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Abstract

Class switch DNA recombination (CSR) substitutes an immunoglobulin (1g) constant heavy chain
(CR) region with a different Cy region, thereby endowing an antibody with different biological
effector functions. CSR requires activation-induced cytidine deaminase (AID) and occurrence of
double-strand DNA breaks (DSBs) in S regions of upstream and downstream Cy region genes. DSBs
are critical for CSR and would be generated through deamination of dC by AID, subsequent dU
deglycosylation by uracil DNA glycosylase (Ung) and nicking by apurinic/apyrimidic endonuclease
(APE) of nearby abasic sites on opposite DNA strands. We show here that in human and mouse B
cells, S region DSBs can be generated in an AID- and Ung-independent fashion. These DSBs are
blunt and 5'-phosphorylated. In B cells undergoing CSR, blunt and 5'-phosphorylated DSBs are
processed in an AID- and Ung-dependent fashion to yield staggered DNA ends. Blunt and 5'-
phosphorylated DSBs can be readily detected in human and mouse AID- or Ung-deficient B cells.
These B cells are CSR defective, but show evidence of intra-S region recombination. Forced
expression of AID in AID-negative B cells converts blunt S region DSBs to staggered DSBs.
Conversely, forced expression of dominant negative AID or inhibition of Ung by Ung inhibitor (Ugi)
in switching B cells abrogates the emergence of staggered DSBs and concomitant CSR. Thus, AID
and Ung generate staggered DSBs not only by cleaving intact double-strand DNA, but also by
processing blunt DSB ends, whose generation is AID- and Ung-independent, thereby outlining a
post-cleavage role for AID in CSR.
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1. Introduction

In the early stages of B cell development, RAG-dependent gene recombination selects variable
(V), diversity (D) and joining (J) segments from their respective gene pools and combines them
into a single 1g VV(D)J exon. After a B cell encounters antigen, Ig genes undergo two types of
DNA maodification: class switch DNA recombination (CSR) and somatic hypermutation
(SHM) (Casali et al., 2006; Chaudhuri and Alt, 2004; Di Noia and Neuberger, 2007; Diaz and
Casali, 2002; Honjo et al., 2002; Kenter, 2005; Li et al., 2004; Maizels, 2005; Wu et al.,
2003; Xu et al., 2005; Xu et al., 2007a; Xu et al., 2007b). CSR and SHM diversify antibodies
in different ways. SHM inserts single nucleotide changes (point-mutations) in V(D)J DNA,
thereby providing the substrate for selection by antigen of high-affinity mutants. CSR
substitutes the IgH constant (Cn) region with a downstream C region by introducing double-
strand DNA breaks (DSBSs) in the switch (S) regions of an upstream and a downstream Cy
gene and then perfecting an intrachromosomal and inter-S-S region recombination, entailing
excision of intervening genomic DNA and introduction of point-mutations around recombined
S-S region junctions (Chaudhuri and Alt, 2004; Rush et al., 2004; Schrader et al., 2007;
Schrader et al., 2005; Wuerffel et al., 1997). CSR is S region-specific and results in switching
from IgM to IgG, IgA or IgE, without altering the antigen specificity of the expressed antibody
molecule, thereby furthering the effectiveness of the immune response.

Like SHM, CSR occurs, in general, in germinal centers (GCs) in response to T cell-dependent
stimuli, including, engagement of CD40 on B cells by CD154 and cytokines expressed by
activated CD4" T cells (Honjo et al., 2002; Stavnezer and Amemiya, 2004; Wu et al., 2003;
Xu etal., 2005; Xu et al., 2007a; Xu et al., 2007b; Zan et al., 1999; Zan et al., 2001; Zan et al.,
2000). CSR requires germline transcription of the intervening (Iy), S and Cy regions of the
upstream (donor) and downstream (acceptor) Cy loci (Nambu et al., 2003; Wuerffel et al.,
2007), leading to chromosomal opening and increased accessibility to the S regions that will
be targets of recombination. CSR targets DSBs to the RGYW/WRCY motif, mainly in its
AGCT iteration, which accounts for more than 20% of S region sequences (Kataoka et al.,
1981; Zarrin et al., 2004). A clear understanding of the mechanisms underlying CSR and SHM
remains elusive, although it is now known that, like SHM, CSR requires activation-induced
(cytidine) deaminase (AID) (Honjo et al., 2002; Honjo et al., 2004; Xu et al., 2007a). AID
deaminates dC residues to dUs in DNA (Chaudhuri et al., 2003; Neuberger et al., 2003; Pham
et al., 2003; Yu and Lieber, 2003), more efficiently when phosphorylated and coupled with
replication protein A (RPA) (Chaudhuri et al., 2004; Pasqualucci et al., 2006). dUs are
deglycosylated by uracil DNA glycosylase (Ung), yielding abasic sites. Abasic sites are
recognized and nicked by an apurinic/apyrimidic endonuclease (APE). Nicking of abasic sites
in close proximity on opposite DNA strands would give rise to DSBs to initiate CSR (Maizels,
2005; Neuberger et al., 2003; Stavnezer and Schrader, 2006).

AID-dependent DSBs were detected in S region DNA by ligation-mediated (LM)-PCR in
human and mouse B cells, but “background” DSBs were also detected in the absence of AID
(Catalan et al., 2003; Rush et al., 2004; Schrader et al., 2007; Schrader et al., 2005; Wu and
Stavnezer, 2007). AID-independent generation of S region DSBs has been further inferred
from the occurrence of intra-S region DNA recombination events in AID-deficient B cell
hybridomas (Dudley et al., 2002) and the frequent translocation of c-myc into S regions in AID-
deficient mice (Casali and Zan, 2004; Unniraman and Schatz, 2006; Unniraman et al.,
2004b). Accordingly, uracil DNA deglycosylation activity is dispensable for the generation of
DSBs (Begum et al., 2007; Begum et al., 2004), further suggesting that S region DSBs can
arise independently of DNA deamination (Casali and Zan, 2004; Unniraman et al., 2004a;
Unniraman and Schatz, 2006). Likewise, DSBs can be introduced in VV(D)J DNA
independently of AID (Bross et al., 2000; Bross and Jacobs, 2003; Bross et al., 2002;
Papavasiliou and Schatz, 2000; Papavasiliou and Schatz, 2002; Zan et al., 2003). We and others
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have shown that such V(D)J DSBs are most abundant in the post-replicative (G2) phase of the
cell cycle, they localize at mutational RGYW hotspots, are blunt and 5'-phosphorylated (Casali
and Zan, 2004; Papavasiliou and Schatz, 2000; Wu et al., 2003; Xu et al., 2005; Zan et al.,
2003). We also have suggested that processing of these blunt DSBs by AID and Ung leads to
emergence of staggered ends, which are characteristic of B cells undergoing SHM (Casali and
Zan, 2004; Wu et al., 2003; Xu et al., 2005; Zan et al., 2003). That AID is recruited to DNA
breaks is suggested by the retention of AID in the nuclei of B cells treated with DNA break
inducers, such as bleomycin, hydrogen peroxide or y-rays (Brar et al., 2004).

The generation of DSBs is critical for CSR. Targeting of DSBs displays a site-specificity
(Unniraman and Schatz, 2006) that contributes to the S region specificity of CSR. It has been
suggested that CSR entails the recombination of blunt upstream and downstream S region DSB
ends (Schrader et al., 2007; Schrader et al., 2005), but at least two important findings point at
acritical role of staggered DSBs in CSR: (i) the occurrence of microhomologies, duplications,
insertions of untemplated nucleotides and point-mutations in and around the recombined S-S
region DNA junctions (Chen et al., 2001; Honjo et al., 2002; Wu et al., 2006), and (ii) the
demonstration that I-Scel site-specific staggered DSBs mediate CSR from IgM to IgG1 in
mutant B cells lacking AID expression and in which donor Sp and accepter Sol were replaced
with yeast 1-Scel endonuclease sites (Zarrin et al., 2007).

Here, we used normal and AID- or Ung-deficient human and mouse B cells to address the
nature and generation of DSBs in S regions and their role in CSR. We show that staggered
DSBs in S region DNA are critical for CSR to unfold. AID and Ung generate these staggered
DSBs, not only by cleaving intact double-strand DNA, but also by processing blunt DSB ends,
whose generation are AID- and Ung-independent, thereby outlining a post-cleavage role for
AID in CSR.

2. Materials and Methods

2.1. Human and mouse B cells

The human monoclonal 4B6, 4D11 and 3G10 IgM*IgD* cell lines were used in these studies.
4B6 B cells express significant level of AID and undergo spontaneous CSR to 1gG and IgA
(Kim et al., 2004; Schaffer et al., 1999; Schaffer et al., 2003; Zan et al., 2003). 4D11 B cells
express germline 14-Cy transcripts, but not AID (Zan et al., 2003) and cannot be induced to
upregulate AID and undergo CSR. 3G10 B cells show low AID expression, but upregulate
AID and undergo CSR to 1gG and IgA upon induction with an agonistic anti-CD40 mAb and
hulL-4 or huTGF-B (Zan et al., 2003). IgD*CD38, IgD*CD38*, IgD~CD38* and
IgD~CD38™ lymphocytes were prepared by selection of human tonsil B cells using a mouse
IgG monoclonal antibody (mAb) to human IgD (Southern Biotechnology Associates Inc.,
Birmingham, AL), magnetic Microbeads® conjugated with goat anti-mouse 1gG (Miltenyi
Biotec Inc., Auburn, CA), FITC-conjugated mouse mAb to CD38 (PharMingen, BD
Biosciences, San Diego, CA), anti-FITC MicroBeads® (Miltenyi Biotec Inc.), a MACS®
magnetic sorter (Miltenyi Biotec Inc.) and MultiSort Release Reagent (Miltenyi Biotec Inc.)
(Cerutti et al., 2000; Zan et al., 1999; Zan et al., 2001; Zan et al., 2003). The homogeneity of
the separated cell fractions was assessed using a FACScalibur™ (Becton Dickinson,
Immunocytometry Systems, BD Biosciences) and RT-PCR amplification of VyDJy-Cd and
VyDJy-Cy1l transcripts. B cells from healthy humans were separated by T cell depletion of
fresh PBMCs (Zan et al., 2001) from buffy coats provided by the University of California,
Irvine, Blood Blank. Primary mouse B cells were isolated from RBC-depleted splenocytes
using a B cell enrichment kit (StemCell Technologies Inc.).
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2.2. AID- and Ung-deficient patients

AID-deficient patient YB (Dr. A. Durandy, Hopital Necker-Enfants Malades, Paris, France)
carries two missense point-mutations yielding the amino acid changes Leu59Phe and
Trp68Xxx together with an in-frame deletion of three amino-acids in exon 3 (Catalan et al.,
2003; Revy et al., 2000). B cells from patient YB were separated from frozen PBMCs by T
cell depletion. Ung-deficient patient P3 (Dr. Leman Yel, University of California, Irvine, CA)
carries a homozygous deletion of two nucleotides (dAdT) in exon 2, leading to the generation
of a premature stop codon (codon 159 of nuclear Ung) (Imai et al., 2003). Patient P3 has been
followed at our Immunodeficiency Clinic (University of California, Irvine, CA). B cells of
Ung-deficient patient P3 were separated by T cell depletion from fresh PBMCs.

2.3. aicda™" and ung™" mice

aicda™~ mice (Muramatsu et al., 2000) were obtained from Dr. T. Honjo (Kyoto University,
Kyoto, Japan); ung~“mice (Nilsen et al., 2000) were obtained from Dr. T. Lindahl (Cancer
Research UK London Research Institute, South Mimms, UK) through Dr. U. Storb (University
of Chicago, Chicago, IL). Both aicda™~ and ung™~ mice are on the C57BL background. Wild
type C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME). All animal
protocols were approved by the Institutional Animal Care and Use Committee of University
of California, Irvine, CA.

2.4. B cell culture and induction of CSR

Lymphoblastoid and primary human B cells were cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated FBS (Sigma-Aldrich, Inc., St. Louis, MO), 2 mM L-
glutamine, 100 U/ml penicillin, and 100 ng/ml streptomycin (FBS-RPMI). Mouse primary B
cells were cultured in FBS-RPMI containing 0.05 mM 2-ME. Human B cells were induced to
undergo CSR by an agonistic anti-human CD40 mAb (IgG1 mAb G28-5, ATCC HB 9110,
Manassas, VA) (2 pg/ml) and human recombinant (hu)IL-4 (100 U/ml) (Genzyme Corp.,
Cambridge, MA) in the presence or absence of huTGF-B(5 ng/ml) (R&D Systems Inc.,
Minneapolis, MN) in a three-day culture. Mouse B cells were induced to undergo CSR by
lipopolysaccharide (LPS) (10 ug/ml) from E. coli (serotype 055:B5; Sigma-Aldrich, Inc.) and
mouse recombinant (mo)IL-4 (2 ng/ml, R&D Systems Inc.) in a three-day culture.

2.5. Amplification of human Aid, human and mouse germline Iu-Cy, ly1-Cy1, circle ly1-Cu
and post-recombination Ip-Cy1 transcripts, mature VyDJy-Cy transcripts, mouse aicda and
gapdh transcripts by specific RT-PCRs

RNA was extracted from 2 x 10° B cells using the RNeasy™ Mini Kit (Qiagen Inc., Valencia,
CA). mRNA was reverse transcribed using the SuperScript™ Preamplification System
(Invitrogen Corp., Carlsbad, CA). RT-PCRs were made semi-quantitative by varying the
number of amplification cycles and performing dilution analysis to ensure a linear relationship
between the amount of cDNA used and the intensity of the PCR product. Human Aid cDNA
was amplified using the forward primer huAID-F and the reverse primer huAIDR (Table 1)
(Zan et al., 2001;Zan et al., 2003). Aid or dominant negative (DN) Aid transcripts, as encoded
by the pcDNA3.1 (pcDNA3.1/V5-His TOPO TA Expression Kit, Invitrogen Corp.)-based
expression vector, were amplified using a pcDNA3.1 vector forward primer 5-ACGACTC
ACTATAGGGAGACC-3' specific for a sequence downstream of the transcriptional start site
together with the Aid reverse primer huAID-R (Zan et al., 2003). Germline Iu-Cp and ly1-
Cy1, circle ly1-Cp, mature VyDJy-Cd and VyDJy-Cy1 and B-actin transcripts were amplified
from human B cell cDNA using RTPCRs involving specific primer pairs (Cerutti et al.,
1998;Zan et al., 1998) (Table 1). The germline Ip-Cp and ly1-Cy1, circle ly1-Cy, post-
recombination Ip-Cy1, aicda and gapdh transcripts from mouse B cell cDNA were amplified
using by RT-PCRs using specific primer pairs (Zan et al., 2003) (Table 1). Amplification
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cDNAs was performed by an initial denaturing step of 94°C for 5 min followed by 22 cycles
of PCR (94°C for 30 sec, 58°C for 30 sec, 72°C for 1 min) using Tag polymerase. Positive
proof of ongoing CSR was provided by amplification of circle ly1-Cp transcripts (Cerutti et
al., 2002;Kinoshita et al., 2001). These were amplified using an initial denaturing step of 95°
C for 5 min, followed by 35 cycles of PCR (95°C for 30 sec, 58°C for 1 min, 72°C for 1 min)
using Elongase Enzyme Mix (Invitrogen Corp.), in the presence of 2.0 mM Mg** with the
reverse Cp-specific primer and the forward Iyl region-specific primer ly1F (Table 1).

2.6. Analysis of DSBs by specific LM-PCRs

For LM-PCR, genomic DNA was prepared from 5 x 10° cells using an anion-exchange resin
(QIAGEN® Genomic-tips, Qiagen Inc.) and then ligated in a 25 pl reaction volume with the
double-strand anchor linker BW. For quantification of broken DNA ends, linker-ligated DNA
was serially two-fold diluted (8, 4, 2, 1, 0.5, 0.25, 0.125 and 0.0625 ng of linker-ligated DNA
derived from 1280, 640, 320, 160, 80, 40, 20, and 10 cells, respectively) into unligated genomic
DNA and used as template in LM-PCR or serially diluted in water and used as template for 8-
actin DNA amplification. A first set of primers, consisting of the linker primer BW1 5'-
GCGGTGACCCGGGAG ATCTGAATTC-3' and the specific forward primer (priming the
“upstream” DNA end) or reverse primer (priming the “downstream” DNA end) (Table 2) was
used for the first round of PCR (12 cycles with a 56°C annealing step). A second set of primers,
consisting of the same BW1 oligonucleotide and a nested specific forward or reverse primer
was used for the second round of PCR (25 cycles with a 60°C annealing step (1 pl of the 25
nd first round reaction was used to prime the 25 pl of second round reaction). Amplified DNA
was fractionated through 1.5% agarose, blotted onto Hybond-N* membranes (Amersham
Biosciences Inc., Piscataway, NJ) and hybridized to [y-32P]-ATP labeled gene-specific
oligonucleotide probes. The “anion-exchange” procedure we used to process genomic DNA
does not introduce detectable amounts of DSBs, as demonstrated by the analysis of Cp DNA,
and compares favorably to the agarose embedding or “agarose plug” and the “whole cell lysate”
or the “direct” methods for the detection of DSBs in VyDJy regions (Zan et al., 2003). To
detect total DSBs, which comprise both blunt and staggered DSBs, genomic DNA was treated
with T4 pol in the presence of dNTPs (200 mM) before being used as a template for
amplification of DSB upstream or “downstream” DNA ends (Zan et al., 2003) by specific LM-
PCR. The frequency of staggered DSBs was measured approximately by subtracting the
frequency of blunt DSBs (T4-) from that of total DSBs (T4+).

2.7. Analysis of intra-Sp region recombinations

Intra-Sp region DNA recombinations were analyzed by specific PCRs and Southern blotting
of the amplified DNAs with specific Sy probe. Sy DNA was amplified using mouse Su-specific
primer (forward, moSmF1 5-AAC TCTCCAGCCACAGTAATGACC-3'; reverse, moSmR1
5-AGGGTAGGAGGAAGGTGGGTTATG-3") from genomic DNA isolated from mouse B
cells stimulated with LPS (10 pg/ml) and molL-4 (2 ng/ml) for three days. Amplified DNA
was fractionated through 1 % agarose gel, blotted onto Hybond-N* membranes (Amersham
Biosciences Inc.) and hybridized to [y-32P]-ATP labeled Sp specific oligonucleotide probe
moSmProl 5-TAGTAA GCGAGGCTCTAAAAAGCAT-3'. Intra-Su recombined DNAS,
that is, Sp region with internal deletions, were identified by comparing the lengths of the
amplified and hybridized DNAs with those derived from amplification of the respective
germline Sp regions. The amplified Sy region DNAs were cloned into pCR-Blunt 11-TOPO®
vector (Qiagen Inc.) and sequenced. Each sequence was aligned with the germline Su sequence
from C57BL/6 chromosome 12 (nucleotides 136170-140190, GeneBank access number
AC073553) to identify the internal breakpoints.
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2.8. Chromatin-immunoprecipitation (ChlP) assays

ChIP assays were performed as previously described (Zan et al., 2003). Briefly, spontaneously
switching human 4B6 B cells (2.5 x 107) were treated with 1% formaldehyde for 10 minutes
at room temperature to cross-link chromatin. After washing with cold PBS containing protease
inhibitors, crude chromatin was separated by addition of nuclei-lysis buffer (10 mM Tris-HCI,
1 mM EDTA, 0.5 M NacCl, 1% Triton-X-100, 0.5% sodium deoxycholate, 0.5% sarkosyl, pH
8.0), re-suspended in IP-1 buffer (20 mM Tris-HCI, 200 mM NaCl, 2 mM EDTA, 0.1% sodium
deoxycholate, 0.1% SDS, protease inhibitors) (Santa Cruz Biotechnology Inc., Santa Cruz,
CA) and sonicated to yield 200-1000 bp DNA fragments. Fragmented chromatin was pre-
cleared with agarose beads bearing protein A or protein G (Santa Cruz Biotechnology Inc.)
and then incubated overnight at 4 °C with: purified rabbit 1gG to human Rad51 (Novus
Biologicals Inc., Littleton, CO), purified rabbit IgG to Rad52 (Santa Cruz Biotechnology Inc.),
purified rabbit 1gG to the phosphorylated H2A histone family member X (y-H2AX) (Upstate
Biotech, Inc. Waltham, MA), purified goat 1gG to human Nbsl (Santa Cruz Biotechnology
Inc.), purified goat 1gG to Mrell (Santa Cruz Biotechnology Inc.) or mouse mAb to human
Ku70/Ku86 (Lab Vision/NeoMarkers Corp., Fremont, CA). Immune complexes were isolated
using beads bearing protein A or protein G, and eluted with elution buffer (50 mM Tris-HCI,
0.5% SDS, 200 mM NaCl, 100 pg/ml Proteinase K, pH 8.0). Eluates were heated at 65 °C
overnight to reverse cross-links. DNA was recovered by phenol extraction and ethanol
precipitation and was finally solubilized in TE buffer. The recovered DNA was treated with
T4 pol (T4+) or nil (T4-), ligated with BW linker and then serially two-fold diluted in untreated
homologous DNA. The immunoprecipitated DNA was specified by LM-PCR using the
forward human Sp or Cp primers and the linker primer BW1.

2.9. AID, DN AID and Ugi constructs and overexpression

The full-length human Aid cDNA was amplified from Ramos cells using the forward and
reverse primers AID-F2 (5'-GAGGCAAGAAGACACTCTGG-3") and AID-R2 (5'-
GTGACATTCCTGGAAGTTGC-3"). The full-length human dominant negative (DN) Aid
cDNA containing the H56R/E58Q mutations (Papavasiliou and Schatz, 2002; Zan et al.,
2003) was generated by PCR-targeted mutagenesis. Bacteriophage PBS2 Ugi (Ung inhibitor)
gene (GeneBank Access number J04434) coding region was generated by chemical synthesis.
Aid, DN Aid and Ugi genes were cloned directly into the pcDNA3.1 expression vector. The
empty pcDNA3.1 vector or a pcDNA3.1 vector containing an Aid, DN Aid or Ugi gene were
used to transfect human 4D11, 3G10 or 4B6 B cells, which were then cultured in the presence
of G418. After 21 days, the selected cells were further cultured for 3 days in the presence of
nil or agonistic anti-huCD40 mAb and hulL-4, and harvested to prepare RNA, genomic DNA
and whole-cell extract to analyze the expression of Aid and DN Aid by specific RT-PCRs using
the appropriate primers, determine the frequency and nature of the DSBs by LM-PCR and
detect Ung activity.

2.10. DNA-dU deglycosylation assays in cell extracts

To measure Ung activity, exponentially growing cells were collected, washed in PBS buffer,
resuspended in 25 mM Hepes, 5 mM EDTA, 1 mM dithiothreitol and 10% glycerol at pH 7.8
(HED buffer) with complete protease inhibitors (Roche Applied Science, Roche Diagnostics,
Corp., Indianapolis, IN) at about 10° cells/ul and lysed by sonication (five 15-second pulses)
(Di Noia and Neuberger, 2002). After centrifugation at 10,000 g for 20 min at 4°C, the
supernatant was frozen in aliquots into ethanol-dry ice bath and stored at —70°C. DNA-dU
deglycosylation assays were performed by mixing 10 ug, 1.0 ug or 0.1 ug (protein) of clarified
whole-cell extract with 1 pmol of [32P]-labeled double-strand oligonucleotide substrate in 10
ul of HED buffer for 2 hrs at 37° C. This double-strand oligonucleotide substrate contained a
single dU:dG mismatch. It was constructed by annealing 5' [32P] labeled 5'-
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ATTATTATTATTCCGUGGATTTATTTATTTATTTATTTATTT-3' with the
complementary oligonucleotide, 5'-
AAATAAATAAATAAATAAATAAATCCGCGGAATAATAATAAT-3'. The DNA-dU
deglycosylation reaction was terminated by addition of 10 ul of formamide loading dye, and
the products were resolved on 15% TBE-urea polyacrylamide gels. The APE activity existing
in the cell extract was more than sufficient to cleave all the deglycosylated substrate generated
during the reaction (Di Noia and Neuberger, 2002).

2.11. Sequential DNA-dC deamination/DNA-dU deglycosylation assays

3. Results

To analyze DNA-dC deamination, the 59 bp DNA fragment 5-AGCT
GGCAGGCTAGCAAGTTGGTTGGCAAGCAGGTAAGCAGGCAAGCTGGCTGAATT
CC-3' (Chaudhuri et al., 2003) was cloned into pCR-Blunt [I-TOPO® vector. A 191 bp 5'-
phosphorylated blunt-ended linearized DNA substrate was generated by PCR amplification of
the pCR-Blunt 1I-TOPO® vector containing the 59 bp fragment DNA, using Phusion™ high-
fidelity DNA polymerase (New England Biolabs Inc., Ipswich, MA), the forward 5'-
phosphorylated primer A 5-AGCTGGCAGGCTAGCAAGTTG-3' or the forward 5'-
phosphorylated primer A1 5-AGUTGGCAGGCTAGCAAGTTG-3' (same as primer A,
except for the replacement of dC at position 3 with dU), specific for the 5' region of the 59 bp
DNA fragment, and the reverse primer B 5-GTTTTCCCAGTCACGAC-3, specific for the
vector sequence 449-468, 116 bp downstream of the inserted 59 bp DNA fragment (Fig. 9).
The linearized DNA substrate (100 fmol) was incubated with 50 ng of purified recombinant
GST-mouse AID fusion protein, a gift from Dr. Michael R. Lieber (University of Southern
California, Los Angeles, CA), under conditions similar to those used by this investigator (Yu
et al., 2004), followed by treatment with Shrimp Alkaline Phosphatase (SAP) and Antarctic
Phosphatase (New England Biolabs Inc.). SAP and Antarctic Phosphatase catalyze the release
of 5'-phosphates, yielding non-phosphorylated DNA ends, which cannot be amplified by LM-
PCR. The thoroughly dephosphorylated DNA was treated with recombinant E. coli Ung (New
England Biolabs Inc.) and then Endonuclease (Endo) V111 (New England Biolabs Inc.). Endo
V111 possesses both N-glycosylase and APE activities, thereby cleaving 3" and 5’ to the abasic
site generated by Ung or by itself and leaving a 5’-phosphate and a 3'-phosphate. The treated
DNA was LM-PCR without T4 pol pre-treatment to amplify blunt 5'-phosphorylated DSB ends
or was treated with T4 pol to amplify staggered DSB ends.

3.1. Both blunt and staggered DSBs occur in S region DNA

In the human, CSR is not yet active in pre-GC IgD*CD38™ B cells, would initiate in
IgD*CD38* early centroblasts, unfolds in GC IgD~CD38* centroblasts/centrocytes and
extinguishes in post-GC IgD~CD38~ memory B cells; SHM is negligible in IgD*CD387, is
active in IgD*CD38" and IgD~CD38™ B cells, and extinguishes IgD"CD38~ B cells (Zan et
al., 2001; Zan et al., 2003). We isolated genomic DNA and RNA from human tonsil
IgD*CD387, IgD*CD38*, IgD"CD38" and IgD~CD38™ B cells after centrifugation through a
Ficoll® gradient to clear debris and dead cells. DNA was ligated with the BW linker, serially
two-fold diluted into unligated genomic DNA and used as template in specific LM-PCR to
amplify So upstream and Sol “downstream” DNA ends, and, potentially, Cp, Pim1, Pax5 or
Afp upstream DNA ends (Zan et al., 2003). Like the LM-PCR we used to detect V(D)J DSBs
(Zan et al., 2003), our S region-specific LM-PCR amplifies DSB free ends that are blunt and
5'-phosphorylated; it cannot amplify staggered and/or non-phosphorylated blunt DNA ends.
Using this S region-specific LM-PCR, we detected blunt DSBs in Sp and Syl DNA of
IgD~CD38* B cells, which expressed AID and underwent high-rate CSR, as shown by their
expression of circle ly1-Cp and mature VyDJy-Cy1 transcripts (Fig. 1). We amplified DSB
ends from as few as 320 IgD~CD38" B cells, as LM-PCR bands disappeared at the fourth (two-
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fold) dilution. We also detected blunt DSBs in S regions of IgD*CD38* B cells, which
expressed AID at lower level and initiated CSR, as indicated by their expression of germline
Iy1-Cy1 transcripts. In IgD*CD38™" B cells, Sp or Syl region DSB ends could be amplified
from as few as 640 or 80 cells, respectively, as LM-PCR bands disappeared at the third (two-
fold) dilution (Sp. DSB ends) and at the sixth (two-fold) dilution (Sy1 DSB ends), respectively.
We detected Sp.and Syl region DSBs also in IgD*CD38™ cells, in which AID was not expressed
and CSR was not yet active, and IgD"CD38™ B cells, in which AID expression and CSR were
extinct. The specificity of these findings was further strengthened by the lack of amplification
of DSB free ends in Cy, Pim1, Pax5 or Afp DNA in the same B cells and using specific primers.

Treatment of genomic DNA with T4 DNA polymerase (T4 pol), which trims back 3' overhangs
while “filling in” 3' recessed ends, thereby yielding 5' phosphorylated blunt DNA ends (Zan
et al., 2003), prior to linker ligation allowed us to analyze total (blunt plus staggered) DSBs.
The differential amplification of DNA treated with nil (T4-) or T4 pol (T4+) provided a
measure of the frequency of staggered DSB ends, although did not allow us to estimate the
length of the overhangs. Pre-treatment of DNA with T4 pol resulted in a 16-fold higher
detection level of Sp or Sy1 DSBs in IgD~CD38" B cells. Indeed, we could amplify DSB ends
from about 20 cells, as LM-PCR bands disappeared at the seventh (two-fold) dilution (Fig. 1),
indicating that most DSBs in these switching B cells were staggered. The specificity of these
findings was strengthened by the lack of staggered DSBs in non-switching IgD*CD38™,
IgD*CD38* and IgD~CD38™ B cells, further showing that S region staggered DSBs
characteristically occur in B cells undergoing CSR. The specificity of these findings was further
strengthened by the lack of amplification of DSB free ends in Cp, Pim1, Pax5 or Afp DNA
after T4 pol treatment using specific primers.

We have shown that the lack of amplification of Cy, Pim1, Pax5 or Afp DNA by LM-PCR
reflects the absence of DSBs in these DNA sequences, not marginal DNA amplification
efficiency or lack of specificity of the Cp, Pim1, Pax5 and Afp primers (Zan et al., 2003).
Indeed, these effectively amplified the respective intact genomic DNA and “detected”
artificially inserted free DSB blunt ends in a dose-dependent fashion, thereby emphasizing the
in vivo origin of amplified free DNA ends in S regions (Zan et al., 2003). We extended these
findings and proved the specificity and the sensitivity of our S region LM-PCR by amplifying
free DNA ends of blunt and staggered DSBs we generated by digestion with Pvu Il and Apa
I, respectively, of a plasmid containing human Su DNA (Fig. 2A and B). The Sy but not Cu
location of these DSBs was further confirmed by specific LM-PCR amplification using the
BW1 primer, targeting the BW linker, nested reverse Cu primers and a probe specific for Cp
DNA to amplify free ends in Sp and the region 5' of Cu DNA in IgD~CD38* B cells (Fig. 2C).
Like in Ig VDJy DNA (Zan et al., 2003), amplification of free DSB ends was not influenced
by “apoptotic” DSBs. The proportion of apoptotic cells was negligible in all IgD*CD38",
IgD*CD38*, IgD~CD38* and IgD~CD38™ B cell fractions (Fig. 3A); high levels of apoptotic
cells or differential cell proliferation had no impact on the detection of Su region DSBs (Fig.
3B and C). Thus, DSBs occur in S regions of B cells that are not undergoing CSR or already
completed CSR. Such DSBs are blunt and 5'-phosphorylated. Staggered DSBs emerge in B
cells that express AID and undergo CSR.

3.2. Sregion DSBs recruit y-H2AX, Mrell, Nbs1, Ku70/Ku86, Rad52 and Rad51

To further address the specificity of the blunt and staggered DSBs detected in S region DNA,
we adapted a modified ChlIP assay to “pull-down” DNA repair proteins, that are activated and/
or recruited by DSBs, such as y-H2AX, Mrell, Nbs1, Ku70/Ku86, Rad52 and Rad51 to specify
by LM-PCR the co-precipitated DNA in 4B6 cells, a human lymphoblastoid IgM*IgD* B cell
subclone that undergoes spontaneous CSR (Kim et al., 2004; Schaffer et al., 2003; Zan et al.,
2003).
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We reasoned that if the DSBs we detected in S regions are relevant to CSR, i.e., they occur in
vivo and are not resulted from in vitro artifacts, they must recruit DNA repair factors that are
know to be involved in DSB repair, including y-H2AX, Mrell, Nbs1, K70/Ku86, Rad52 and
Rad51. Specific Abs to Mrell and Nbsl pulled down Mrell and Nbs1, as bound mainly to
blunt Su DNA ends (Fig. 4). In the same switching B cells, Abs to y-H2AX, Ku70/Ku86, Rad52
and Rad51 pulled down these proteins, bound mostly to staggered Sp. DNA ends, as indicated
by the significantly increased amplification of free ends when DNA was pre-treated with T4
pol. By showing that they recruit DSB-specific repair factors, these experiments further support
the “in vivo” generation and specificity of the S region DSBs detected here.

3.3. AID and Ung are critical for the generation of staggered DNA ends and the unfolding of

CSR

As we have argued, staggered DSBs in the Ig locus stem from blunt DSBs following processing
by AID (Casali and Zan, 2004; Wu et al., 2003; Xu et al., 2005; Zan et al., 2003). To define
the role of AID in the generation of staggered DSBs, we expressed AID in human monoclonal
4D11 B cells by transfection with a plasmid vector containing human AID cDNA, as driven
by the CMV promoter. 4D11 B cells are IgD*IgM™. After stimulation with an agonistic anti-
huCD40 mAb and hulL-4, these B cells upregulate germline Iu-Cu and ly1-Cy1 transcription,
but do not express AID and do not undergo CSR. 4D11 B cells transfected with vector
containing human AID cDNA or empty vector were cultured in the presence of anti-huCD40
mAb and hulL-4 for three days, and then cleared of debris and dead cells through a Ficoll®
gradient, before amplifying Sy upstream DSB ends. Expression of AID significantly increased
the overall frequency of DSBs. Such an increase stemmed mainly from increased staggered
DSBs, and resulted in ongoing CSR, as revealed the increased levels of circle Iy1-Cp and
mature VyDJy-Cyl transcripts (Fig. 5A). To further address the role of AID in the generation
of staggered DSBs, we used a plasmid vector containing a mutated human DN Aid cDNA, as
driven by the CMV promoter (Zan et al., 2003), to transfect human 4B6 cells. Expression of
DN Aid in these B cells hampered the emergence of staggered DSBs and abrogated CSR (Fig.
5B), further indicating that AID processes blunt DSBs to yield staggered DSBs.

To address the role of Ung in the generation of staggered DSBs, we inhibited Ung activity
using Ugi (Di Noia and Neuberger, 2002), which blocks Ung binding to DNA, thereby aborting
the insertion of DNA nicks resulting from APE-mediated digestion of abasic sites. In
spontaneously switching 4B6 B cells, expression of Ugi significantly inhibited Ung activity,
greatly reduced the level of staggered DSBs and dampened CSR (Fig. 5C). These results were
extended by experiments using the human monoclonal lymphoblastoid 3G10 B cells. Upon
stimulation with anti-huCD40 mAb and hulL-4, these IgD*IgM* B cells upregulate AID
expression and generate staggered DSBs in VV(D)J DNA (Zan et al., 2003); they also generate
staggered DSBs in Sp region and undergo CSR to IgG, IgA or IgE (Fig. 5C). In 3G10 B cells,
inhibition of Ung by Ugi inhibited the level of staggered DSBs and abrogated CSR. Thus, AID
and Ung are critical for the generation of staggered DSB ends in S regions and for the unfolding
of CSR.

3.4. DSBs occur in Sregions of Ung- and AID-deficient B cells, and are blunt and 5'-
phosphorylated

We further addressed the dispensability of AID and Ung in generating S region DSBs using B
cells from patients with hyper-IgM syndrome type 2 (HIGM2) or Ung-deficient HIGM.
Because of defective CSR, HIGM patients display normal or increased serum IgM
concentrations with much decreased or no serum IgG, IgA and IgE. In HIGM2 patients, both
CSR and SHM are impaired due to lack of AID (Revy et al., 2000); in Ung-deficient HIGM
patients, CSR deficiency is usually associated with mutations in Ung, the gene encoding Ung.
In these patients, Ung-deficiency leads to profoundly impaired CSR (Imai et al., 2003).
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We induced peripheral blood B cells from AID-deficient HIGM2 patient YB (Catalan et al.,
2003; Revy et al., 2000), Ung-deficient HIGM patient P3 (Imai et al., 2003) and a healthy
subject with agonistic anti-huCD40 mADb, hulL-4 and huTGF-f. After a three-day culture, B
cells were centrifuged through a Ficoll® gradient to clear debris and dead cells. Genomic DNA,
RNA and whole-cell extract were isolated and used to amplify free DSB ends by LM-PCR
specific for Sp or Sy region, analyze CSR-relevant transcripts, including Aid, and measure Ung
activity by a dU excision assay on an oligonucleotide substrate. B cells from patient YB
expressed Aid transcripts with the expected mutation (G203A and 175-183 deletion) and
showed Ung activity comparable to healthy subject (Fig. 6A). B cells from patient P3 expressed
AID, but showed no Ung activity. B cells from patients YB and P3 as well as the healthy subject
showed comparable germline Iu-Cp and ly1-Cy1 transcripts. B cells from patient YB did not
undergo CSR, as neither circle ly1-Cp transcripts nor mature VyDJy-Cy1 transcripts could be
detected in these lymphocytes; B cells from patient P3 underwent negligible CSR, as only
minimal circle ly1-Cp and mature VyDJy-Cyl transcripts were detected in these lymphocytes.
Nevertheless, in YB and P3 B cells, Sy and Sy1 region DNA accumulated DSBs at levels
comparable to that of B cells from the healthy subject, in the absence of DSBs in Cp and Cy1
regions. Virtually all S region DSBs in patient YB and P3 B cells were blunt and 5'-
phosphorylated, while in normal B cells, CSR-associated DSBs were predominantly staggered,
as shown by increased amplification of Sp and Syl DSB ends after T4 pol pre-treatment of
genomic DNA.

We further addressed the role of AID and Ung in the generation of DSBs in mouse B cells. In
response to stimulation with LPS and molL-4, spleen B cells isolated from aicda™ or
ung "~ mice showed a proliferation rate in a three-day culture comparable to their counterparts
from wild type (wt) littermates (not shown). aicda™'~ B cells did not express AID, but showed
an Ung activity comparable to that of wt B cells (Fig. 6B). ung~~ B cells expressed AID, but
showed no Ung activity. While aicda™~, ung™~ and wt B cells expressed comparable levels
of germline Iu-Cp and ly1-Cy1 transcripts, aicda~ B did not undergo CSR, as neither circle
ly1-Cp nor post-recombination Ip-Cy1 transcripts could be detected in these B cells. ung ™~ B
cells underwent negligible CSR, as only minimal circle ly1-Cp and post-recombination Ip-
Cy1 transcripts were detected in these cells. Consistent with what we found in human B cells,
we detected virtually no DSBs in Cp and Cy1 regions DNA of all these knockout B cells, but
readily showed blunt DSBs in Sy and Sy1 regions, in not only wt but also aicda~ and
ung '~ B cells (Fig. 6B: compare T4—with T4+). In aicda™~ and ung™~ B cells, the detection
frequency of DSBs was not increased by T4 pol treatment, suggesting that virtually all DSBs
were blunt. In contrast, in wt B cells undergoing CSR, T4 pol treatment increased the
amplification frequency of DSB ends. These staggered DSBs accounted for virtually the whole
DSB increase associated with ongoing CSR. To further confirm that the S region DSBs we
detected were not introduced by the procedure we used to prepare genomic DNA, we analyzed
blunt and total DSBs in Sy, Sy1, Cp and Cy1 regions of aicda™~, ung™~ and wt B cells using
genomic DNA prepared by the “DNA plugs” method (Papavasiliou and Schatz, 2000;Rush et
al., 2004;Schrader et al., 2005). In all these B cells, we detected DSBs in Sp and Syl regions
at levels comparable to those in genomic DNA prepared using our “anion-exchange” method
(Fig. 7), and, likewise, found no evidence of DSBs in Cp and Cyl DNA. Thus, in human and
mouse B cells, AID and Ung are dispensable for generation of blunt DSBs, but are essential
for generation of staggered DSBs and unfolding of CSR.

3.5. AID and Ung are dispensable for intra-Sp region recombination

Deletions in S regions, possibly resulting from intra-S DNA recombinations, have been
detected in aicda™~, ung™~ and ung”"msh2~/~ B cell hybridomas (Begum et al., 2007;
Chaudhuri and Alt, 2004; Dudley et al., 2002). To analyze intra-S region recombination in the
presence and absence of AID and/or Ung, we stimulated spleen B cells from aicda™",
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ung ™/~ and wt mice with LPS and molL-4. We then PCR-amplified Sp region DNA using
specific upstream forward and downstream reverse primers, and Southern-blotted the amplified
DNA with an internal Sp oligonucleotide probe. Using this approach, we identified
“conserved” germline Sp region DNAs (3730 bp) and Sp DNASs shorter than the germline
Su region in not only wt, but also aicda™~ and ung™~ B cells (Fig. 5D). The shorter S DNA
amplification products reflected intra-Sp region DNA recombinations involving internal Sp
deletions (Fig. 8). To further address the nature of S region DSBs in the presence and absence
of AID and/or Ung, we sequenced the recombined intra-Su DNA junctions of in vitro
stimulated B cells and compared them with the Sy genomic templates to determine the degree
of putative overlap (microhomology) of the upstream DNA ends with downstream DNA ends,
DNA duplications or the presence of insertions of untemplated nucleotides between the Sp
upstream and downstream DNA ends. Only one out of twelve DNAs amplified from
aicda™~ or ung™~ B cells displayed a three nucleotide microhomology, five contained only
one nucleotide microhomology, one contained a single untemplated nucleotide insertion and
the remaining five contained no microhomology, duplication or insertion (Fig. 8). In contrast,
six out of the twelve intra-Sy junctions in B cells from the respective aicda*’* or ung*/*
littermates contained stretches of microhomology (three to 15 nucleotides), two included
duplications and two contained insertions of untemplated nucleotides (12 and 16). Further,
none of the twelve intra-Sp junction regions from aicda~ or ung™~ B cells contained point-
mutations, while four intra-Sp junctions from aicda*’* or ung*/* B cells did. Thus, AID- or
Ung-deficient B cells accumulate DSBs in their Sp regions, and such DSBs are blunt and 5'-
phosphorylated. These DSBs can provide the substrate for intra-Sp. region DNA recombination,
which involves blunt junctions. In contrast, in the presence of AID and Ung, Su region DSBs
are predominantly staggered and can give rise to intra-Sp region recombinations involving
stretches of microhomologies, duplications, untemplated nucleotide insertions and point-
mutations. The different nature of recombined intra-Sp DNA junctions in aicda™~, ung™~ and
wt B cells confirmed that these sequences stemmed from intra-S DNA deletions, not from PCR
artifacts.

3.6. AID and Ung process blunt 5'-phosphorylated DSBs to give rise to staggered DSBs

Both single-strand DNA and double-strand DNA can be deaminated by AID (Chaudhuri etal.,
2003; Neuberger etal., 2003; Pham et al., 2003; Yu and Lieber, 2003). Our present experiments
and previous findings (Chaudhuri et al., 2003; Neuberger et al., 2003; Pham et al., 2003; Yu
and Lieber, 2003) led us to hypothesize that AID deaminates dC nearby blunt 5'-phosphorylated
DSB ends to give rise to staggered DSB ends, in the presence of Ung and APE activity. To test
our hypothesis, we treated a blunt-ended 5'-phosphorylated 191 bp double-strand DNA, which
contained 13 copies of seven different iterations of the RGYW motif near one end, with
recombinant GST-mouse AID protein. This was followed by dephosphorylation with SAP and
Antarctic Phosphatase to delete any 5'-phosphates. The thoroughly dephosphorylated DNA
was then treated with recombinant E. coli Ung protein and Endo VI1II. Endo VIII possesses a
strong APE activity, thereby cleaving 3’ and 5’ to the abasic site generated by Ung and leaving
a 5'-phosphate and a 3’-phosphate. We reasoned that, in the presence of Ung and Endo VI,
AID deamination of dC residues nearby DSB ends would result in single-strand DNA
cleavages, thereby giving rise to staggered DNA ends. After treatment with T4 pol, such
staggered DNA ends could be amplified by our specific LM-PCR. As expected, staggered DSB
ends were detected in the DNA substrate treated with AID, Ung and Endo VIII, but were not
in the DNA substrate treated with Ung and Endo V111 only (Fig. 9). The identity of the amplified
staggered DSB ends was confirmed by sequencing (not shown). These experiments proved
that AID can directly target and process blunt DSB ends to generate staggered DSB ends in
the presence of Ung and APE activity.

Mol Immunol. Author manuscript; available in PMC 2010 November 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 12

4. Discussion

We demonstrated here that DSBs occur at a significant frequency in S regions of not only GC
B cells that express AID and undergo CSR, but also in pre- and post-GC B cells, which express
virtually no AID and do not undergo CSR. Such DSBs are blunt and 5'-phosphorylated, and
arise independently of AID or Ung. They also occur in S regions of human and mouse B cells
deficient in AID or Ung. As we showed, in the Sp region, they are synapsed, resulting in intra-
S joining sequences that are conserved or display minimal or no microhomologies,
duplications, untemplated nucleotide insertions or point-mutations. In B cells undergoing CSR,
staggered DSBs emerge from processing of blunt 5'-phosphorylated DSBs by AID and Ung,
in addition to cleavage of intact double-strand DNA by AID and Ung (Fig. 10). Such staggered
DSBs give rise to inter-S-S region and intra-S region recombinations entailing occurrence of
stretches of microhomology, duplications and insertions as well as point-mutations.
Accordingly, forced AID expression converted blunt into staggered DSBs. Conversely, AID
or Ung deficiency or expression of DN AID and Ugi, which inhibits AID and Ung, respectively,
abrogated the generation of staggered DSBs and concomitant CSR in human and mouse B
cells. Finally, consistent with the direct AID DNA deamination model, we showed that AID
can process blunt dsDNA termini containing different RGYW iterations, including AGCT, and
readily generate staggered DNA ends.

v-H2AX focus formation in the IgH locus has been used as evidence for DSBs and in support
of AID-dependency in the generation of DSBs in S region DNA (Begum et al., 2004; Petersen
etal., 2001; Reina-San-Martin et al., 2003). We would argue here that AID-dependent y-H2AX
foci formation does not necessarily reflect the emergence of DSBs. Rather, y-H2AX foci would
form as early intermediates in DSB repair, as y-H2AX would hold broken chromosomal DNA
ends in close proximity and function as an anchor for DNA repair proteins (Bassing and Alt,
2004). Further, H2AX phosphorylation is dispensable for the initial recognition of DNA breaks
(Celeste et al., 2003). In CSR, H2AX molecules would be efficiently phosphorylated in the
presence of AID, and o-H2AX likely facilitates S-S region synapsis (Chua et al., 2002; Petersen
etal., 2001; Pilch etal., 2003; Ward and Chen, 2001). In the absence of H2AX, DSBs emerging
physiologically during DNA replication are repaired at a steady rate, as indicated by the normal
cycle and proliferation of H2AX-deficient cells (Celeste et al., 2002; Reina-San-Martin et al.,
2003), S region DSBs and intra-S region recombination occur at significant levels, but inter-
S-S region recombination and CSR are impaired (Franco et al., 2006; Reina-San-Martin et al.,
2003). Thus, lack of y-H2AX focus formation in the IgH locus in the absence of AID does not
reflect an absence of DSBs. We unequivocally show here that blunt DSBs occur in S region
DNA in AID- or Ung-deficient B cells or in normal B cells before induction of AID expression.
Such blunt DSBs were likely overlooked by studies aimed at indirectly identifying DSBs
through detection of y-H2AX foci (Petersen et al., 2001; Reina-San-Martin et al., 2003).

It has been assumed that the indispensability of AID in CSR reflects the role of this enzyme
in generating DSBs (Catalan et al., 2003; Rush et al., 2004; Schrader et al., 2007; Schrader et
al., 2005). This assumption has been supported by the findings that S region DSBs appeared
simultaneously with AID expression in mouse B cells undergoing CSR and that DSBs occurred
preferentially at dC:dG base-pairs in RGYW/WRCY motif, the target of AID (Schrader et al.,
2007; Schrader et al., 2005; Stavnezer and Schrader, 2006). It has been suggested that those
AID-mediated DSBs are staggered and are subsequently processed to generate blunt DSBs
(Schrader et al., 2007; Schrader et al., 2005; Stavnezer and Schrader, 2006). However, a post-
cleavage role for AID in CSR has been indicated by the occurrence of unignorable amounts of
“background” DSBs in S regions of in vitro activated AID-or Ung-deficient B cells (Begum
et al., 2004; Catalan et al., 2003; Rush et al., 2004; Schrader et al., 2007; Schrader et al.,
2005; Wu and Stavnezer, 2007) and the in vivo AID-independent c-myc translocation to S
regions in AlID-deficient mice (Casali and Zan, 2004; Unniraman and Schatz, 2006; Unniraman
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etal., 2004b). DSBs have been shown to occur in V(D)J DNA of AID-deficient mouse B cells
(Bross and Jacobs, 2003; Bross et al., 2002; Papavasiliou and Schatz, 2002) and in human B
cells, in which AID activity was inhibited by a DN AID (Zan et al., 2003). Such DSBs were
blunt and 5'-phosphorylated, but were processed by AID to yield staggered DSBs in B cells
undergoing SHM (Zan et al., 2003). Likewise, as we show here, AID- and Ung-independent
Sregion DSBs are bluntand 5'-phosphorylated, but are processed in an AID-dependent fashion
in B cells undergoing CSR. We would argue that, as shown in cells treated with DNA break
inducers (Brar et al., 2004), blunt DSBs trigger AID translocation to the nucleus, a prerequisite
for direct DNA deamination. Nuclear AID would access S regions, as facilitated by germline
Iu-S-Cy transcription occurring in the early stages of CSR, to deaminate dC residues nearby
ends, thereby giving rise to staggered DNA ends after dU deglycosylation by Ung and DNA
nicking by APE. This is further supported by our demonstration that AID can effectively
deaminate dC within RGYW in blunt DSB ends.

The specificity and “in vivo” origin of the Sp and Syl region DSBs identified here is
emphasized by the virtual absence of DSBs in Cp, Cy1, Pim1, Pax5 and Afp DNA. Itis further
strengthened by the nature of the DNA repair factors recruited by such DSB free ends and by
our demonstration of comparable DSBs in DNA prepared using two different approaches:
“anion-exchange” and “DNA plugs” (Ehrenstein et al., 2001; Schrader et al., 2002; Wu et al.,
2006). DSBs are heterogeneous and are repaired through different pathways according mainly
to the nature of their free ends, such as the length of the overhangs or lack of thereof. A whole
spectrum of overhang lengths, from none to more than 20 bases, is involved in CSR, as inferred
from analysis of recombined S-S junction sequences (Ehrenstein et al., 2001; Schrader et al.,
2002; Wu et al., 2006). DSBs with overhangs of less than four bases are mainly repaired by
nonhomologous end-joining repair (NHEJ). Longer overhangs, particularly with high dGdC
content, would be less dependent on NHEJ and skewed toward homologous recombination
(HR) or single strand-annealing (SSA) (Daley and Wilson, 2005). Both NHEJ and HR
pathways share y-H2AX and the Mre11/Rad50/Nbs1 (MRN) protein complex, which are
involved in early response to DSBs (Cahill etal., 2006), but also require additional components
that are unique to each process (D'Amours and Jackson, 2002; van Gent et al., 2001). Namely,
NHEJ requires Ku70/Ku86, DNA-PKcs, XRCC4 and DNA ligase 1V, while HR or SSA uses
homologues of the yeast Rad52 epitasis protein group, including Rad52 and Rad51 (Shinohara
and Ogawa, 1998; Song and Sung, 2000; Valerie and Povirk, 2003). Accordingly, consistent
with both their blunt and staggered nature, the S region DSBs detected here recruited Ku70/
Ku86 and Rad51/Rad52, in addition to y-H2AX and Mrel1/Nbs1.

Our demonstration of a high frequency of DSBs in Sp and Syl regions of mouse and human
B cells deficient in AID or Ung provides an explanation for the occurrence of intra-S region
recombinations, as suggested by the internal deletions, although limited in length, found in
Suand Syl region DNA of these B cells (Begum et al., 2007; Chaudhuri and Alt, 2004; Dudley
et al., 2002), and as further substantiated by our findings. In B cells expressing AID and
undergoing CSR, intra-S region recombinations are more obvious, resulting in extensive
internal S region deletions, likely reflecting the resection by AID of S region DNA ends that
are not synapsed with other S region DNA ends (Chaudhuri and Alt, 2004; Dudley et al.,
2002), and the occurrence of long stretches of microhomologies, duplications and insertions
as well as point-mutations around the junction regions. These parallel the extensive
microhomologies, duplications, untemplated nucleotide insertions and point-mutations
occurring in and around S-S region recombinations (Chen et al., 2001; Honjo et al., 2002; Wu
et al., 2006). We argue here that in the absence of AID, S region DSBs, which are blunt and
5'-phosphorylated, would be synapsed by a DNA ligase or topoisomerase, implying that in B
cells not undergoing CSR, S region blunt DSBs are “open and shut”, resulting in very limited
intra-S region internal deletions, microhomologies or insertions. The requirement for staggered
DNA ends for S-S region synapses in CSR is emphasized by the occurrence of inter-S-S region
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recombinations involving long-range DNA deletions and CSR in absence of AID in
ASpuSAvy1/1-Scel mutant B cells, in which donor Sp and acceptor Syl regions were replaced
with yeast I-Scel sites, allowing for the emergence of staggered DSBs upon digestion by
megaendonuclease (Zarrin et al., 2007). The different mechanistic nature of intra-S region and
inter-S-S region DNA recombinations is emphasized by the demonstration that H2AX and
53BP1 are required for inter-S-S region DNA recombination but not for intra-S region
recombination (Manis et al., 2004; Reina-San-Martin et al., 2007; Reina-San-Martin et al.,
2003; Ward et al., 2004), and by the demonstration that C-terminal deletion of AID severely
impairs inter-S-S region recombination without affecting intra-Sp. recombination (Barreto et
al., 2003).

One major question arising from our findings is how are AID-independent DSBs generated. S
regions are inherently prone to breakage by virtue of their structure, as increased susceptibility
to breakage is a property of DNA containing repetitive sequences capable of adopting non-
canonical DNA conformations. These include extruded DNA structures, such as R-loops, G-
loops or stem-loops, arising as result of the high dGdC content of S regions (R- and G-loops)
as well as the high occurrence of palindromic AGCT motifs, which structure the stem of stem-
loops (Baar et al., 1996; Chen et al., 2001; Mussmann et al., 1997; Tashiro et al., 2001). These
S region structural alterations are enhanced by transcription and block progression of the
replication fork (Lobachev et al., 2007). Replication forks arrested at R-loops, G-loops or stem-
loops can give rise to highly distorted, long and complex, mostly single-strand DNA, which is
inherently fragile and may undergo cleavage by certain nucleases (Duquette et al., 2004; Sun
et al., 2001; Tian and Alt, 2000; Yu and Lieber, 2003), such as endonuclease G (Endo G)
(Irvine et al., 2005). Endo G is mitochondrial in origin, but it is likely processed into a nuclear
form and exported from mitochondria to the nucleus. There, it could cleave S region DNA,
primarily at dG and dC (Widlak et al., 2001), which are also the preferential sites of DSBs
(Rush et al., 2004; Schrader et al., 2005; Stavnezer and Schrader, 2006). In conclusion, our
study argues for a postcleavage role of AID in CSR. While defining a further role of AID in
CSR, itcalls for investigation into the mechanisms that underlie the AID- and Ung-independent
cleavage of S region DNA.
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Fig. 1.

DSBs occur at high frequency in S regions of both switching and non-switching B cells. In
non-switching B cells, DSBs are blunt and 5'-phosphorylated; in GC B cells undergoing CSR,
they include a high proportion of staggered DNA ends. Genomic DNA from freshly isolated
human tonsil IygD*CD38™, IygD*CD38*, IgD~CD38* and IgD"CD38™ B cells was treated with
nil (T4-) or T4 pol (T4+) before being ligated with BW linker. Linker-ligated genomic DNA
(8 ng from 1280 B cells) was serially two-fold diluted into unligated homologous genomic
DNA and used as templates in LM-PCR to amplify blunt or total (blunt plus staggered) S,
Cp, Pim1, Pax5 and Afp upstream DSB ends, and Syl downstream DSB ends (lanes 1-8 in
each panel). The amplified DNA was blotted and then probed with [y-32P]-ATP labeled gene-
specific oligonucleotide probes. Germline Iu-Cp and 1y1-Cy1 transcripts, circle 1y1-Cp
transcripts from switch Sp-Sy1 circles, mature VyDJy-C6 and VyDJy-Cy1l, as well as Aid and
B-actin transcripts were detected using specific RT-PCRs.
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Fig. 2.

The methods used to detect DSBs in S region are highly specific and allow for differential
amplification of blunt and staggered DNA ends. A, Sp plasmid DNA construct was generated
by inserting the 4.3 kb human Sp DNA into the pCR-Blunt 1I-TOPO® vector. This human
Sp plasmid DNA construct was digested with Pvu 11 to generate blunt ends or Apa | to generate
staggered ends. To amplify DSB free ends, the digested DNAs were treated with nil or T4 pol,
which trims back 3' overhangs while “filling in” 3'-recessed ends, thereby yielding blunt 5'-
phosphorylated DNA ends, before ligation with BW linker and amplification by LM-PCR
using the Sy specific forward primers and the linker specific BW1 primer. The differential
amplification of DNA treated with nil and DNA treated with T4 pol provided a measure of the
occurrence of blunt 5'-phosphorylated or staggered DSB ends. B, The digested hu Sp-pCR-
Blunt Il plasmid DNA was mixed with undigested plasmid DNA at ratios of 1:20, 1:80 and
1:160, and followed by ligation with BW linker and amplification by specific Sy upstream
DSB end LM-PCR, with or without pre-treatment with T4 pol. This LM-PCR amplifies only
dsDNA ends that are blunt and 5'-phosphorylated. Staggered DSB ends can be amplified only
after the treatment with T4 pol, which converts staggered DSB ends to blunt ends. For LM-
PCR, samples consisted of 2.1 x 1074, 1.05 x 104, 5.3 x 1072, 2.6 x 107>, 1.3 x 107, 6.6 x
107%,3.3 x 1076 and 1.6 x 107® ng of plasmid DNA, which was digested and then linker-
ligated; these amount of digested and linker-ligated plasmid contained Su DNA copies
equivalent to those in genomic DNA of 1280, 640, 320, 160, 80, 40, 20 and 10 cells,
respectively. C, DSBs occur in the Sy region but not in the Cp region of human IgD~CD38*
B cells. DSBs were detected by LM-PCR using BW1 primer targeting the BW linker sequence
and reverse Cp primers targeting 300-320 bp (first round PCR) and 274-296 bp (second round
PCR) of Cu DNA. LM-PCR products smaller than 296 bp (shorter pink line) reflected the
amplification of DSB ends in Cu DNA; LM-PCR products between 300 bp to about 4.8 kb
(longer pink line) reflected the amplification of DSB ends in Sy DNA.

Mol Immunol. Author manuscript; available in PMC 2010 November 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zan and Casali

Page 22

Fig. 3.

Cell apoptosis or proliferation has no significant impact on specific Su DSB detection. A,
Purified IygD*CD38™, IgD*CD38*, IygD~CD38* and IgD~CD38™ B cell fractions contain
negligible proportions of apoptotic cells. Human tonsil IgD*CD38™, IgD*CD38*,
IgD~CD38* and IgD~CD38™B lymphocyte fractions were analyzed for their content in
apoptotic cells (upper and lower right quadrants) using the Annexin V Apoptosis Detection
Kit (Oncogene Research Products, Inc., San Diego, CA) and flow cytometry. Blunt and total
(blunt plus staggered) Sp upstream DSB ends were detected by specific LM-PCR in each B
cell subset DNA after pre-treatment with nil (T4—) or T4 pol (T4+). B, Apoptosis does not
affect specific Su DSB detection. 4B6 cells were cultured in RPMI-1640 medium
supplemented with 10% FBS for 24 hr or 0% FBS for 12, 24, 48, and 72 hr (left to right panels)
and then analyzed for apoptosis by Annexin V-FITC and propidium iodide staining in flow
cytometry. Apoptotic cells accounted for 5.1%, 12.8%, 13.6%, 15.8% and 20.4% of each subset
(leftto right panels). Blunt and total (blunt plus staggered) Sp upstream DSB ends were detected
by LM-PCR after pre-treatment with nil (T4-) or T4 pol (T4+), respectively. No correlation
was observed between degree of apoptosis and specific detection of DSBs in Su DNA. C,
Differential cell proliferation does not affect specific Sy DSB detection. Freshly isolated mouse
spleen B cells were stained with 5 ng/ml CFSE at 37°C for 10 min. After washing, cells were
cultured in the presence of LPS (0, 0.01, 0.1, 0.5 and 1 pg/ml) in triplicate in 24-well flat-
bottom plates at the density of 1 x 108 cells/ml for 42 hr, and analyzed by flow cytometry.
Blunt and total Sp upstream DSB ends were detected by LM-PCR after pre-treatment with nil
(T4-) or T4 pol (T4+). For LM-PCR, samples consisted of 8, 4, 2, 1, 0.5, 0.25, 0.125, and
0.0625 ng of linker-ligated DNA derived from 1280, 640, 320, 160, 80, 40, 20, and 10 B cells.
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Fig. 4.

S region DSB ends recruit y-H2AX, Mrell, Nbsl, Ku70/K86, Rad52 and Rad51. Genomic
DNA was precipitated from spontaneously switching 4B6 B cells using Abs and mAbs specific
for human y-H2AX, Mrell, Nbsl, Ku70/K86, Rad52 or Rad51. The precipitated DNA was
treated with either nil (T4—) or T4 pol (T4+) and then ligated with the BW linker before being
serially two-fold diluted into water (from 10,000, 5,000, 2,500, 1,250, 625, 313, 156 and 78 B
cells, lanes 1-8) for the amplification of upstream blunt or total (blunt plus staggered) Sp ends
by LM-PCR. Control Abs were IgG from non-intentionally immunized normal rabbits or goats
and mouse MOPC-21 1gG1 mAb with irrelevant binding activity. Germline Iu-Cp and ly1-
Cy1, circle ly1-Cp, mature VyDJy-Cy1, Aid and B-actin transcripts were detected by RT-PCR
using serially two-fold diluted cDNAs as templates. Depicted are findings from one of four
ChlIP assays yielding comparable results.
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Fig. 5.

AID and Ung are critical for the generation of staggered DSBs and CSR. A, Forced expression
of Aid results in occurrence of staggered DSBs. Paired samples of low Aid expression 4D11 B
cells were transfected with an empty pcDNA3.1 vector or a pcDNA3.1 vector containing
human Aid cDNA, and then selected in a 21-day culture in the presence of G418. The selected
cells were further stimulated for three days with agonistic anti-huCD40 mAb and hulL-4, and
harvested to prepare genomic DNA and RNA. To analyze DSBs, blunt or total (blunt plus
staggered) Sp upstream DSB ends were amplified by LM-PCR after pre-treatment of genomic
DNA with nil (T4-) or T4 pol (T4+) before being ligated with BW linker. Linker-ligated
genomic DNA (8 ng from 1280 B cells) was serially two-fold diluted into unligated
homologous genomic DNA and used as template in LM-PCR (lanes 1-8 in each panel).
Germline Ip-Cp, 1y1-Cy1, circle ly1-Cp, mature VyDJy-Cpl, total Aid or expression vector-
encoded Aid (vector Aid), and B-actin transcripts were analyzed by RT-PCR using serially two-
fold diluted cDNA as templates. B, Expression of DN Aid abrogates the generation of staggered
DNA ends. Paired samples of spontaneously switching 4B6 B cells transfected with an empty
pcDNA3.1 vector or a pcDNA3.1 vector containing a human DN Aid construct and then
selected in a 21 days culture in the presence of G418. The selected cells were further cultured
with nil for three days and then harvested to prepare genomic DNA and RNA. To analyze
DSBs, blunt or total (blunt plus staggered) Sp upstream DSB ends were amplified by LM-PCR
after pre-treatment of genomic DNA with nil (T4—) or T4 pol (T4+) before being ligated with
BW linker. Linker-ligated genomic DNA (8 ng from 1280 B cells) was serially two-fold diluted
into unligated homologous genomic DNA and used as template in LM-PCR (lanes 1-8 in each
panel). Germline Iu-Cy, 1y1-Cyl, circle ly1-Cp, mature VyDJy-Cyl, total Aid or expression
vector-encoded DN Aid, and B-actin transcripts were analyzed by RT-PCR using serially two-
fold diluted cDNA as templates. C, Expression of Ugi abrogates the emergence of staggered
DSBs. Paired samples of spontaneously switching human 4B6 B cells or CSR-inducible human
3G10 B cells were transfected with an empty pcDNA3.1 vector or a pcDNA3.1 vector
containing an Ugi construct and selected in a 21 days culture in the presence of G418. Genomic
DNA, RNA and whole-cell extract were prepared from transfected 4B6 B cells cultured with
nil for three days and transfected 3G10 B cells stimulated for three day with nil or agonistic
anti-huCD40 mAb and hulL-4. To analyze DSBs, blunt or total (blunt plus staggered) Sy
upstream DSB ends were amplified by LM-PCR after pre-treatment of genomic DNA with nil
(T4-) or T4 pol (T4+) before being ligated with BW linker. Linker-ligated genomic DNA (8
ng from 1280 B cells) was serially two-fold diluted into unligated homologous genomic DNA
and used as template in LM-PCR (lanes 1-8 in each panel). Ung activity of the B cells was
detected by incubate 10 pg, 1.0 pug or 0.1 ug (protein) of clarified whole-cell extract with a
[32P] labeled double-stranded oligonucleotide containing a single dU/dG residue. The reaction
products were resolved in 15% TBE-urea polyacrylamide gels. Germline Iu-Cy, 1y1-Cy1, circle
ly1-Cp, mature VyDJy-Cy1, Aid and B-actin transcripts were analyzed by RT-PCR using
serially two-fold diluted cDNA as templates. D, Intra-S region recombination occurs in the
absence of AID or Ung. DNA was PCR-amplified from a mouse germline So region, as inserted
into pCR-Blunt 11-TOPO® plasmid (left panel) or genomic DNA isolated from aicda*/* and
aicda'~ (center panel) or ung*/* and ung~~ (right panel) mouse B cells stimulated by LPS
and molL-4 for three days (left, center and right panels were from different gels), and specified
by Southern-blot using a specific [32P]-labeled Sy probe. Recombined intra-Sp DNA resulted
in Sy DNA amplification products smaller than those expected based on germline Sp (3730
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bp) region length (closed arrowhead). Migration of molecular weight markers is indicated by
open arrowheads.

Mol Immunol. Author manuscript; available in PMC 2010 November 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zan and Casali

Page 26

Fig. 6.

S region DSBs occur at a high frequency in AID- or Ung-deficient human and mouse B cells.
A, B cells from AID- or Ung-deficient HIGM patients or normal subjects were stimulated with
an agonistic anti-huCD40 mAb in the presence of hulL-4 and huTGF-B, and harvested after
three days of culture for preparation of genomic DNA, total RNA and whole-cell extract. Blunt
or total (blunt plus staggered) Sp upstream DSB ends were detected by LM-PCR after pre-
treatment of genomic DNA with nil (T4-) or T4 pol (T4+) before being ligated with BW linker.
Linker-ligated genomic DNA (8 ng from 1280 B cells) was serially two-fold diluted into
unligated homologous genomic DNA and used as template in specific LM-PCR to amplify
Sy, Cpand Cyl upstream or Syl downstream DNA ends (lanes 1-8 in each panel). Ung activity
was measured by incubating 10 pg, 1.0 ug or 0.1 pg (protein) of clarified whole-cell extract
with a [32P] labeled double-strand oligonucleotide containing a single dU/dG residue. The
reaction products were resolved in 15% TBE-urea polyacrylamide gels. Germline Iu-Cy, ly1-
Cy1, circle Iy1-Cp, mature VyDJy-Cy1, Aid and B-actin transcripts were analyzed by RT-PCR
using serially two-fold diluted cDNA as templates. B, B cells isolated from spleens of
aicda™~, ung™~ or wt mice were stimulated with LPS and molL-4, and harvested after three
days of culture for preparation of genomic DNA, total RNA and whole-cell extract. Blunt or
total (blunt plus staggered) Sp upstream DSB ends were detected by LM-PCR after pre-
treatment of genomic DNA with nil (T4-) or T4 pol (T4+) before being ligated with BW linker.
Linker-ligated genomic DNA (8 ng from 1280 B cells) was serially two-fold diluted into
unligated homologous genomic DNA and used as template in LMPCR (lanes 1-8 in each
panel). Ung activity was measured by incubating 10 pg, 1.0 pg or 0.1 pg of clarified whole-
cell protein extract with a [32P] labeled double-stranded oligonucleotide containing a single
dU/dG residue. The reaction products were resolved in 15% TBE-urea polyacrylamide gels.
Germline Ip-Cp, Iy1-Cy1, circle ly1-Cp and post-recombination Ipu-Cy1 transcripts, and
aicda and gapdh transcripts were analyzed by RT-PCR using serially two-fold diluted cDNAs
as templates.
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Fig. 7.

DSBs are readily detected in Sp and Sy1 regions but not Cp or Cy1 regions of genomic DNA
prepared by the “agarose plug” method from aicda™~, ung™~ or wt B cells. Spleen B cells from
aicda™~, ung™~ or wt mice were stimulated with LPS and molL-4 and then harvested after
three days of culture. Viable B cells were isolated by centrifugation over a Ficoll gradient,
immediately washed and then embedded in low-melting temperature agarose. Cells in agarose
plugs were used to prepare genomic DNA for double-strand DNA BW linker-ligation. Blunt
or total (blunt plus staggered) Sp upstream and Sy1 downstream DSB ends, as well as potential
Cp and Cy1 upstream DSB ends were detected by specific LM-PCR after pre-treatment of
genomic DNA with nil (T4-) or T4 pol (T4+), before ligation with the BW linker. Linker-
ligated genomic DNA (1280 B cells equivalent) was serially two-fold diluted into unligated
homologous genomic DNA and used as template in LM-PCR (lanes 1-8 in each panel). The
amplified DNA was blotted and then probed with [y-32P]-ATP labeled gene-specific
oligonucleotide probes.
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Fig. 8.

Lack of microhomologies, duplications, insertions and point-mutations in recombined intra-
Su DNA in aicda™ or ung™~ B cells. Spleen B cells from aicda™", aicda*™*, ung™~ and
ung*’* mice were stimulated by LPS and IL-4 for three days. Intra-Sy junctional DNAs from
stimulated cells were amplified, cloned, and sequenced. Each sequence is compared with
germline Sp (nucleotides 136170-140190 of the C57/BL mouse chromosome 12 sequence:
GeneBank access number AC073553). Upstream and down-stream germline Sp sequences
involved in the intra-Su recombination are in blue and red, respectively. The numbers on top
and bottom of each aligned sequence indicate upstream and downstream breakpoints of
recombined Sp sequences. The Su DNA between the upstream and downstream breakpoints
was deleted during intra-Sp recombination. Microhomologies (boxed) were defined by
identifying the longest region of perfect uninterrupted donor/acceptor identity at the Sp
junction. Pink lines mark duplications; untemplated nucleotide insertions between the
recombined Sp upstream and downstream DNA ends and point-mutations are underlined.
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Fig. 9.

AID can process blunt DSBs to generate staggered DSBs. A 59 bp DNA fragment containing
13 RGYW repeats was cloned into pCR-Blunt II-TOPO ® vector. A 191 bp 5'-phosphorylated
blunt-ended linearized DNA substrate and the dU contained control DNA substrate were
generated by PCR amplification of the pCR-Blunt IITOPO® vector containing the 59 bp
fragment DNA using the forward 5'-phosphorylated primer A or primer Al (containing a dU
instead of a dC at position 3), specific for the 5' region of the 59 bp DNA fragment and the
reverse primer B, specific for the vector sequence 116 bp downstream of the inserted 59 bp
DNA fragment. The linearized DNA substrate was incubated with nil or recombinant GST-
mouse AID fusion protein, then treated with SAP and Antarctic Phosphatase. These catalyze
the release of 5'-phosphate groups from DNA yielding non-phosphorylated DNA ends, which
cannot been amplified by LM-PCR. Incubation of DNA pretreated with nil or AID with
recombinant E. coli Ung, followed by treatment with Endo V111 showed that AID could process
blunt DSBs to yield staggered DSB ends. Such staggered DSB ends were amplified by specific
LM-PCR after treatment with T4 pol.
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Fig. 10.

Model of DSBs and CSR. A, Pre-cleavage role of AID: staggered DSBs in S regions are
generated by AlID-mediated DNA deamination. AID deaminates dC in DNA converting it to
dU. The dU:dG mismatch can then be processed by either base-excision repair (BER) or by
mismatch-repair (MMR), which includes the mutS homologue 1 (Msh1), Msh2, Msh6, mutL
homologue 1 (Mlh1), MIh3 and postmitotic segregation (Pms) proteins, to introduce gaps or
nicks on opposite strands of the S region DNA. The BER pathway is thought to generate nicks
by removing AlD-introduced dU by Ung, thereby creating an abasic site that is processed by
APE or the Mre11/Rad50/Nbs1 (MRN) complex. B, Post-cleavage role of AlID: DSBs
involving blunt 5'-phosphorylated free ends in S regions are generated independently of AID,
possibly due to fragility of distorted S region DNA tridimensional structures, as enhanced by
transcription and/or replication, and/or S region DNA cleavage by certain nucleases, such Endo
G. In the absence of AID, S region DSBs, which are blunt and 5'-phosphorylated, would be
“internally” synapsed by a DNA ligase or topoisomerase, implying that in B cells not
undergoing CSR, S region blunt DSBs are “open and shut”, resulting in very limited intra-S
region internal deletions, microhomologies or insertions. Upon stimulation by activated
CD4* T cells, AID is upregulated, migrates into the nucleus where is recruited to DSBs, perhaps
through a cofactor, to deaminate dC near the free DNA ends and generate dU:dG mismatches.
Attack of dU by Ung would lead to the generation of an abasic site which becomes substrate
of APEs to yield DNA nick, giving rise to staggered DNA ends (dU:dG mispairs can also be
processed through the BER or MMR pathway, as shown in A. Staggered DSBs are critical for
CSR and can also be involved in intra-S region recombination. CSR and the intra-S
recombination involving staggered DSBs would introduce long stretched microhomologies,
duplications, insertions or point-mutations in the recombinational junction (from Zan and
Casali, in preparation, 2008).
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Oligonucleotide primers for specific RT-PCR amplification of human and mouse transcripts

Targeted transcript

Forward Primer

Reverse Primer

Human
Aicda
B-actin
Germline Ip-Cp
Germline ly1-Cyl
Circular ly1-Cu
Mature VyDJy-Cod
Mature VyDJy-Cyl
Mouse
aicda
gapdh
Germline Ip-Cp
Germline Iy1-Cyl
Circular ly1-Cp
Post-recombination

lp-Cyl

huAID-F 5-TGCTCTTCCTCCGCTACATCTC-3'
B-actin-F 5-GTACCACTGGCATCGTGATGGACT-3'
hulp-F 5-GTGATTAAGGAGAAACACTTTGAT-3'
hulyl-F 5-GGGCTTCCAAGCCAACAGGGCAGGACA-3'
hulyl-F 5-GGGCTTCCAAGCCAACAGGGCAGGACA-3'
huFR3-F 5'-GACGGGCCACACCATCC-3'

huFR3-F 5'-GACGGGCCACACCATCC-3'

MAID-F 5-GAGGGAGTCAAGAAAGTCACGCTGGA-3'
GAPDH-F 5-ATCACTGCCACCCAGAAGACTG-3'
mlp-F 5-CTCTGGCCCTGCTTATTGTTG-3'

mly1l-F 5-GGCCCTTCCAGATCTTTGAG-3'

mlyl-F 5-GGCCCTTCCAGATCTTTGAG-3'

mlp-F 5-CTCTGGCCCTGCTTATTGTTG-3'

huAID-R 5-AACCTCATACAGGGGCAAAAGG-3'
B-actin-R 5-ATCCACACGGAGTACTTGCGCTCA-3'
huCu-R 5-CCGAATTCAGACGAGGGGGAAAAGGGTT-3
huCy1l-R 5-GTTTTGTCACAAGATTTGGGCTC-3'

huCp-R 5-CCGAATTCAGACGAGGGGGAAAAGGGTT-3
huCs-R 5'-CTGGCCAGCGGAAGATCTCCTTCTT-3
huCy1-R 5-GTTTTGTCACAAGATTTGGGCTC-3'

MAID-R 5-GGCTGAGGTTAGGGTTCCATCTCAG-3'
GAPDH-R 5-CCCTGTTGCTGTAGCCGTATTC-3'
mCup-R 5'-GAAGACATTTGGGAAGGACTGAC-3'
mCy1-R 5-GGATCCAGAGTTCCAGGTCACT-3'
mCp-R 5-GAAGACATTTGGGAAGGACTGAC-3'
mCy1-R 5-GGATCCAGAGTTCCAGGTCACT-3'
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