2 gene of the
ADAR1-Tg IgG1B cells was similar to theWT IgG1B cells (p�
0.411) (Fig. 4D). The percentage of mutations fromA/T to G/C
among total mutations in the VH186.2 gene of the ADAR1-Tg
IgG1 B cells (30% � 20/66) was slightly higher than the WT
IgG1 B cells (20% � 10/50). Mutations from C/G to T/A in the
VH186.2 gene of the ADAR1-Tg IgG1 B cells (32% � 21/66)
were similar to the WT IgG1 B cells (32% � 16/50).
Effect of Exogenous ADAR1 on Induction of Somatic Muta-

tions in MEFs—Because AID expression is restricted to acti-
vated B cells (9), we examined whether exogenous ADAR1
induces somatic mutations in the Ig-S� region and the c-myc
gene of cells other than B cells without AID expression. We
transfected the ADAR1-EGFP gene into MEFs from WT and
Bcl6-KO mice at P5. EGFP� MEFs were isolated 3 days after
transfection by FACS. Higher mutation frequencies were
observed in the Ig-S� region of ADAR1-transfected MEFs as
compared withmock-transfected MEFs (WT, p � 0.010; Bcl6-
KO, p � 0.005) (Fig. 5A). Mutations from A/T to G/C were
major in these WT (63%) and Bcl6-KO (62%) MEFs (Fig. 5B).
Percentages of mutations from C/G to T/A among total muta-
tions were also high in these WT (25%) and Bcl6-KO (35%)
MEFs. ADAR1-induced DNA mutations were detected in the
c-myc gene, and these mutation frequencies in the ADAR1-
transfectedWTandBcl6-KOMEFswere higher than themock-
transfected MEFs (WT, p � 0.007; Bcl6-KO, p � 0.001) (Fig.
5C).Mutations fromA/T toG/Cweremajor in theseWT (87%)
and Bcl6-KO (67%) MEFs (Fig. 5D). Percentages of mutations
fromC/G to T/Awere high in the Bcl6-KOMEFs (22%) but not
in the WTMEFs (0%).

FIGURE 4. Somatic mutations in the Ig-S� region and the c-myc gene of B
cells with the exogenous ADAR1 gene. A and B, naive WT IgM B cells trans-
fected with the ADAR1-EGFP fusion (ADAR1) gene or the Mock-EGFP (Mock)
gene were stimulated with LPS and IL-4 for 4 days. EGFP� IgG1 B cells were
isolated by FACS. The Ig-S� region and the c-myc gene of EGFP� IgG1 B cells
were sequenced. C, naive IgM B cells were stimulated with LPS and IL-4 for 4
days. The Ig-S� region of naive IgM B cells and IgG1 B cells from WT, ADAR1-
Tg, and ADAR1-cKO mice was sequenced. D, ADAR1-Tg mice were immu-
nized with NP-CG, and NP-binding IgG1 B cells were isolated by FACS. The
VH186.2 gene of isolated IgG1 B cells was sequenced. A, C, and D, pie charts
indicate mutations in the Ig-S� region and the c-myc gene of ADAR1-trans-
fected IgG1 B cells (A), in the Ig-S� region of IgM B cells and IgG1 B cells (C) or
in the VH186.2 gene of NP-binding IgG1 B cells (D). Sectors of the pie are
proportional to the number of sequences with a given number of mutations.
The number of sequences is shown in the center of the pie chart. A frequency
of mutations is described below the pie chart. B, types of nucleotide substi-
tutions in the Ig-S� region and the c-myc gene of ADAR1-transfected IgG1 B
cells are shown as percentages of total mutations.
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Accumulation of Somatic Mutations in Senescent MEFs—To
examine a role for Bcl6 in accumulation of somaticmutations in
senescent MEFs, MEFs fromWT and Bcl6-KO mice were cul-
tured by the 3T3 protocol. Bcl6-KOMEFs entered a senescent
stage after P6, whereas WT MEFs did after P9 (Fig. 6A). We
confirmed expression of senescence-related (p16, p21, and p53)
genes in Bcl6-KO MEFs at P9 by RT-PCR (data not shown).
These results confirmed the inhibitory effect of Bcl6 on induc-
tion of cell senescence (3). We examined expression of ADAR1
and AID mRNA in WT and Bcl6-KO MEFs by real-time qRT-
PCR. ADAR1 expression was detected in WT and Bcl6-KO
MEFs after P11 and P6, respectively (Fig. 6B). However, AID
expression was not detected at all in theseMEFs until P11 (data
not shown). Then,we examined somaticmutations in the Ig-S�
region and the c-myc gene ofWT and Bcl6-KOMEFs at P6 and
P11. Mutation frequencies significantly increased in the Ig-S�

region of MEFs at P11 as compared with those at P6 (WT, p �
0.009; Bcl6-KO, p� 0.005) (Fig. 6C). Frequencies also increased
in the c-myc gene of these MEFs at P11 (WT, p � 0.025; Bcl6-
KO, p � 0.029) (Fig. 6D). Mutations from A/T to G/C were
major in the Ig-S� region (WT, 80% � 4/5; Bcl6-KO, 82% �
9/11) and the c-myc gene (WT, 71% � 5/7; Bcl6-KO, 46% �
6/13) of these MEFs at P11.
Oxidative stress inducesMEFs to enter the premature senes-

cent stage (43), and thus, MEFs at P5 were treated with an
oxidative stress inducer, H2O2 (44), for 2 h and then cultured

FIGURE 5. Somatic mutations in the Ig-S� region and the c-myc gene of
MEFs transfected with the ADAR1 gene. WT and Bcl6-KO MEFs at P5 trans-
fected with the ADAR1-EGFP fusion (ADAR1) gene or the Mock-EGFP (Mock)
gene were cultured for 3 days. EGFP� MEFs were isolated by FACS, and the
Ig-S� region and the c-myc gene were sequenced. A and C, pie charts indicate
mutations in the Ig-S� region (A) and the c-myc gene (C) of ADAR1-trans-
fected MEFs. Sectors of the pie are proportional to the number of sequences
with a given number of mutations. The number of sequences is shown in the
center of the pie chart. A frequency of mutations is described below the pie
chart. B and D, types of nucleotide substitutions in the Ig-S� region (B) and the
c-myc gene (D) of ADAR1-transfected MEFs are shown as percentages of total
mutations.

FIGURE 6. Somatic mutations in the Ig-S� region and the c-myc gene of
MEFs at the senescent stage. MEFs from WT and Bcl6-KO mice were cultured
by the 3T3 protocol. A, cell numbers of WT (open circle) and Bcl6-KO (filled
circle) MEFs were demonstrated. B, amounts of ADAR1 mRNA in MEFs were
analyzed by real-time qRT-PCR. Data are presented as representative of three
independent experiments. C and D, pie charts indicate mutations in the Ig-S�
region (C) and the c-myc gene (D) of MEFs. Sectors of the pie are proportional
to the number of sequences with a given number of mutations. The number
of sequences is shown in the center of the pie chart. A frequency of mutations
is described below the pie chart.
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for 4 days. Proliferation of WTMEFs was partly inhibited after
treatment with 100 �MH2O2, whereas Bcl6-KOMEFs stopped
proliferation after treatment with 10 �M H2O2 (Fig. 7A).
ADAR1mRNA was detected in Bcl6-KO MEFs but not in WT
MEFs before treatment and induced in both MEFs after treat-
ment with 100 �M H2O2 (Fig. 7B). Frequencies of somatic
mutations in the Ig-S� region (p � 0.014) and the c-myc gene
(p � 0.196) of H2O2-treated Bcl6-KO MEFs were higher than
H2O2-treated WTMEFs, although difference of frequencies in
the c-myc gene between them was not significant (Fig. 7C).
Percentages of mutations from A/T to G/C among total muta-

tions were very high in the Ig-S� region (WT, 92% � 11/12;
Bcl6-KO, 71%� 12/17) and high in the c-myc gene (WT, 50%�
4/8; Bcl6-KO, 55% � 6/11) of these MEFs.

DISCUSSION

Frequencies of somatic mutations in the Ig-S� region of IgM
B cells and CD4 T cells from spleens of naive Bcl6-KO mice
were higher than IgM B cells and CD4 T cells (p � 0.031) from
naive WT mice, respectively. Ectopic AID induces somatic
mutations in various genes of T cells from AID-Tg mice (26),
butwe could not detectAIDmRNA in these cells fromBcl6-KO
mice by RT-PCR (data not shown). Expression of ADAR1
amongADAR family genes was detected in these Bcl6-KO cells,
and ADAR1 overexpression increased mutation frequencies in
the Ig-S� region and the c-myc gene of IgG1 B cells. Exogenous
ADAR1 induced somatic mutations in the Ig-S� region of IgM
B cells from ADAR1-Tg mice and in the Ig-S� region and the
c-myc gene of WT MEFs at P5 without AID expression. Fur-
thermore, endogenous ADAR1 expression was observed in
senescentWTandBcl6-KOMEFs, andmutation frequencies in
the Ig-S� region and the c-myc gene of these senescent MEFs
increased. Mutations from A/T to G/C were major among
those mutations. Thus, the large amount of ADAR1 can induce
adenosine-targeted DNA mutations in murine cells without
AID expression.
ADAR1 selectively edits in vivo two adenosines to inosines in

the serotonin 2C receptor pre-mRNA of nervous tissue (45),
and the RNA edition is essential for embryogenesis (46). A
nuclear localization signal and a Z-DNA binding domain are
present near theN-terminal region ofADAR1, and endogenous
ADAR1 is localized in both nucleus and cytoplasm (31, 47).
These results suggest that themolecularmechanism of somatic
mutations induced by exogenous ADAR1 is explained by a
DNA deamination model similar to the core process of AID-
induced DNA mutations. ADAR1 may induce adenosine
deamination on genomicDNAat replication. This deaminating
adenosine as inosine will be subsequently transcribed as
guanosine by replication and eventually become fixed in one of
the daughter cells with inosine-C base pair mismatches. These
mismatches recruit DNA repair machinery, and attempted
repair of these lesions results in induction of somatic muta-
tions. However, it is still possible that ADAR1 functions as a
catalytic subunit of a RNA-editing holoenzyme for a novel
inducer of somatic mutations. Further study is required to elu-
cidate mechanisms of ADAR1-induced DNA mutations.
Variable regions of rearranged Ig genes in GC B cells are

physiologically mutated by AID (8), and the state of open chro-
matin including histone acetylation is required for AID-in-
duced SHM (48, 49). A constant region in the same transcrip-
tion unit is protected from AID-induced mutations. Induction
of mutations at the variable region but not the constant-region
of the rearranged Ig gene in a BL2 cell line was associated with
hyperacetylation of histone at chromatin of the Ig gene, and
AID overexpression induced somatic mutations in both vari-
able and constant regions (49). Overexpression ofAID lacking a
functional nuclear export signal caused more mutations in a
nonphysiologic target gene in fibroblasts (50). These results
suggest that chromatin structure affects induction of AID-in-

FIGURE 7. Somatic mutations in the Ig-S� region and the c-myc gene of
MEFs after treatment with H2O2. Bcl6-KO and WT MEFs at P5 were treated
with various doses of H2O2 for 2 h and then cultured for 96 h. A, cell numbers
of WT (open bar) and Bcl6-KO (filled bar) MEFs were calculated 24 and 96 h
after treatment. Data are presented as a representative of three independent
experiments. B, amounts of ADAR1 mRNA in MEFs after treatment with 100
�M H2O2 were analyzed by real-time qRT-PCR. Data are presented as a repre-
sentative of three independent experiments. C, pie charts indicate mutations
in the Ig-S� region and the c-myc gene of MEFs after treatment with 100 �M

H2O2. Sectors of the pie are proportional to the number of sequences with a
given number of mutations. The number of sequences is shown in the center
of the pie chart. A frequency of mutations is described below the pie chart.
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duced somatic mutations and that the state of chromatin asso-
ciated with high levels of transcription may provide sufficient
accessibility for physiologic AID (12, 15). Although the Ig-S�
region is not transcribed in MEFs, ADAR1 overexpression
induced adenosine-targeted DNA mutations in the Ig-S�
region of WT MEFs at P5, and the mutations, albeit a low fre-
quency, were induced inWTMEFs at a senescent stage accom-
panied with endogenous ADAR1 expression. ChIP assay dem-
onstrated that chromatin histone at the Ig-S� region was not
acetylated inWTMEFs until P6 butwas acetylated in senescent
WT MEFs at P11 (data not shown). These results suggest that
chromatin structure with histone acetylation is required for
induction of somatic mutations by a physiologic level of
ADAR1.
Cell senescence was accompanied with expression of endog-

enous ADAR1 in MEFs, and adenosine-targeted DNA muta-
tions were accumulated in senescent MEFs. Because frequen-
cies of mutations in the Ig-S� region and the c-myc gene of
senescent Bcl6-KO MEFs were higher than senescent WT
MEFs, Bcl6 may protect senescent cells from accumulation of
somatic mutations. IgM B cells, CD4 T cells, and kidney cells
(data not shown) from naive Bcl6-KO mice also accumulated
adenosine-targeted DNA mutations in the Ig-S� region with
overexpression of the endogenous ADAR1 gene. Bcl6 binds to
the Bcl6-binding sequences (regions 2 and 3) in the ADAR1
promoter region and represses its promoter activity by recruit-
ing the histone deacetylase complex (4). Bcl6 is ubiquitously
expressed, and thus, Bcl6 suppresses endogenous ADAR1
expression to avoid unexpected DNA mutations in various
cells. Frequencies of somatic mutations in the Ig-S� region and
the c-myc gene of Bcl6-KO MEFs transfected with the ADAR1
gene were higher thanADAR1-transfectedWTMEFs, suggest-
ing that Bcl6-dependent protection against somatic mutations
cannot be explained only by repression of ADAR1 expression.
The chromatin histone at the Ig-S� region of Bcl6-KO MEFs
was acetylated at a senescent stage (data not shown). There is a
Bcl6-binding sequence at 	500 bp upstream of the Ig-S�
region and Bcl6 in nuclear extracts from IgMB cells specifically
bound to the sequence (data not shown). These results suggest
that Bcl6 protects its target genes from somatic mutations by
deacetylating chromatin histone at its target sites. At physio-
logic condition, Bcl6may protect senescent cells from accumu-
lation of adenosine-targeted DNA mutations by repressing
ADAR1 expression and by deacetylating chromatin histone at
its target sites.
The exogenous ADAR1 increased a frequency of SHM from

A/T to G/C but not from C/G to T/A in IgG1 B cells from
spleens of ADAR1-Tg mice 10 days after immunization. The
endogenous ADAR1 expression was suppressed in WT GC B
cells with a large amount of Bcl6 until day 7 after immunization
but became detectable inWTGCB cells on day 10 after immu-
nization (data not shown). Thus, this detectable ADAR1 in GC
B cells may be involved in A-T targeted SHM, including a suite
of DNA repair polymerases and enzymes led by an A-T muta-
tor, DNA polymerase-� (51, 52). ADAR1 selectively edits two
adenosines to inosines in serotonin 2C receptor pre-mRNA
(45), and this substrate specificity is the same as for polymer-
ase-� copying off a DNA template, which mutates adenosine

preferentially when preceded by adenosine or thymidine. Fur-
thermore, the recent report demonstrated the strong statistical
association between quantitative patterns of dsRNA secondary
structure and adenosine to guanosine mutation spectrum in
variable regions of rearranged Ig genes, providing evidence of a
link between SHM and adenosine to inosine RNA editing (53).
This implies that an RNA editing step could play a significant
role in induction of SHMand that a physiologic level of ADAR1
in association with AID may be one of mutators for A-T tar-
geted SHM in GC B cells at their late differentiation phase.
Further study is required for elucidating a role of ADAR1 in
induction of A-T targeted SHMusingGCB cells fromADAR1-
cKO mice.
In summary, ADAR1 is a molecular target of Bcl6 and

ADAR1 overexpression increased frequencies of adenosine-
targeted DNA mutations in the Ig-S� region and the c-myc
gene of IgG B cells and MEFs. Endogenous ADAR1 expression
was observed in senescent MEFs, and mutation frequencies in
the Ig-S� region and the c-myc gene of senescent Bcl6-KO
MEFs were higher than senescent WT MEFs. Thus, ADAR1
induces adenosine-targeted DNAmutations in senescent cells,
and Bcl6 may protect senescent cells from accumulation of the
somatic mutations at physiologic condition.
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