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ABSTRACT

All three B cell-specific activities of the immunoglob-
ulin (lg) gene re-modeling system—gene con-
version, somatic hypermutation and class switch
recombination—require activation-induced deami-
nase (AID). AlID-induced DNA lesions must be further
processed and dissected into different DNA recom-
bination pathways. In order to characterize potential
intermediates for Ig gene conversion, we inserted an
I-Scel recognition site into the complementarity de-
termining region 1 (CDR1) of the Ig light chain locus
of the AID knockout DT40 cell line, and condition-
ally expressed I|-Scel endonuclease. Here, we show
that a double-strand break (DSB) in CDR1 is suffi-
cient to trigger Ig gene conversion in the absence
of AID. The pattern and pseudogene usage of DSB-
induced gene conversion were comparable to those
of AID-induced gene conversion; surprisingly, some-
times a single DSB induced multiple gene conver-
sion events. These constitute direct evidence that
a DSB in the V region can be an intermediate for
gene conversion. The fate of the DNA lesion down-
stream of a DSB had more flexibility than that of AID,
suggesting two alternative models: (i) DSBs during
the physiological gene conversion are in the minor-
ity compared to single-strand breaks (SSBs), which
are frequently generated following DNA deamination,
or (ii) the physiological gene conversion is mediated
by a tightly regulated DSB that is locally protected
from non-homologous end joining (NHEJ) or other
non-homologous DNA recombination machineries.

INTRODUCTION

In humans and mice, a large antigen receptor repertoire
is assembled from a collection of a huge number of V, D
and J segments by site-specific V (D) J recombination; how-
ever, this strategy is not common to all vertebrates and anti-
gen receptor repertoire formation systems vary by species.

Chickens have only one pair of functional V and J segments
in both Ig light and heavy chain gene loci (1,2); therefore,
the diversity generated by V (D) J recombination is limited.
Chickens have 25 pseudo V (s V) genes in the upstream of
the functional V gene in the Ig light chain locus (1) and more
than 100 {s V genes in the Ig heavy chain locus (2). These ¢ V
genes are used as templates to diversify the single functional
V gene by gene conversion (1,2).

During gene conversion, genetic information is unidirec-
tionally transferred from the s V gene to the rearranged V
(D) J gene (1). The length of the copied s V DNA fragments
range from a few bp to more than 200 bp (3). Because gene
conversion is a ‘copy and paste’ genetic reaction, the ¢y V
templates are preserved during gene conversion (1). Gene
conversion occurs between § V genes and the rearranged V
(D) J gene on the same chromosome (4,5). ¢ V genes have
been under strong selective pressure over the course of evo-
lution, and are even more conserved than the single func-
tional V gene (6). Since gene conversion is based on homol-
ogous recombination, Js V genes that are more homologous
to the acceptor V gene sequence are more frequently used,
and contribute to the stepwise editing of the acceptor V gene
(7). Although the number of s V genes is limited, gene con-
version is predicted to create more potential diversity of the
Ig gene than V (D) J recombination due to the flexibility of
I V gene assembly in the gene conversion system (8).

Immunoglobulin gene conversion was first identified in
chickens and subsequently proposed as a mechanism act-
ing also in other birds, such as quail, mallard duck, pi-
geon, turkey, cormorant, hawk (9), duck (10) and goose
(11). Since humans and mice use V (D) J recombination
for primary antibody gene diversification, one may wonder
whether the difference between gene conversion and V (D) J
recombination may be due to differences between the evolu-
tionary strategies of birds and mammals. However, rabbits
use gene conversion as a basic mechanism of antibody gene
diversification (12). Cattle, sheep, swine and horses also ap-
pear to use gene conversion in addition to somatic hypermu-
tation for B cell repertoire development (13). Recently, the
guinea pig (14), Tasmanian devil (15) and prairie vole (16)
have also been added to the list of mammalian species that
use gene conversion for B cell repertoire formation. Thus,

*To whom correspondence should be addressed. Tel: +39 02 574303306; Fax: +39 02 574303231; Email: hiroshi.arakawa@ifom.eu

© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com



232 Nucleic Acids Research, 2017, Vol. 45, No. 1

gene conversion has been adopted as the primary B cell
repertoire formation mechanism in most mammals as well
as in avian species. Most likely gene conversion evolved a
long time ago in a common ancestor of avians and mam-
mals, and was lost in the evolutionary branches to humans
and mice (8).

Gene conversion mainly occurs in the gut-associated lym-
phoid tissues: the bursa of Fabricius in chicken (1), the ap-
pendix in rabbits (12) and the ileal Peyer’s patches in cat-
tle, sheep, swine and horses (13). These tissues are invo-
luted several months after birth and lose their primary B cell
repertoire formation function. This is in contrast to humans
and mice, where B cell repertoire formation by V (D) J re-
combination continues throughout life in the bone marrow.
In the adult chicken, gene conversion, as well as a high fre-
quency of somatic hypermutation, is re-activated in splenic
germinal centers (7,17). As gene conversion is accompanied
by a low frequency of somatic hypermutation in the bursa of
Fabricius (1,18), as well as in the chicken B cell line DT40
(19), gene conversion is coexistent with somatic hypermu-
tation, both in vivo and in the cell line. Nevertheless, these
two pathways can be regulated separately because the fre-
quency of these two pathways changes depending on differ-
ent tissues or cell lines, and some species even lack a gene
conversion pathway.

AICDA gene was identified as a gene that is essential
for class switch recombination and somatic hypermutation
(20,21), which are processed by NHEJ and non-templated
point mutation, respectively. In addition to these two activ-
ities, AID is also essential for gene conversion (22). In the
DNA editing model, AID catalyzes cytosine deamination
in the Ig gene loci (23,24); the resulting uracil is removed
by the uracil glycosylase, UNG-2 (23,25) or acted upon by
mismatch repair factors (26), leading to mutations at C/G.
The AID-induced DNA lesion processing is highly regu-
lated, since only differences in the location or processing
of the AID-induced DNA lesion can explain the selective
occurrences of the three different pathways: class switch re-
combination, somatic hypermutation and gene conversion.

AID-induced lesions are supposedly converted to either a
single-strand break (SSB) or a double-strand break (DSB)
in order to induce gene conversion, since DNA polymerases
require a 3’ end of a nucleic acid in order to initiate DNA
synthesis. The mega endonuclease I-Scel has been widely
used to induce DSBs at genomic regions of interest (27,28).
A DSB induced by I-Scel can activate switch recombina-
tion in mouse B cells (29) and enhance the gene conversion
of variant surface glycoprotein coat genes in Trypanosoma
(30). The crystal structures of I-Scel with uncleaved and
bottom-nicked substrates suggested a sequential cleavage
mechanism (31), enabling the design of I-Scel nickase vari-
ants. The K122I mutation suppresses top-strand cleav-
age whereas the K2231 mutation suppresses bottom-strand
cleavage, resulting in a bottom-strand nicking and a top-
strand nicking variant, respectively (32). These mutants
showed strand-specific nicking activities in vitro (32,33), al-
though they generated DSB products over extended reac-
tion times (32,33). I-Scel K2231I was tested in vivo and pro-
moted homology-directed gene correction in yeast up to 9-
fold and in human cells up to 12-fold (33).

To our knowledge, there has been no report describing Ig
gene conversion events in the absence of AID. In this study,
we artificially introduced an I-Scel-induced DNA break at
a fixed position of the Ig light chain gene. We introduced
this break to determine whether a targeted single I-Scel-
induced DSB or SSB in a rearranged V gene could replace
AlID-induced lesions to trigger gene conversion and somatic
hypermutation. We also asked whether a single DSB could
generate sufficient Ig V gene diversity, and whether usage
and length of {s V genes involved in DSB-initiated gene con-
version were comparable to those initiated by AID. Finally
we addressed the nature of the repair pathways triggered by
a DSB targeted to the Ig locus.

MATERIALS AND METHODS
Cell culture and reverse genetics

DT40 cells were cultured in chicken medium (DMEM/F-
12 with 10% fetal bovine serum, 2% chicken serum,
2 mM L-glutamine, 0.1 mM B-mercaptoethanol and
penicillin/streptomycin) at 39.5°C with 5% CO,. Cells were
transfected by electroporation using the Gene Pulser II
(BIO-RAD) at 25 wF and 700 V, as previously described
(34). Targeted integration was screened by polymerase
chain reaction (PCR) using PrimeSTAR GXL DNA Poly-
merase (Takara) with the following cycling parameters: 35
cycles of 98°C for 10 s and 68°C for 4 min. In order to ac-
tivate the Tet-inducible promoter, cell lines were cultured in
the presence of 100 ng/ml doxycycline (dox) (Sigma) for two
weeks.

Vectors

The gene conversion reporter vector was designed as fol-
lows: (i) an I-Scel site was integrated into the CDR1; (ii) a
hydrophobic array of 5 amino acids, LLLAV, was deleted
from the leader sequence to functionally disrupt the leader
sequence (AL); and (iii) VJ was fused to GFP, followed by
internal ribosome entry site, bsr and a SV40 polyA signal.
A vector containing the I-Scel coding sequence was kindly
provided by Dr Holger Puchta. The K1221 and K223 mu-
tant I-Scel was generated by PCR-based site-directed muta-
genesis of the I-Scel coding sequence. The I-Scel coding se-
quence was cloned into multiple cloning sites of pTRE3G-
mCherry (Clontech) to generate pTre3gMcherrySce (Sup-
plementary Figure S1). The I-Scel mutants with K1221 or
K223I were also cloned in the same manner. The Tet-On
3G expression vector, pChr2RsvProTetOn3gPuro (Supple-
mentary Figure S1), was generated by cloning the Tet-On
3G coding sequence, which is driven by a RSV promoter,
into a targeted integration vector directed to an intergenic
locus on the chicken chromosome 2.

Cell lines

The I-Scel reporter cell lines IgLS¢SFP and AID~/~
IgLSe¢ GFP were generated by targeted integration of the re-
porter into DT40¢™! (35) and AID~/~ DT40 (22) cell lines.
Integration of the I-Scel reporter vector into the rearranged
Ig light chain locus was screened using the PS148/VL533
primer pairs and was further verified by PCR amplification



of the VIJ intervening sequence of the un-rearranged
locus using the VL513/VL514 primer pairs as previously
described (36). AID~/~ IgLS¢OFP was transfected with a
Tet-On 3G expression vector, pChr2RsvProTetOn3gPuro
and integration of the vector into the target locus was
screened using the CHR0208/RS16 primer pairs. This cell
line, AID~/~ IgL.5% GFP Tet-On, was further co-transfected
by pLoxGpt (35) with pTre3gMcherrySce to generate the
AID~/~ IgL5GFP Tet-On!-S¢¢! cell line. Alternatively, the
AID~/~ IgL3°¢GFP Tet-On cell line was co-transfected
by pLoxPuro (35) with either pTre3gMcherrySceK122i
or pTre3gMcherrySceK223i to generate the AID™/~
IgLSce GFP Tet-Qnpl-Scel KI221 . ATD—/— IgLSce GFP Tet-
On!-Seel K2231 ce]] Jines, respectively.

Sorting, cloning and sequencing

The analytical FACS was performed using FACS Calibur
(BD Biosciences) (37), and preparative FACS sorting for
the GFP (+) population was performed using FACS Aria
(BD Biosciences). The statistical significance of the differ-
ences in Ig reversion ratios were analyzed by Student’s z-test.
The GFP (+) population was sorted from either the AID ™/~
IgL5¢ GFP Tet-On'-Se! cell line cultured in the presence of
100 ng/ml dox for two weeks or the IgL3¢ GFP cell line two
weeks after subcloning. The AID~/~ IgL5¢ GFP Tet-Qn!-Sce!
cell line without dox induction was used as a negative con-
trol for sequencing. These cells were further expanded and
used for genomic DNA extraction using Easy-DNA kit (In-
vitrogen). The rearranged Ig light chain reporter gene was
amplified via PCR, using the pl/p2 primer pair and Q5
high-fidelity DNA polymerase (NEB), with the following
cycling parameters: 30 s of initial incubation at 98°C; 35
cycles consisting of 10 s at 98°C and 2 min at 72°C; and a
final elongation step of 2 min at 72°C. The PCR product
was purified using the QIAquick Gel Extraction Kit (Qi-
agen), digested with HindIIT (NEB) and Xbal (NEB), and
cloned into the pUC119 plasmid vector. Approximately 100
plasmid clones were sequenced using the VL154 primer. Al-
though a quarter of sequences from the sorted GFP (+)
population did not have sequence changes, they were con-
sidered to be derived from a contaminated GFP (—) pop-
ulation and were excluded from further analysis. In order
to identify possible gene conversion donors, mutated se-
quences were aligned with a {s V gene table from a CB inbred
strain chicken (1), since the {s V genes of the rearranged Ig
light chain allele of the DT40 cell line appeared to be nearly
identical to those of the CB inbred strain chicken (22).

The rearranged Ig heavy chain gene was amplified from
AID™/~ 1gL5¢GFP Tet-On'S! DT40 cells cultured in the
presence or absence of 100 ng/ml dox. The duration of dox
induction was two weeks. PCR, cloning and sequencing
were performed as described above, except that the p3/p4
primer pair was used for PCR and the UCI1 primer was used
for sequencing. Twenty-two and 23 plasmid clones were se-
quenced for the rearranged Ig heavy chain gene before and
after dox treatment, respectively.

Oligonucleotides

pl (VL242) GGGAAGCTTAAAGGGCATCGAGGTCC
CCGGCACA
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p2 (GF70) TTACGTCGCCGTCCAGCTCGACCAGG
ATGG

p3 (VH48) TCTCCGAAAGCTTCGGAGGAGCACCA
GTCGGCTCCGCA

p4 (VH49) GCCGCGGTCTAGACAATTTTGGGGGG
GGTTGAAGACTC

CHRO0208 CCTCACTGAACAGGATGGCCAAGAGA
TGCT

PS148 TGCAGGCACAGGTGGCAGTGGGGGTCTC
TG

RS16 TGTAGCTTAAATTTTGCTCGCGCACTACTC
UC1 AGCGGATAACAATTTCACACAGGA

VL154 GTGCGTGCGGGGCCGTCACTGATTGCCG
TT

VL513 CACGGTGACACAAAGCAATGGGGAAATG
AT

VL514 GTGACCGGTGCAAGTGATAGAAACTCAT
TG

VL533 GTACCAGCCATAATTACCCTGTTATCCCTA

Western blotting

The DT40 cell lines were grown in the presence or ab-
sence of 100 ng/ml dox for the described time. Total cell
lysates were prepared in radioimmunoprecipitation assay
(RIPA) lysis buffer (50 mM TRIS-HCL (pH 8.0), 1 mM
MgCl,, 200 mM NaCl, 1 mM CaCl,, 10% Glycerol, 1%
NP-40, complete protease inhibitors (1:100; Roche), and
phosphatase inhibitor cocktail 2 (1:200; Sigma)). Cells were
harvested and then washed with phosphate buffered saline
buffer. The pellet was resuspended in RIPA buffer, incu-
bated on ice for 30 min and centrifuged at maximum speed
for 30 min. Laemmli buffer (1x) was added to the super-
natant and the samples were boiled for 10 min at 95°C. Sam-
ples were separated on a 4-20% CRITERION SFX gradi-
ent precast gel (BIO-RAD). The membrane was incubated
with anti-a-tubulin monoclonal antibody B-5-1-2 (1:10 000;
SIGMA) and anti-I-Scel polyclonal antibody FL-86 (1:500;
Santa Cruz) followed by horseradish peroxidase-conjugated
anti-rabbit or anti-mouse IgG secondary antibodies (BIO-
RAD). Proteins were visualized using SuperSignal West
Dura Extended Duration Substrate (Thermo Scientific).

RESULTS
GFP reporter to assay DSB-induced Ig reversion

Recently, designer endonucleases, such as zinc finger en-
donuclease (38), TALEN (39) or CRISPR/Cas9 (40,41),
have become popular gene editing tools since they can be
targeted to any locus of interest. However, such endonucle-
ases cannot be easily employed to introduce a single DNA
break into a gene belonging to a family of highly homolo-
gous genes or into repetitive sequences; e.g. the chicken Ig
light chain V region genomic locus, which consists of a re-
arranged V gene positioned in proximity to 25 highly ho-
mologous s V genes (1). Moreover, a second Ig light chain
locus is present in germline configuration in most of B cells
(42).

Complementarity-determining regions (CDR) 1, 2 and 3
from both the Ig light and heavy chain fold to form the an-
tibody’s antigen-binding sites. CDR1 in the Ig light chain
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gene is the major hotspot of Ig gene conversion (22) and
somatic hypermutation (4) in the DT40 cell line. To investi-
gate whether a DNA break can substitute for the function
of AID, an I-Scel site linked to a reporter gene was knocked
into the rearranged Ig light-chain locus of the DT40¢!
cell line (35) (Figure 1A). This reporter gene contained an
I-Scel site in the CDR1 (Figure 1B), and a GFP cDNA
was fused in frame to the V region in order to efficiently
assay frameshift reversion (Figure 1C); however, this ap-
proach failed to detect measurable GFP signals, even when
the frame-shift mutation was reverted by gene conversion
in the presence of AID (data not shown). Considering the
possibility that the leader sequence could have caused ex-
tracellular release of the antibody-GFP fusion protein, we
disrupted the leader sequence of the GFP reporter gene (AL
in Figure 1A). This design worked as intended, as the wild-
type DT40 cells carrying targeted integration of the AL ver-
sion of the IgV-GFP reporter gene, generated 0.88% of a
GFP (+) population after two weeks of continuous culture
(Figure 1D and E). This result also suggests that insertion
of an I-Scel recognition sequence into CDR1 of the V gene
does not prevent AID from using it as substrate of gene con-
version. The generated cell line was named IgL5¢ GFP,

Ig reversion induced by a DSB

The I-Scel GFP reporter was inserted into the Ig light chain
locus of AID~/~ DT40 cells by targeted integration (the
AID~/~ IgL5¢« GFP cell line) followed by stable expression
of the third-generation Tet-On expression vector (Supple-
mentary Figure S1). Finally, the resulting cell line was trans-
fected with a vector that contained the I-Scel endonucle-
ase gene under the third-generation Tet-inducible promoter
(Supplementary Figure S1). Upon doxycycline (dox) ad-
ministration, expression of I-Scel was monitored by FACS
according to the intensity of the mCherry signal expressed
from the same cistron. Thus, we successfully established a
cell line, AID~/~ IgL5® S P Tet-On'-See! | that strongly ex-
pressed I-Scel in a dox-dependent manner. Dox induction
of this cell line generated a GFP (+) population (Figure 1D
and E). This GFP (+) population appeared two days after
dox induction and gradually increased, reaching 0.94% af-
ter two weeks (Figure 1F), which was comparable to one
induced by AID (Figure 1E).

As controls, we generated expression vectors for two in-
dependent I-Scel nickase mutants, I-Scel K122I and K223,
that can cleave the opposite sides of the I-Scel site and
thus introduce a SSB, by site-directed mutagenesis of the
I-Scel coding sequence (32). We tested whether expression
of I-Scel nickase mutants could revert the frame-shift mu-
tation of the Ig light chain gene locus. Although we did not
measure the nickase activity of I-Scel K122I or K223I in
DT40, the nicking activity of these mutants was tested in
vitro (32,33), and the function of the I-Scel K2231 mutant
in homology-directed repair in yeast and human cell line
has been reported (33). Dox-induced protein expression was
confirmed by Western blots (Figure 1G); however, flow cy-
tometric analysis failed to observe a GFP (+) population
upon expression of I-Scel nickase mutants (Figure 1D and
E).

In order to investigate the degree of V gene diversity that
contributed to revert the frame-shift mutation, the GFP
(+) population was isolated by FACS sorting. From this
GFP (+) population, the VJ-GFP reporter was amplified
by PCR, cloned into a plasmid vector and sequenced.

Gene conversion induced by AID

We analyzed the sequence of the VJ-GFP reporter of the
IgLS¢ GFP cell line expressing AID. While the frame-shift
mutation at the I-Scel site was reverted by either deletions
or insertions in those sequences, the majority of those se-
quences had additional sequence changes including some
resembling s V genes (Figure 2A and B), which is a typical
feature of Ig gene conversion. Thus, although the 18-bp se-
quence of the I-Scel site is not homologous to s V genes, it
was efficiently diversified through gene conversion.

Among the 89 VJ-GFP sequences obtained from the
IgLSe¢ GFP cell line, 86 showed sequence changes suggestive
of gene conversion events (Figure 2A). A total of 105 gene
conversion tracts from 17 of different s V genes of various
lengths were observed (Figure 2A and C). The s V8 gene
was most frequently used as a gene conversion donor, prob-
ably due to its homology with the {s V8 gene conversion
tracts on the reporter (Figure 1B). In accordance with the
features of gene conversion, the same s V provided differ-
ent DNA sequence tracts as substrate of gene conversion.
For example, gene conversion tracts by {s V8 spanned from
118 to 212 bp. While 72 sequences had single gene conver-
sion events, 14 sequences had two or more gene conver-
sion events. CDR1 was the hotspot of gene conversion, as
most of the gene conversion events overlapped with CDR 1
(Figure 2B), and gene conversion tracts targeting CDR1
were relatively longer than gene conversion events changing
CDR?2 or 3 sequences (Figure 2A). While the preference for
using CDR1 for gene conversion may be partly due to se-
lective pressure to sort cells that restored GFP expression,
a similar CDR1 preference was previously reported, even
without specific enrichment (22). Nevertheless, gene conver-
sion tracts were also observed in CDR2, CDR3 and frame-
work regions. As expected, Ig light chain gene sequences re-
mained unchanged in AID~/~ DT40 cells (Figure 2D, E and
F) (22).

Three events of non-templated deletion on the I-Scel site
were observed and were considered deletions by NHEJ. The
frequency of the NHEJ-mediated deletions appeared higher
than previously described results (22), possibly because of
the selection for cells that had reverted the in-frame muta-
tion. One event of non-templated C to T point mutations
was also observed, which is a common mutation signature
of AID (4). Overall NHEJ mediated deletions and somatic
hypermutation were rare occurrences when compared to
gene conversion events (Figure 2F).

Gene conversion induced by a DSB

Ig light chain V gene diversity induced by a single DSB was
also analyzed in sorted GFP (+) AID~/~ IgL5¢GFP Tet-
On'5¢l DT40 cells recovered after dox treatment. Analyz-
ing a total of 80 VI-GFP sequences, we found that rever-
sion of the frame-shift mutation at the I-Scel site occurred
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Figure 1. Ig reversion assay to analyze double-strand break (DSB) repair in the rearranged immunoglobulin (Ig) light chain gene. (A) The strategy for
knocking-in the I-Scel site into complementarity determining region 1 (CDR1) of the variable (V) region in the Ig light chain gene. In this reporter, the
leader sequence was functionally disrupted (AL) and VJ was fused to GFP to visualize frame-shift reversion. The p1/p2 primer pair was used to amplify
the VJ gene. (B) I-Scel site inserted into CDR1. Since the 18-bp sequence of the I-Scel site did not contain significant homology to any of {s V genes, this
site was inserted to minimize sequence changes from C118-type CDR1 (19). Because the I-Scel site contains three potential stop codons (purple letters), the
positioning of the I-Scel site was carefully designed. While Cl118-type CDR 1 contains two gene conversion tracts from {s V8 and one tract from ¢ V6 (19),
the reporter still partially preserves the two gene conversion tracts from s V8. (C) Ig reversion assay using GFP. (D) FACS profiles of AID~/~ IgLSce GFP|
I[gLSee GFP " ATD~/~ [gL5% GFP Tet-On'-Seel AID~/~ 1gL5% GFP Tet-On!-Scel KI22T and AID—/~ IgLSe OFP Tet-On!-Seel K231 ¢el] lines. AID-induced Ig
reversion was analyzed two weeks after subcloning, and Ig reversion induced by I-Scel or its mutants was analyzed two weeks after doxycycline (dox)
induction. Representative FACS profiles are shown with the GFP (+) gatings, which were also used for FACS sorting. The expression levels of I-Scel or its
mutants were monitored using the intensity of the mCherry signal on the same cistron. (E) Fluctuation analysis of Ig reversion. AID-induced Ig reversion
was analyzed two weeks after subcloning, where 14 and 16 subclones for the AID~/~ IgL5% OFP and 1g.8¢¢ GFP cell lines were analyzed, respectively. Ig
reversion induced by I-Scel or its mutants was analyzed after two weeks of continuous culture in the presence of dox. Experimental replicates are eight for
AID~/~ 1gL8¢ GFP Tet-On!S¢¢l and three for AID~/~ TgL8% OFP Tet-Onl-Scel K122l 4nd ATD~/~ TgLSe¢ OFP Tet-Onl-Seel K231 ce]] Jines. The differences
in the Ig reversion ratios were significant between AID~/~ and AID (+) (**P < 0.01), I-Scel and I-Scel K122I (*P < 0.05) and I-Scel and I-Scel K223I
(*P < 0.05), but not significant between AID (+) and I-Scel (P = 0.45). Average percentages of GFP (+) cells are indicated by a bar. (F) Time course
of Ig reversion of the AID~/~ IgL5¢% GFP Tet-On!"Se¢l cell line. Eight of the experimental replicates of the cell line were independently cultured for two
weeks in the presence of dox. (G) Western blots using an anti-I-Scel antibody before and after dox induction. Whole cell lysates were prepared from
AID~/~ IgLS¢ GFP AID~/~ 1gL5¢ GFP Tet-On!-Seel, AID~/~ IgL5¢ GFP Tet-Qn!-Seel K121 and ATD~/~ IgL8e¢ OFP Tet-On!-Seel K223 cef] lines cultured in
the presence or absence of dox. The duration of dox induction was 1, 2 or 3 days. I-Scel and a-tubulin (loading control) were detected by Western blotting.
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Figure 2. AID-induced gene conversion. (A) An overview of the AID-induced DNA sequence changes responsible for Ig reversion. Ig light chain V gene
diversity was analyzed in sorted GFP (+) IgL5¢ GFP cell line. Sequence changes, classified into gene conversion, non-homologous end joining (NHEJ),
and somatic hypermutation, are summarized on the map. The events in the same horizontal lines were derived from the same plasmid clones. The regions
corresponding to CDR1 are emphasized by frames. (B) Sequences around the I-Scel site with detailed gene conversion analysis. The number of analyzed
sequences and its variation are shown. Dashes indicate nucleotides identical to the sequence of the reference sequence of the mother cell line, and brackets
mark the borders of deletions. Gene conversion tracts are underlined and annotated with the name of the likely pseudo V (¢ V) donors. (C) ¥ V usage and
gene conversion tract length observed in AID-induced gene conversion. (D) An overview of Ig light chain gene sequences in AID~/~ DT40. (E) Sequences
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Figure 3. DSB-induced gene conversion. (A) An overview of the DSB-induced DNA sequence changes responsible for Ig reversion. Ig light chain V gene
diversity was analyzed in sorted GFP (+) AID~/~ IgL5¢ GFP Tet-Onl-Scel DT40 cells recovered after dox treatment. Sequence changes, classified into gene
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successive gene conversion events. Gene conversion tracts are underlined and annotated with the name of the likely ¢ V donors.

either through deletions or insertions (Figure 3A). While
some of the sequences were only repaired by deletion, other
sequences had additional sequence changes that were iden-
tical to the ¢ V genes (Figure 3A and B), suggesting the oc-
currence of gene conversion events.

The DSB-induced gene conversion pattern appeared sim-
pler than that of AID, since most were single gene conver-
sion events per sequence (Figure 3A), and long gene conver-
sion tracts were relatively less frequent (Figure 3C). Single-
gene conversion events were observed in 50 sequences,
which had 18 variations in gene conversion tracts (Fig-
ure 3B). Among observed 11 of different s V genes, the
V12 gene was most frequently used as a gene conversion

donor, and s V8 was the second-most preferential pseu-
dogene donor (Figure 3C). Thus, the preference for ¢ V
donors may have been affected by local deletion of the se-
quence around the I-Scel site. Gene conversion tracts tar-
geting CDR1 by different § V donors, such as § V4, 5, 8, 10,
12, 14 and 18, were the same or similar between AID- and
DSB-induced gene conversion (Figures 2B and 3B). These
gene conversion tracts spanned up to 212 bp, and they were
sometimes extended to around 100 bp upstream and 200 bp
downstream of the I-Scel site. Among the {s V donors used
in a DSB-induced gene conversion, { V20 was the most dis-
tal pseudogene donor from the functional V gene (1). Since
1 V20 is located ~20 kb upstream of the I-Scel site (1), the
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DNA end of the I-Scel-induced DSB was supposed to inter-
act at a distance of at least 20 kb. Similarly to AID-induced
gene conversion, even the same { V gene produced a vari-
ety of gene conversion tracts. Thus, a DSB in the Ig V gene
of DT40 cells is sufficient to trigger a diversified set of gene
conversion events, comparable in frequency and nature to
those induced by AID. In contrast to the Ig light chain gene,
the rearranged Ig heavy chain gene sequences remained un-
changed after dox induction (Supplementary Figure S2),
suggesting that off-target mutation by I-Scel is limited.

To our surprise, multiple gene conversion events were ob-
served in three sequences (Figure 3A and D). DNA synthe-
sis initiated from the DSB within the I-Scel site is expected
to destroy the I-Scel site. Indeed, all the single gene conver-
sion tracts induced by I-Scel altered the sequence of the I-
Scel site (Figure 3A and B), while AID-induced single gene
conversion tracts were sometimes located outside of the I-
Scel site (Figure 2A). Therefore, multiple rounds of gene
conversion are unlikely to be caused by multiple rounds of
I-Scel-induced DSBs. These facts raise two questions: (i)
how can multiple gene conversions be achieved, and (ii) how
can the gene conversion tracts be generated separately from
the I-Scel site? Most likely, a single DSB can induce suc-
cessive gene conversion events (Figure 3A and D). These
results also indicate that gene conversion was initiated not
only by the DNA end generated by I-Scel, but could also be
initiated by DNA repair processes during gene conversion.

Analysis of somatic hypermutation revealed a single A
to T mutation, which is rarely observed in the mutational
pattern initiated by AID (4).

Non-gene conversion pathways induced by a DSB

Sequencing of the VJ-GFP gene in GFP (+) AID/~
IgL5 GFP Tet-OnSl DT-40 cells revealed additional
DNA repair pathways responsible for reversion of the
frameshift mutation (Figure 3A). We observed deletions
from 1 to 34 bp around the I-Scel site in 19 sequences (Fig-
ure 4A). These deletions were sometimes extended to 16 bp
upstream and 12 bp downstream of the I-Scel site. Since
micro-homology was not detected around the breakpoints
in those sequences, it is likely that these events are caused
by NHEJ, which is another major pathway for frame-shift
reversion induced by a DSB.

Micro-homology was observed around the breakpoints
of deletions in six sequences (Figure 4B). These can be typ-
ical features of alternative NHEJ (A-NHEJ), which is dis-
tinguished from classical NHEJ by its use of microhomol-
ogous sequences to align the broken strands before join-
ing. A-NHEJ is independent of Ku or DNA-PK, and the
end-joining is catalyzed by DNA ligases III and I instead
of DNA ligase IV (43,44). Deletions by A-NHEJ were rela-
tively larger than those caused by NHEJ and spanned from
10 to 151 bp.

In contrast to deletion, we also observed the insertion of
a “TATATATT’ sequence stretch (Figure 4C). Since identi-
cal or similar sequences were not found in any § V genes,
this mutation cannot be explained by gene conversion. We
also exclude that the insertion resulted from duplication of
the sequence at the breakpoint. Hence, this non-templated

DNA synthesis event appears to be caused by an unidenti-
fied DNA polymerase.

DISCUSSION

We have shown that a DSB in CDRI1 is sufficient to trigger
Ig gene conversion, even in the absence of AID. A single
DSB in the same position spurred a variety of gene con-
versions events, in a similar fashion to those initiated by
AID. Taken together, our results indicate that a DSB can
be an intermediate for physiological gene conversion. Our
results suggest that DSB-induced repair offers higher flexi-
bility in pathway choices than AID-induced repair, leading
relatively more frequently to NHEJ or A-NHEJ.

Although the I-Scel site does not share significant homol-
ogy with the {s V genes, this sequence was efficiently diversi-
fied by both AID- and DSB-induced gene conversion. This
may not be surprising in light of the fact that CDRs are of-
ten diversified by the poorly homologous gene conversion
tracts of different ¢s V genes (1,22). Paradoxically, gene con-
version appears to not always require homology between
the ¢ V genes and the target sequence; nevertheless, because
s V8 was the relatively favored gene conversion donor in
both AID- and DSB-induced gene conversion (Figures 2C
and 3C), gene conversion is influenced by homologous se-
quences flanking a non-homologous sequence. Most likely,
{ V donors align not only in the short regions in CDRs, but
also in rather wide regions, including conserved framework
regions, based on homology. While long stretches of homol-
ogous sequences support alignment between the s V genes
and the functional V gene during gene conversion, the non-
homologous regions flanked by long homologies appear to
be targeted by gene conversion, contributing to the genera-
tion of diversity.

CDR1 is characterized by the highest physiological gene
conversion in DT40 cells (Figure 2A) (22); this suggests
that DSBs caused by AID are also predominantly located
around CDRI. Interestingly, a single DSB was able to cause
even two rounds of gene conversion (Figure 3D). Thus, the
double-stranded DNA end can continuously access differ-
ent loci of the chromosome by using microhomology during
gene conversion, which can be explained by the following
model: once the local homology search has been initiated
by the DNA end induced by a DSB, this DNA end will copy
one of the ¢ V gene sequences. Usually this DNA end turns
back to the rearranged V (D) J locus to complete DINA syn-
thesis, fixing a gene conversion tract (single gene conversion
in Figure 5A); however, before completing DNA synthesis
at the rearranged V (D) J locus, such a DNA end can be fur-
ther aligned with another s V gene to copy the second gene
conversion tract. After this DNA end turns back to the re-
arranged V (D) J locus, the copied sequences are fixed as
multiple gene conversion tracts (successive gene conversion
in Figure S5A).

Thus, multiple rounds of gene conversion can be initi-
ated with a single DSB. Such events may also occur under
physiological gene conversion by AID; however, it is usu-
ally impossible to distinguish whether multiple gene conver-
sion events were initiated by a single DNA lesion in the case
of AID-induced gene conversion. Hence, successive Ig gene
conversion initiated by a DSB was revealed for the first time
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by this study. Some of the multiple gene conversion events
in the presence of AID (Figure 2A) might be initiated by
single AID-induced lesions.

During the successive gene conversion, template switch-
ing to the second {s V gene may use short regions of homol-
ogy. This process reminded us of the ‘copy choice’ model for
combinatorial assembly of different leucine-rich repeat se-
quences of variable lymphocyte receptor (VLR) genes in the
lamprey (45). In the copy choice model for VLR assembly
proposed by Nagawa et al., a replicating DNA end (i) dis-
sociates from the original template, (i) switches templates
using short regions of identity, and (iii) copies a donor se-
quence elsewhere in the genome (45). Thus, the copy choice
model strongly resembles the successive gene conversion
model for multiple conversion tracks (Figure 5SA). VLR as-
sembly is initiated by a cytidine deaminase, a possible an-
cestor homologue of AID, implying a functional and evo-
lutionary relationship between VLR assembly and Ig gene
conversion.

Although a DSB induces gene conversion in the absence
of AID, this does not necessarily mean that a DSB is suf-
ficient to catalyze gene conversion in cell lines other than

DT40 cells. Even in the absence of AID, components of
other DNA repair, recombination or replication enzymes
still remain intact in the cells. Except for AID, all the known
components of the Ig gene diversification machinery are
enzymes hijacked from ubiquitous DNA repair, recombi-
nation and replication machineries in the course of evo-
lution. Indeed, gene conversion machinery commonly ap-
pears active across cell types or species, as a DSB can in-
duce homology-directed repair in an I-Scel site-containing
reporter gene in different cells. Nevertheless, AID-induced
lesions rarely cause immunoglobulin gene conversion in hu-
man B cells, despite the presence of multiple pseudo-V genes
in humans (46). Although it remains uncertain whether an
Ig gene conversion-specific enzyme that acts downstream of
AID or DSB exists, such an enzyme might contribute to the
DSB-induced gene conversion. A forward genetic approach
may help to screen such a hypothetical enzyme (47).

As AID-induced lesions predominantly lead to gene con-
version in DT40 cells (Figure 2), DNA breaks initiated by
AID are destined to a gene conversion pathway in DT40
cells. AID induces a DNA lesion as an early step of B
cell-specific recombination by its cytidine deaminase activ-
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ity (23,24); however, as the N-terminal of AID is respon-
sible for Ig gene conversion and somatic hypermutation
and the C-terminal domain of AID is essential for switch
recombination (48,49), AID can further influence the dis-
sected B cell-specific recombination pathways, possibly via
co-factors that bind the N- or C-terminus of AID. The ger-
minal center-associated nuclear protein is one of the can-
didates that affects the fate of DSB in Ig V regions in the
presence of AID (50,51). An AID-induced DNA break is
supposed to be protected by AID co-factors that direct the
DNA Iesion to the gene conversion pathway and prevent
undesired DNA repair pathways.

In contrast to an AID-induced DNA break, an I-Scel-
induced DSB is expected to have variation in its location or
timing. Depending on the nuclear location or the cell cycle
phase in which the DSB occurs, its fate may be determined
by the accidental encounter with the mutator complex or
a different DNA repair complex. Thus, physiological and
artificial DNA breaks may be qualitatively different; artifi-
cial DSBs may have more flexibility in terms of fate decision
than physiological DSBs, which are protected by the DNA
mutator factory.

In the current study, surprisingly, a SSB that was induced
by a nickase version of the I-Scel mutants was unable to
revert frame-shift mutations at the I-Scel site (Figure 1D).
These results are somehow paradoxical with previous re-
ports that suggest the involvement of SSBs in gene con-
version or homologous recombination. For instance, Naka-
hara et al. reported that gene conversion in DT40 is en-
hanced by a single-strand-specific exonuclease, E. coli Exol
(SbeB), but not by a double-strand specific exonuclease,
chicken Exol, suggesting the role of SSBs in gene conver-
sion (52). Nevertheless, their results that gene conversion
is severely reduced in DT40 mutants deficient in key fac-
tors for DSB repair, Nbsl or RADS54 (52), could be inter-
preted as that DSBs can play a role in gene conversion as
well. Davis and Maizels reported that a SSB induced on
the transcribed strand by an I-Anil nickase mutant can lead
to homology-directed repair in a GFP reporter (53), while
such homology-directed repair can be several-fold more ef-
ficiently induced by a DSB (53).

Which of the SSB or the DSB is the intermediate for
physiological gene conversion? Paradoxically, another pos-
sible interpretation of the observed multiple pathway choice
downstream of a DSB (Figure 4D) is that SSBs, rather than
DSBs, are the dominant intermediate for physiological gene
conversion (Figure 5B). Since UNG (+) DT40 in the ¢ V
knockout-background (25) shows 7-fold less somatic hyper-
mutation than UNG knockout DT40 (4), we previously es-
timated that more than 85% of AID-induced uracils are
removed by error-free repair pathways through SSB for-
mation. Considering that AID preferentially deaminates
single-stranded DNA (54), SSBs are supposed to be gen-
erated much more frequently than DSBs. Although I-Scel
K2231 predominantly causes nicks in vitro (32,33) and pro-
motes homology-directed repair in yeast and human cells
(33), we do not exclude the possibility that I-Scel K1221T or
K223I was inactive due to unknown technical reasons or
in a DT40-specific fashion, because we did not measure its
nicking activity for ourselves. A negative proof that either
a SSB or DSB is not able to induce gene conversion would
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be nothing less than probatio diabolica. In addition, since
two SSBs occurring nearby in opposite strands can generate
a DSB, some SSBs, generated physiologically or artificially,
might be converted to DSBs prior to DNA repair or recom-
bination. The answer is unlikely to be black and white, and
most likely both SSBs and DSBs can cause Ig gene conver-
sion.

The relatively frequent choice of the non-gene conver-
sion pathways in DSB-induced Ig gene modification (Figure
4D) raises skepticism on the well-accepted hypothesis that a
balance between homologous recombination and NHEJ is
heavily shifted toward homologous recombination in DT40
cells. Instead, our study indicates that NHEJ is obviously
active in wild-type DT40 cells. During the course of physi-
ological gene conversion, NHEJ or A-NHEJ is more likely
to be suppressed locally at the DNA lesion rather than in
the whole cells. Even if homologous recombination were not
up-regulated in DT40 cells, the hyper-targeted integration
property of DT40 cells (55) could also be explained by as-
suming that the double-stranded DNA end of a linearized
targeting vector is recognized as a DSB and is further pro-
cessed via local control of homologous recombination.

The difference of DNA repair pathway choice down-
stream of AID or I-Scel-induced DSB shows that a DNA
lesion in the same locus can be destined to a particular re-
pair pathway without changing the general balance between
homologous recombination and NHEJ in the cells. If B cells
had to alter the general DNA repair activity to pursue B
cell-specific recombination pathways, or such pathways are
not restricted to Ig loci, this could cause serious genome
instability as a tradeoff; however, the AID-transgenic mice
suffer from carcinogenesis in T cells or the epithelium of
respiratory bronchioles, but rarely from B cell lymphoma
(56). Thus, the B cell genome is rather protected from AID-
induced mutagenesis, possibly via specific recruitment of the
AID complex to the Iglocus in a B cell-specific manner (57).
In fact, the majority of germinal center B cells, which ex-
press high levels of AID (20), are not transformed to lym-
phoma. In order to protect the whole genome, evolution
may have invented a system for locally restricting DNA re-
pair at DNA lesions or specific loci, while the collapse of
such a system may represent one of the mechanisms pro-
moting carcinogenesis.
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