
of June 6, 2010 
This information is current as

doi:10.4049/jimmunol.1000515 
 published online May 28, 2010; J. Immunol.

 
Tao Sai, Vishva M. Dixit and Ali A. Zarrin 
Wyne P. Lee, Min Xu, Jiansheng Wu, Laura DeForge,
Donghong Yan, Maria N. Lorenzo, Sherry Heldens, 

Senger,Allen Nguyen, Juan Zhang, Andrew Sebrell, Kate 
Shahram Misaghi, Christopher S. Garris, Yonglian Sun,
 

 S{gamma}1-Deficient B Cells
Region and IgE in 
Increased Targeting of Donor Switch

 Data
Supplementary

 C1
http://www.jimmunol.org/cgi/content/full/jimmunol.1000515/D

 Subscriptions
 http://www.jimmunol.org/subscriptions/online at 

 isThe Journal of ImmunologyInformation about subscribing to 

 Permissions
 http://www.aai.org/ji/copyright.html

Submit copyright permission requests at 

 Email Alerts
 http://www.jimmunol.org/subscriptions/etoc.shtmlup at 

Receive free email alerts when new articles cite this article. Sign

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists, Inc. All rights reserved.
Copyright ©2010 by The American Association of
Rockville Pike, Bethesda, MD 20814-3994.
The American Association of Immunologists, Inc., 9650 

 is published twice each month byThe Journal of Immunology

 on June 6, 2010 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org:80/cgi/adclick/?ad=22823&adclick=true&url=http%3A%2F%2Fwww.interferonsource.com
http://www.jimmunol.org/cgi/content/full/jimmunol.1000515/DC1
http://www.jimmunol.org/subscriptions/
http://www.aai.org/ji/copyright.html
http://www.jimmunol.org/subscriptions/etoc.shtml
http://www.jimmunol.org


The Journal of Immunology

Increased Targeting of Donor Switch Region and IgE in
Sg1-Deficient B Cells
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Juan Zhang,† Andrew Sebrell,x Kate Senger,† Donghong Yan,† Maria N. Lorenzo,{

Sherry Heldens,‖ Wyne P. Lee,† Min Xu,† Jiansheng Wu,{ Laura DeForge,‡

Tao Sai,x Vishva M. Dixit,* and Ali A. Zarrin†

Ab class switch recombination involves a recombination between two repetitive DNA sequences known as switch (S) regions that

vary in length, content, and density of the repeats. Abs expressed by B cells are diversified by somatic hypermutation and class switch

recombination. Both class switch recombination and somatic hypermutation are initiated by activation-induced cytidine deaminase

(AID), which preferentially recognizes certain hot spots that are far more enriched in the S regions. We found that removal of the

largest S region, Sg1 (10 kb), in mice can result in the accumulation of mutations and short-range intra-S recombination in the

donor Sm region. Furthermore, elevated levels of IgE were detected in trinitrophenol-OVA–immunized mice and in anti-CD40

plus IL-4–stimulated B cells in vitro. We propose that AID availability and targeting in part might be regulated by its DNA

substrate. Thus, prominently transcribed S regions, such as Sg1, might provide a sufficient sink for AID protein to titrate away

AID from other accessible sites within or outside the Ig locus. The Journal of Immunology, 2010, 185: 000–000.

B
cells produce a diverse repertoire of Abs to recognize
foreign Ags. Early in development, through the function of
RAG-1, and RAG-2, the V region of Ab gene is assembled

by joining of one of many distant V, D, and J segments to form the V
(D)J coding region (1). B cells with a properly assembled coding
exon can migrate from the bone marrow to the periphery in the
form of naive IgM-producing B cells, generally believed to pro-
duce the low-affinity pool of primary Abs (2). After encountering
an Ag, activated B cells are able to further diversify the V coding
region to generate high-affinity Abs to mount an effective immune
response, a process known as somatic hypermutation (SHM) (3).
In addition, B cells can replace the default Cm with a set of
downstream CH regions via a mechanism known as class switch
recombination (CSR) (4).
SHMismediatedbyactivation-inducedcytidinedeaminase (AID)

(5, 6), which deaminates cytidine in DNA to uracil, with resulting
mismatches ultimately processed by base excision and/or mismatch
repair to generate point mutations at V regions at a high rate (1023–
1024 nucleotides per cell division) (7). Mutations within the assem-
bled V region extend from 200 bp downstream of the V promoter,
within the leader intron, and continue through the V gene and ∼1.5
kb into the intron (8). A consensus sequence DGYW (G:C is the

mutable position; D = A/G/T, Y = C/T, W = A/T) has been desig-
nated as a favored mutational hot spot based on compiled mutation
spectra of endogenous V genes and transgenes (9). Among DGYW
variants, AGCT is the preferred hot spot for SHM in vivo (9), which
is also evolutionarily conserved in S regions (10, 11). S regions (see
below) and their surrounding sequences can also undergo AID-
dependent mutations during CSR, although at lower frequency,
compared with the observed mutations within V regions (12).
CSR is also dependent on AID (5, 6), which targets specialized

sequences, known as S regions, to ultimately generate DNA double-
strand break (DSB) intermediates (13, 14). During CSR, the default
Cm is replaced with other downstream CH exons (15). CSR enables
the Ab to maintain its Ag-binding V region while switching its CH-
encoded effector portion. In mice, S regions are organized in the
following order: 59-Sm-Sg3-Sg1-Sg2b-Sg2a-Sε-Sa-39 and consist
of a tandem array of short repeats ranging from 1 to 10 kb in length
(11). Each S region is preceded by intronic (I) promoters (16). Im (59
of Sm) is constitutively transcribed, whereas transcription and
accessibility of downstreamS regions depend on the particular stim-
uli that B cells receive (16). After binding to DNA (17, 18), AID is
activated by phosphorylation through functions of prelocalized cat-
alytic and regulatory subunits of protein kinase A (19). Long-range
joining of AID-mediated DSBs in Sm and other S regions is carried
out by either classical nonhomologous end joining or alternative
end-joining pathways (20).
There are two types of recombination in themouseCH locus. CSR

is a long-range recombination (65–200 kb) between Sm and a down-
stream S region, whereas intraswitch recombination (ISR) is
a short-range recombination (1–10 kb) within the same S region
(21). It has been shown that the frequency of recombination di-
rectly correlates with the distance of the two DSBs (22). Therefore,
the likelihood of joining two DSBs that are near each other is
greater than with two that are far apart. Although AID-mediated
ISR is particularly high in the Sm region (∼15% in IgM-producing
hybridomas) (21, 23–25) (26), its occurrence is independent of
location within the IgH locus and can occur in randomly integrated
S regions within the genome (21). Furthermore, in B cells in which
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the accessibility of AID to Sm region is suppressed, efficient re-
combination within Sg1 was observed, suggesting that S regions
might function independently of each other (27). Although CSR is
abolished in 53BP-1–deficient B cells, an increased ISR is detected
in both Sm and Sg1, indicating that 53BP-1 might play a role in the
synapsis/joining of distant DSBs (28). B cell hybridomas derived
from AID-deficient B cells rarely exhibit ISR, demonstrating the
essential role of AID in ISR (21). Although both ISR and CSR are
AID dependent (5, 6), the exact relationship between the two is not
well understood.
S regions are essential for CSR (29–32) and contain tandem re-

petitive hot spots, such asTGGGG,GGGGT,GGGCT,GAGCT, and
AGCT (11). The numbers of tandem repetitive sequences within S
regions determine how efficiently a particular S region can recruit
AID to carry out CSR (33). In addition, mammalian S regions are G
rich on the coding strand, a feature that is considered important for
formation of R-loops and DNA/RNA hybrid strands, making them
even better AID hot spots (30, 34). In the mouse, Sm has the highest
number of tandem repeats, whereas Sg1 is the largest (10 kb) and Sε
is the shortest S region with the fewest tandem repeats (11). Short-
ening the size of a particular S region (29, 33, 35) or replacing it with
a less efficient one (31) reduces the rate of switching to the modified
S region. Analysis of various species, ranging from amphibians to
mammals, suggests that during the course of evolution S regions
have increased their number and specificity of tandem repeats, G
richness, and size to recruit AID more efficiently (11). These fea-
tures are particularly improved in mammals, which can use the
adaptive branch of the immune system very efficiently to clear for-
eign pathogens.
To address whether removal of Sg1 would alter the targeting of

other accessible S regions, we examined AID-associated events
(CSR, ISR, SHM) inmice deficient in Sg1 (DSg1) B cells.We found
that the absence of Sg1 results in the accumulation of mutations and
intra-S recombination in the donor Sm region. Furthermore, elevated
levels of IgE were detected in immunized mice and in stimulated
B cells in vitro. Our findings suggest that although Sg1 primarily
functions to serve as a prominent AIDDNA target, it can also titrate
AID activity away from other accessible sites in the IgH locus.

Materials and Methods
Primers, DNA constructs, oligo probes, and Abs

PCR conditions and primers used for germline transcription (GLT), CSR,
SHM, and junction sequencing are described below. Mouse mAb anti-AID
(39-2500; Zymed/Invitrogen, Carlsbad, CA) was used to detect AID by
Western blot. Monoclonal anti-mouse Abs (BD Pharmingen, San Diego,
CA) were used to detect Ig levels followed with alkaline phosphatase-
conjugated goat anti-mouse Ig (Southern Biotechnology Associates, Bir-
mingham, AL) as the detection Ab. Purified mouse Ig (BD Pharmingen)
was used as the standard. Surface Ig staining was performed using PE anti-
mouse Ig (BD Pharmingen) Abs.

Generation of Sg1 mutant mice

The generation of mutant embryonic stem cells has been described pre-
viously (22). Mutant mice were generated by injecting modified embryonic
stem cells into C57B6 blastocysts, which were maintained in 129sv back-
ground. Heterozygous mice were bred to generate homozygous or wild-
type (WT) controls for different studies.

Hybridoma and B cell cultures

Spleen cells from 6- to 8-wk-old mice were stimulated in vitro with anti-
CD40 (1 mg/ml; HM40-3; Pharmingen) plus IL-4 (25 ng/ml), with LPS
(20mg/ml) plus IL-4 (25 ng/ml), or just with LPS (22). A total of 0.5 million
cells were seeded in onewell of six-well plates in RPMI 1640media supple-
mented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin-streptomycin,
and 100 mM b-mercaptoethanol. After stimulation, activated B cells were
used to generate hybridomas in accordance with standard methods at day
4 (22). Briefly, splenocytes were fused with NS1 cells to make hybridomas.

After selection, hybridomas were tested by ELISA for expression of
different Ab isotypes, and clonal hybridomas were expanded for making
genomic DNA.

In vivo immunization

Trinitrophenol (TNP)-OVA 50 mg/alum 2 mg was injected i.p. in 100 ml
sterile PBS, followed by a second injection at day 28. Serum samples were
collected (60 ml per time point) on days 3 (baseline), 7, 14, 28, and 42 via
tail vein for Ab isotype measurements.

Isotype switching assay

Millipore (Bedford, MA) Beadlyte Mouse Immunoglobulin Isotyping Kit
(catalogue no. 48-300) was used as recommended by the manufacturer to
determine concentrations of different Ab isotypes. For in vitro stimulations,
splenocyte Ig levelsweremeasured at day 6, and for invivo studies, the serum
sampleswere collected at indicated dates post immunization. FACS analyses
were done at day 4of stimulation. Sampleswere collected on aFACScan (BD
Biosciences, San Jose, CA) and analyzed using Flowjo software (Tree Star,
Ashland, OR). To measure TNP-OVA–specific IgG1 or IgE, ELISA plates
(Nunc, Naperville, IL) were coated with TNP-OVA (Biosearch Technolo-
gies, Novato, CA). After blocking with BSA, mouse serum samples were
added, and bound IgG1 and IgE were detected using specific Abs (BD Bio-
sciences). Concentrations were determined using TNP-OVA–specific IgG1
and IgE isotype mAbs as standards.

Southern blot

Genomic DNA obtained from hybridoma clones was used to assess DNA
rearrangement and CSR in the IgH locus. Genomic DNA was digested
overnight with the indicated restriction enzymes (New England Biolabs,
Beverly,MA), and the digest was resolved by applying the samples to a 0.8%
agarose gel. The resolved sampleswere then transferred to a z-probe blotting
membrane (Bio-Rad, Hercules, CA) and fixed by ultraviolet cross-linking
and/or baking in an 80˚C vacuum oven (20 min). [32P] labeled Sm and Sε
oligo probes or Cm (21) and Cε probes were used following standard South-
ern blotting protocols. The labeled DNA was visualized by exposure
to x-ray films (Kodak, Rochester, NY).

SHM in the Jh4-Em region of immunized WT littermate and
DSg1 mice

WT littermate or DSg1 mice were immunized with human CD4-FC (CD4
molecule fused to the FC region of Ab; Genentech, San Francisco, CA) once
aweek, and42 d later IgM+germinal center cellswere isolated from spleenof
these mice by FACS sorting (GL7+, IgM+, B220+). DNAwas prepared from
the sorted cells, using standard protocols. Extracted DNAwas then used as
a template to amplify the Jh4-Em region of IgM+ germinal center cells using
the following primers and PCR protocol: Forward: 59-GGTGGAGTCCC-
TGGATGATGGGATAGGG-39; Reverse: 59-AAAGATTTGTGAAGCCG-
TTTTGACCAGAATGTC-39; 95˚C for 2 min; (95˚C for 30 s, 60˚C for
30 s, and 72˚C for 90 s) 3 35 cycles, 72˚C for 7 min. The PCR product
was cloned into 2.1-TOPOvector using aTOPO-TAcloningkit according to the
manufacturer’s protocol (Invitrogen, catalogue no. 45-0641). Vectors with
Jh4-Em inserts were propagated and purified using standard protocols and
were sequenced with following primers: M13Forward, M13Reverse, internal
forward: 59-GGAGGCTCATTTGAGGGAGATGCTA-39, and internal reverse:
59-GTCAAGATGGCCGATCAGAAC-39. Nonredundant mutations observed
in this region were recorded as SHM.

PCR primers and oligo probes

Primers used to measure mouse GLT by TaqMan (Applied Biosystems,
Foster City, CA) and RT-PCR were as follows: Ig1 Forward (F): 59-
GGCCCTTCCAGATCTTTGAG-39, Cg1 Reverse (R): 59-GGATCCAGA-
GTTCCAGGTCACT-39, Ig3 F: 59-TGGGCAAGTGGATCTGAACA-39,
Cg3 R: 59-CTCAGGGAAGTAGCCTTTGACA-39, Iε F: 59-TGGGAT-
CAGACGATGGAGAATAG-39, Cε R: 59-CCAGGGTCATGGAAGCAG-
TG-39, b-actin F: 59-TACCTCATGAAGATCCTCA-39, b-actin R: 59-TT-
CGTGGATGCCACAGGAC-39, GAPDH F: 59-GTGGCAAAGTGGAGA-
TTGTTGCC-39, GAPDH R: 59-GATGATGACCCGTTGGCTCC-39.

The following primers were used in nested PCR for detection of mouse ε
CSR: Em F: 59-CTCTGGCCCTGCTTATTGTTG-39, Cε exon-I R1: 59-
CCTGATAGAGGCTGTGAGAAAGGAAGGACC-39, Im F: 59-AGACC-
TGGGAATGTATGGTT-39, Cε exon-I R2: 59-TAGGTTAGACTTATTTAT-
ATCACTGCATGC-39.

The following internal oligo probes were used in Southern blot to confirm
Sm-Sε CSR in amplified PCR products: Cε oligo probe: 59-TGCCCCT-
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CGCTGGCTTAGCACAGGGGCTTC-39, Sm oligo probe: 59-GTTGAG-
AGCCCTAGTAAGCG-39.

Primers used to sequence Sm-Sε junctions in IgE+ clones were the follow-
ing: 1 F: 59-AATGGATACCTCAGTGGTTTTTAATGGTGG-39, 2 F: 59-
GAGAAAGAATAGAGACCTGCAGTTGA-39, 3 F: 59-CTAAACTAGGCT-
GGCTTAACCGAGATGA-39, 1 R: 59-CCCACAGGGCTTGGTGGCCCAG-
AGATCCGA-39, 2 R: 59-CCCCCTGATTCCTTACACCCCATCAGGCTT-
39, 3 R: 59-GCCCGATTGGCTCTACCTACCCAGTCTGGC-39, 4 R: 59-AC-
AGCCTAGAATAGTCTAGAACTGCCCAAC-39.

Primers used to amplify Iε to the Cε region (∼4.5 kb) in IgM+ clones to
detect Sε internal deletion are the same as the ones used for GLT: Iε F and Cε
R (see above). Primers used to amplify an ∼1-kb region of Sε to analyze
internal deletions are as follows: Sε F: 59-AGCTAGACTACACTGAG-
TTAACCTG-39, Sε R: 59-GTTTAGCCCAATCCAGTCCAGTCCAACCA-
AATCTAT-39. In both cases genomic DNAwas used as a template.

PCR primers that were used to amplify Jh4 to the Sm region to analyze
the rate of SHM in IgM+ clones were the following: Jh4 F: 59-GCTTGAG-
TAGTTCTAGTTTCCCCAAAC-39, Cm R: 59-GCCTTCTAGCCACAGG-
AACGTGACTT-39.

Primers used to sequence Jh4-Sm PCR products are as follows: Jh4 F:
59-GCTTGAGTAGTTCTAGTTTCCCCAAAC-39, 3p.J4-Cm F1: 59-CTG-
AGCTAGCATGGGCTG-39, 3p.J4-Cm R1: 59-ACCAGGCCCTACTCAG-
CC-39, 3p.J4-Cm F2: 59-AGCCTAGCCTGAGCTGGAC-39, 3p.J4-Cm R2:
59-GGTCCTAACTGGTCCAGGC-39, 5p.J4-Cm F1: 59-CCACTTTCTGA-
GTATTCATTTTAGG-39, 5p.J4-Cm R1: 59-ATAAGCAGGGCCAGAG-
GG-39, 5p.J4-Cm F2: 59-TGTGTGTCTTTTGAGTACCGTTG-39, 5p.
J4-Cm R2: 59-CAGCATCAGTACCTCAACTAATACAC-39, 5p.J4-Cm

F3: 59-GTGAGAGGACAGGGGCTG, 5p.J4-Cm R3: 59-GGCCTTCTCT-
GTCTGGGTC-39, Cm R: 59-GCCTTCTAGCCACAGGAACGTGACTT-39.

Germline transcription by RT-PCR and TaqMan

For RT-PCR, we isolated total RNA from the stimulated splenocytes (day 2)
and prepared cDNA frommRNA (300 ng total RNAwas used), as explained
previously (23). Prepared cDNA samples along with listed primers (see
above) were then used to measure GLT. PCR cycles were at 94˚C for 3
min; (94˚C for 30 s, 59˚C for 30 s, and 72˚C for 60 s)3 27 cycles, 72˚C for
5 min. For GAPDH, 55˚C annealing temperature and 32 cycles were used.
For ε, 39 cycles were used. For TaqMan, splenocytes from 3 WT and 3
DSg1 mice were stimulated for 2 d, and RNA was prepared from these
samples. Then, 50 ng prepared RNA was used with Promega Access RT-
PCR System (A1250) (Promega, Madison, WI) following the manufac-
turer’s protocol with inclusion of SYBR Green (S7563 Invitrogen). All
samples were in triplicates, and Applied Biosystem’s 7500 Real Time PCR
System was used to collect and analyze the read-outs.

Determining Sm–S« CSR and sequencing Sm–S« junctions by
PCR

TosequenceSm–Sε junctions in IgE-positiveHybridomaclones,weusenested
PCR toamplify and sequence this region.First,weusedEmFandCε exon-IR1
primers to amplify this region from genomic hybridoma DNA. PCR cycles
were at 94˚C for 2min; (94˚C for 10 s, 60˚C for 30 s, and 68˚C for 150 s)3 35
cycles, 68˚C for 7 min. The product from this reaction was used as a template
(2 ml) for a second PCR reaction using Im F and Cε exon-I R2 primers. PCR
cycles were the same as above, except the annealing temperaturewas lowered
to 55˚C. PCR products were then gel purified (Qiagen, Valencia, CA) and
directly sequenced.

FIGURE 1. Isotype switching to IgG1 is abolished in DSg1 splenocytes.

A, Schematic presentation of IgH locusC region inWTandDSg1mice. Note

that in DSg1 mice, Sg1 is replaced with a 0.5-kb inert DNA insert (22). B,

Splenocytes fromWTandDSg1micewere stimulated with anti-CD40/IL-4,

and 4 d post stimulation, B cells were analyzed for expression of surface

IgG1 by FACS.C, Secretion of IgG1 and IgMAbs weremeasured by ELISA

6 d post stimulation. WT and DSg1 splenocytes were stimulated with anti-

CD40/IL4. Data shown are the average value obtained from three (WT) and

six (DSg1) mice. Error bars represent SD. D, Splenocytes from WT (N) or

DSg1 (s) micewere stimulated with LPS, and 6 d post stimulation, levels of

secreted IgM, IgG3, and IgG2b were measured by ELISA. Each circle or

square represents data obtained from one mouse.

FIGURE 2. Increased internal Sm recombination in DSg1 splenocytes.

A, Schematic representation of the m region in mouse IgH. Cm DNA probe

used for Southern blot analysis in B is depicted. B, Southern blot analysis

of internal Sm deletion in IgM+ hybridomas from WT, heterozygote, and

DSg1 mice. Genomic DNA was digested with EcoRI and BamHI, and

a Cm DNA probe was used to analyze deletions in the Sm region. Note that

the Cm probe does not detect the genomic digest corresponding to the Sm

region of NS1, as this particular region is deleted in the NS1 cell line. C,

Table summarizing IgM+ hybridomas analyzed for number of alleles dis-

playing internal Sm recombination. B, BamHI; GL, germline; H, HindIII;

R1, EcoRI; X, XbaI. MW marker unit is kb.

The Journal of Immunology 3
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Results
Abolished IgG1 isotype switching in DSg1 B cells

To generate Sg1 mutant mice (DSg1), the Sg1 region (10 kb) was
replacedwith a 0.5-kb inert I sequence containing two ISceI sites (Fig.
1A). B cells generated from DSg1 blastocyst chimeras in a RAG-
deficient background cannot support CSR to IgG1 (22); however,
the generation of germline mice enabled us to dissect the role of
Sg1 in detail. In splenic B cells fromWTand DSg1 mice were stim-
ulatedwith indicated stimuli andwereanalyzedonday4byFACSand
day 6 by ELISA (Fig. 1B–D). FACS analysis showed that levels of
IgG1+ B cells in WT splenocytes stimulated with anti-CD40/IL4 is
∼40%, whereas IgG1+ B cells in DSg1 splenocytes is ∼0.25%. This
finding shows a 160-fold decrease in levels of IgG1+ B cells in WT
comparedwithDSg1 splenocytes (Fig. 1B). Analyzing secreted IgG1
and IgM levels in anti-CD40/IL4–stimulated splenocytes via ELISA
showed that although default IgMAb levels were comparable in both
WTand DSg1 B cells, DSg1 B cells could not secrete any detectable
levels of IgG1 (Fig. 1C).

To show that the IgH locus is intact and functions normally, we
stimulated WT or DSg1 B cells with LPS, which does not result in
IgG1 CSR, and monitored isotype switching to IgG3, and IgG2b.
We found that levels of CSR to IgG3, and IgG2b are not significantly
different between WT and DSg1 B cells (Fig. 1D). Furthermore,
AID expression levels (Supplemental Fig. 1A), or GLT levels
(Supplemental Fig. 1B, 1C) remain intact in DSg1 splenocytes,
suggesting that lack of Sg1 region is the only factor that contributes
to abolishment of CSR to IgG1.

Enhanced intra-Sm recombination in DSg1 B cells

The Sg1 region represents the largest (10 kb) S region in the mouse
IgH locus (11). Therefore, we asked whether removal of Sg1 could
influence other accessible AID targets in the locus. To answer this

question, we generated hybridomas from anti-CD40/IL4–stimulated
WT or DSg1 splenocytes and looked for the frequency of ISR in
different S regions that are transcribed under this stimulation. ISR
is often seen at low frequency (∼15–20%) in Sm but usually not other
downstream S regions (21, 25). Such deletions manifest themselves
as smaller DNA fragments when analyzed by Southern blotting.
Genomic DNA from WT, DSg1, and heterozygous IgM+ hybrid-

omas was digested with EcoRI and BamHI restriction enzymes and
subjected to Southern blot using a Cm probe (Fig. 2A, 2B) to analyze
ISR in Sm. We observed 56 and 31 internal Sm deletions, re-
spectively, out of 72 DSg1 and 50 heterozygous hybridomas,
whereas only 17 internal Sm deletions were observed among 72WT
hybridomas analyzed (Fig. 2B, 2C). Furthermore, larger internal Sm
deletions were detected in homozygous DSg1 (15 and 6 hybridomas
with deletions.1 kb and 2 kb, respectively) and heterozygousDSg1
(8 and 2 hybridomas with deletions .1 kb and 2 kb, respectively)
relative toWT (only 7 hybridomaswith deletions,1 kb), as inferred
by Southern blot analysis (Fig. 2B, 2C). Overall, we observed ∼3.3-
and 2.6-fold higher levels of intra-Sm deletions in DSg1 and
heterozygous hybridomas, respectively, relative to WT.
To analyze ISR in the Sε region ofWTandDSg1 splenocytes, we

used PCR to amplify Iε-Cε region of IgH (4.5 kb) that encompasses
Sε. We did not find any ISR in the Sε region of WT or DSg1
hybridomas (Supplemental Fig. 2A). To rule out small internal Sε
deletions, we used PCR primers from 59 and 39 boundaries of Sε to
amplify a 1-kb span of this region. Again we failed to detect any
reduction in the size of PCR products that could be indicative of ISR
in the Sε region (Supplemental Fig. 2B). This could result from the
fact that Sε is a very poor AID hot spot and therefore it is very
unlikely for Sε to undergo large ISRs even in DSg1 splenocytes
(11). However, we cannot rule out the possibility that microdele-
tions may be generated in this region. It is also possible that Sm is
prone to frequent DSBs, consistent with the finding that under

FIGURE 3. DSg1 splenocytes display higher number

of mutations.A, PCRwas used to amplify a region of IgH

locus spanning downstream of Jh4 to Sm from IgM+

hybridomas (no amplification from NS1 host cells). The

PCR products were gel purified and sequence analyzed

for mutations occurring from SHM. The approximate

position of mutations observed inWTand DSg1 colonies

is represented by♦.B, Table comparing and summarizing

the number of mutations in hybridomas that gave positive

PCR products. p = 0.0014, using Poisson generalized

linear model analysis. C, Increase in rate of SHM in the

Jh4-Em region of DSg1 mice compared with WT

littermates. The Jh4-Em region was amplified by PCR

from IgM+ germinal center cells of mice 42 d post

immunization with human CD4 extracellular domain

fusion protein. Nonredundant and unique mutations in

this region are considered SHM. Mutation frequency is

denoted as number ofmutationsper 10,000bp. TwoDSg1

mice and one WT mouse were used for this analysis.
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normal conditions large deletions are not usually detected in down-
stream acceptor S regions (28) (21).

SHM is increased in DSg1 B cells

We postulated that lack of Sg1 might alter the availability of AID
and therefore increase SHM. To analyze the rate of SHM in WT
versus DSg1 splenocytes, we designed PCR primers downstream
of JH4 and upstream of the Cm region to look at mutations in the
vicinity of the Sm region (within the Cm probe, Fig. 2A). Because
the region encompassing the Cm probe is deleted in NS1 cells (see
Fig. 2B legend), the entire DNA amplified by PCR must originate
from the primary B cells. PCR products from IgM+ WT or DSg1
hybridomas were sequenced and analyzed for mutations against
the germline JH4-Cm of IgH. Fig. 3A illustrates a schematic of the
PCR-amplified region and approximate location of mutations
recorded from WT or DSg1 samples. We observed a 10-fold in-
crease for mutations in DSg1 hybridomas (7.44 3 1024), com-
pared with WT (0.71 3 1024) hybridomas (Fig. 3B).
To determinewhether removal of Sg1 can change the rate of SHM

in the vicinity of V regions, we analyzed mutations observed in the
Jh4-Em region of the IgM+ germinal center in immunized WT
littermate or DSg1 mice (Fig. 3C). The Jh4-Em region is normally
intact in all B cells and can be used as a surrogate to study the rate of
SHM (3). Generally, the rate of SHM in IgM+ B cells is low (2). We
analyzed the rate of SHM 42 d post immunization in two DSg1 and
oneWT littermatemice. Our result shows amodest increase (almost
2-fold) in SHM in DSg1 mice (3.2 mutations/10,000 bp) compared
with WT littermates (1.8 mutations/10,000 bp) (Fig. 3C). Similar
results were observed when the Jh4-Em regions of IgM+ DSg1 and
WT hybridomas were analyzed (Supplemental Table II). Therefore,
in the absence of the Sg1 region, our data support a clear increase in
the rate of mutation in the Im-Sm region and amodest increase in the
rate of SHM in Jh4-Em region. This observation suggests that
removal of Sg1 can redirect AID to other available targets,
resulting in an increase in the rate of CSR, SHM, and internal
switch deletion.

Sm–S« recombination is increased in the nonproductive alleles
of DSg1 B cells

Although RAG1/2-mediated V(D)J recombination involves the pro-
cessofallelicexclusion,AID-mediatedCSRoccursat theIgHlocusof
both chromosomes (4). Only the IgH locus with properly rearranged
VDJ can produce IgM or other isotype switched Abs. We reasoned
that if the removal of Sg1 results in more frequent AID targeting at
other available hot spots, then the nonproductive allele provides
a valid target for analyzing AID activities within the IgH locus. We
analyzedSm-SεCSRinnonproductive alleles of IgG1+heterozygous
(DSg1/WT) orWThybridomas. Because, in the IgG1+ heterozygous
colonies, the WT allele must be the productive allele, the rate of
Sm-Sε CSR can be analyzed in a setting where one DSg1 and one
WT allele can be compared (Fig. 4A).
WeusedPCRprimers toamplify the Im-Cε regionof the IgHlocus,

which can be amplified only if Sm-Sε CSR has occurred in the
nonproductive allele of IgG1+ WT or heterozygous hybridomas.
The PCR products were further analyzed by Southern blotting
using a Cε oligo probe, confirming that they represent Sm-Sε CSR
(Fig. 4B). Approximately 50% of the analyzed IgG1+ heterozygous
colonies showed Sm-Sε CSR in their nonproductive allele, whereas
we did not see any Sm-SεCSR inWT samples.We also screened the
IgM+ WTand DSg1 hybridomas for Sm-Sε CSR by PCR. Our data
show that ∼30% of DSg1 B cells undergo Sm-Sε CSR in their
nonproductive alleles, a marked increase when compared with
WT splenocytes (1.4%) (Fig. 4C).

Serum IgE levels are increased in DSg1 mice

When stimulated with anti-CD40/IL4, more hybridomas derived
from DSg1 splenocytes were IgE+ compared with WT splenocytes
(Fig. 5A, left panel). To ensure that these colonies are indeed IgE+,we
used PCR analysis to amplify Sm-Sε CSR products using 59-Im and
39-Cε primers, followed by Southern blotting using internal Sm and
Cε oligoprobes (Supplemental Fig. 3A).We further confirmedSm-Sε
CSR by digesting genomic DNA from IgE+ hybridomas with EcoRI
followed by Southern blotting using a Cε probe (Supplemental Fig.
3B, 3C). Results from all of these experiments clearly show that anti-
CD40/IL4 stimulated DSg1 IgE+ hybridomas have indeed under-
gone Sm-Sε CSR. We further mapped the recombination sites of
Sm-Sε by sequencing Sm-Sε junctions from IgE+ hybridomas
(Supplemental Fig. 4). Fig. 5A, right panel, depicts approximate
locations of junctional breakpoints within Sm and Sε regions
mapped by sequencing.
On the basis of these results, we reasoned that the total invitro IgE

Ab levels in anti-CD40/IL4–stimulated DSg1 splenocytes should
be higher than in WT splenocytes. To address this question, we
stimulated WT and DSg1 splenocytes with LPS (control) or anti-
CD40/IL4 for 6 d andmeasured levels of relevant Ab isotypes in the
supernatant. Because stimulation with LPS does not result in tran-
scription from Sg1, this region remains inaccessible and should not
have any effects on isotype switching from IgM to IgG3 or IgG2b.
For samples stimulatedwith LPS, wemeasured levels of IgM, IgG3,
and IgG2b, and, as expected, found no significant differences in Ab
levels betweenWTandDSg1 splenocytes (Fig. 1D). Interestingly, in

FIGURE 4. Increased Sm-Sε CSR in nonproductive alleles of DSg1

splenocytes. A Illustrates that both WT and heterozygous (DSg1/WT)

IgG1+ hybridomas have a single nonproductive allele that can also undergo

CSR.B, PCRwas used to analyze the nonproductive alleles of IgG1+WTand

heterozygous hybridomas for Sm-Sε CSR. Amplified PCR products were

further analyzed by Southern blotting, using an internal Cε oligo probe, to

confirm Sm-Sε CSR. Table summarizes the number of colonies screened and

the number of Sm-Sε CSR observed in nonproductive alleles of IgG1+

colonies. C, As for B, except IgM+ WT and DSg1 hybridomas were

screened for Sm-Sε CSR in their nonproductive alleles.
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anti-CD40/IL4–stimulated samples we noticed a 2.5-fold increase
in the levels of IgEAb inDSg1 samples comparedwithWT (Fig. 5B,
right panel). As expected, DSg1 samples did not express any sig-
nificant amounts of IgG1 Ab, whereas the levels of IgM Ab were
comparable between WT and DSg1 splenocytes stimulated with
anti-CD40/IL4 (Fig. 5B, middle and left panels).
To test whether IgE levels are higher in vivo, we immunizedDSg1

andWT littermate mice with TNP-OVA to invoke a T cell-mediated
response, mimicking anti-CD40/IL4 stimulation. Serum samples
were collected on days 3 (baseline), 14, and 42 post immunization.
We measured both total (IgM, IgG1, and IgE) and TNP-OVA–
specific (IgG1 and IgE) Ab levels in these mice. Although the total
IgM Ab levels were comparable, DSg1 mice had ∼3-fold higher
levels of total IgE Ab and no significant IgG1 expression, compared
withWTmice, on day 42 (Supplemental Fig. 5, Supplemental Table
I). More importantly,DSg1 mice had almost 20-fold higher levels of
TNP-OVA–specific IgE Ab, compared with WT mice, on day 42.
Again, DSg1 mice failed to produce any significant levels of TNP-
OVA–specific IgG1Ab∼50-fold lower than that of theWTat day 42
(Fig. 5C, 5D). The low levels of IgG1 isotype switching in DSg1
mice is likely due to AID targeting of DGYW sites (e.g., AGCT)
within the inert DNA sequence (nine AGCT sites were identified by

sequencing; data not shown). These inert sequences are able to sup-
port extremely low (1–2%) levels of CSR in vitro (31). To measure
the magnitude of IgE induction in a disease model, we used TNP-
OVA experimental murine model of airway lung inflammation. In
this model, after sensitization of mice in the periphery, challenge by
multiple intratracheal instillations of OVA results in induction of
IgE, asmeasured on day 42 comparedwith baseline levels at day 33.
Consistent with our general TNP-OVA immunizationmodel, higher
levels of IgE were seen in the DSg1 mice than in the WT group,
suggesting that lack of Sg1 affects the level of IgE isotype switch-
ing (Fig. 6A).

Discussion
We have shown that removal of a prominent AID target (Sg1)
results in more frequent AID targeting of donor Sm regions and
increased IgE levels. Availability of Sg1 significantly influences
the targeting of participating donor Sm regions on both chromo-
somes in cis and trans. In addition, we have observed a high in-
cidence of Sm–Sε recombination in the nonproductive alleles of
DSg1 B cells. It appears that AID mediates numerous and frequent
DSBs in the Sm region, many of which are resolved by short-range
joining of the breaks that are manifested as intra-Sm deletions.
Meanwhile, AID targets downstream S regions (such as Sε) less

FIGURE 5. DSg1mice have increased serum IgE levels.A, High numbers

of IgE+ colonies were observed in anti-CD40/IL4–stimulated DSg1

hybridoma compared with WT (left). Right, Sm-Sε junctions were mapped

by sequencing (see Supplemental Fig. 4) and positions of DSBs are depicted

by: (for Sm) and ♦ (for Sε). B, Splenocytes from WTor DSg1 mice were

isolated and stimulated with anti-CD40/IL4. 6 d post stimulation IgM, IgG1,

and IgE levels in the supernatant were measured. C, WT (littermate) and

DSg1 mice were immunized with TNP-OVA, and the serum levels of TNP-

OVA–specific IgG1 and IgE Abs were measured at day 3 (baseline), day 14,

and day 42. D, Table showing the numerical values for serum Ab

concentrations and standard deviations of the graphs in C.

FIGURE 6. A, TNP-OVA–specific IgG1 and IgE titers in lung airway

murine inflammation model. Serum samples were collected at day 42 post

TNP-OVA challenge. Baseline levels at day 33 prechallenge were identical

for both WTand DSg1 groups. B, A proposed model for the role of AID hot

spots in AID targeting. To carry out its function, AID needs to be targeted to

proper sites in the genome. Targeting of AID to the VDJ region results in

SHM, whereas in the S region AID creates DSBs followed by CSR or ISR.

Removal of an AID target (in this case, the transcribed S region, S2) can

retarget AID to other hot spots, resulting in an increased SHM,CSR, and ISR

in these sites (depicted by thicker arrow lines). Dashed and solid arrow lines

represent SHM and CSR/ISR, respectively.

6 SWITCH REGION TARGETING IN Sg1-DEFICIENT B CELLS

 on June 6, 2010 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org


frequently, creating single DNA breaks (or microdeletions) that
can support CSR when joined to Sm by long-range recombination.
Before the discovery of AID, utilizing a D59Sg1 mouse in which

the promoter element of Sg1 region was deleted, Radbruch’s group
(36, 37) reported that frequencyofCSRto theSε locus is independent
of prior switching to other S regions. Interestingly, D59Sg1 mice,
which should, to a certain degree, phenocopy DSg1 mice (in-
accessible Sg1 vs. deleted Sg1), also showed a higher level of IgE
than that inWT in in vitro stimulated B cells (37). The current paper,
together with the previous study, suggests that sequential switching
in Sm-Sg1-Sε does not play an important role in IgE isotype
switching because in the absence of Sg1, IgE levels, if anything,
are elevated (38–40). By competing for AID, an accessible Sg1
region may reduce the switching to Sε rather than enhancing it.
This raises the possibility that size/accessibility of S regions and
their ability to recruit AID can play a role in the efficiency of
Sm-Sε CSR and therefore IgE levels. In humans, the size of the
Sg4 region has been reported to be polymorphic (41). In this
context, it is tempting to postulate that the size and accessibility of
certain S regions might impact isotype switching to other isotypes,
such as IgE.
CSRandSHMshareseveral features,and therefore it ispossible that

at some stage during B cell activation, the availability of a CSR
substratemightinfluenceSHMfrequency.First,asingleenzyme,AID,
is essential for both of these processes and mutation of AID leads to
complete abrogation of SHM and CSR (5, 6). Second, the targeting
mechanism of Vor S regions during both SHMand CSR is facilitated
by transcription likely to provide AID access to these DNA regions
(16). Third, theDNA targetmotifs withinVand S regions overlap and
predominantly consist of DGYW hot spots (11). Fourth, fish AID,
which is presumably evolved to mediate only SHM, can efficiently
rescue CSR of AID2/2 mouse B cells, suggesting that AID pre-
sumably evolved only to undergo SHM and had the potential to cat-
alyze CSR before the teleost and tetrapod lineages diverged (42, 43).
Fifth, the size of AID target hot spots directly determines CSR fre-
quency in a linear fashion, demonstrating that DNA substrates dictate
AID targeting (33). Sixth, ancient amphibian S regions resemble
SHM substrates, except for the density of hot spots, which is far more
enriched in the S regions (31). Finally, CSR and SHM share several
repair mechanisms, such as base excision and mismatch repair (11).
Given all these known common features between CSR and SHM

and our current data, we propose that S region substrate availability
impacts the frequency of DSBs in other S regions as well as SHM
(Fig. 6B). This model suggests that removal of an AID target site
with enriched hot spots, in this case a S region (S2), can result in
more frequent targeting of other available hot spots by AID. This
underlines the importance of S regions to recruit AID and prevent
its off-target activities. In support of this model, lupus-prone mice
display high levels of AID and extensive DNA lesions, constitut-
ing S region deletions and mutations at least in the IgH locus (44).
In addition, higher instances of mutations have been reported in
IgM2IgD+CD38+ germinal center B cells, which have lost their
Sm region (45). It is possible that under conditions of chronic
inflammation or infection where B cells undergo rounds of acti-
vation, a higher chance of ISR might predispose aberrant AID-
associated events elsewhere in the genome.

Acknowledgments
We thank Fred Alt (Harvard University, Cambridge, MA) Alt for pro-

viding the DSg1 mice; Henry Chiu and Sherry Yeh for help with the

TNP-OVA-IgG1 and IgE assays; Vida Asghari, Melvin Chen, Will Fennie,

and Jessica Kloss for managing the mouse colony; and Hieu Nguyen for

statistical analysis.

Disclosures
The authors have no financial conflicts of interest.

References
1. Schatz, D. G. 2004. V(D)J recombination. Immunol. Rev. 200: 5–11.
2. Wardemann,H.,S.Yurasov,A.Schaefer, J.W.Young,E.Meffre, andM.C.Nussenzweig.

2003. Predominant autoantibody production by early human B cell precursors. Science
301: 1374–1377.

3. Neuberger, M. S. 2008. Antibody diversification by somatic mutation: from
Burnet onwards. Immunol. Cell Biol. 86: 124–132.

4. Muramatsu, M., H. Nagaoka, R. Shinkura, N. A. Begum, and T. Honjo. 2007.
Discovery of activation-induced cytidine deaminase, the engraver of antibody
memory. Adv. Immunol. 94: 1–36.

5. Muramatsu, M., K. Kinoshita, S. Fagarasan, S. Yamada, Y. Shinkai, and T. Honjo.
2000. Class switch recombination and hypermutation require activation-induced
cytidine deaminase (AID), a potential RNA editing enzyme. Cell 102: 553–563.

6. Revy, P., T.Muto,Y.Levy, F.Geissmann,A. Plebani,O. Sanal,N.Catalan,M.Forveille,
R. Dufourcq-Labelouse, A. Gennery, et al. 2000. Activation-induced cytidine deami-
nase (AID) deficiency causes the autosomal recessive formof theHyper-IgMsyndrome
(HIGM2). Cell 102: 565–575.

7. Rada, C., J. M. Di Noia, and M. S. Neuberger. 2004. Mismatch recognition and
uracil excision provide complementary paths to both Ig switching and the A/T-
focused phase of somatic mutation. Mol. Cell 16: 163–171.

8. Martin, A., and M. D. Scharff. 2002. AID and mismatch repair in antibody di-
versification. Nat. Rev. Immunol. 2: 605–614.

9. Rogozin, I. B., and M. Diaz. 2004. Cutting edge: DGYW/WRCH is a better
predictor of mutability at G:C bases in Ig hypermutation than the widely ac-
cepted RGYW/WRCY motif and probably reflects a two-step activation-induced
cytidine deaminase-triggered process. J. Immunol. 172: 3382–3384.

10. Mussmann, R., M. Courtet, J. Schwager, and L. Du Pasquier. 1997. Microsites
for immunoglobulin switch recombination breakpoints from Xenopus to mam-
mals. Eur. J. Immunol. 27: 2610–2619.

11. Hackney, J. A., S. Misaghi, K. Senger, C. Garris, Y. Sun, M. N. Lorenzo, and
A. A. Zarrin. 2009. DNA targets of AID: evolutionary link between antibody
somatic hypermutation and class switch recombination. Adv. Immunol. 101:
163–189.

12. Petersen, S., R. Casellas, B. Reina-San-Martin, H. T. Chen, M. J. Difilippantonio,
P. C. Wilson, L. Hanitsch, A. Celeste, M. Muramatsu, D. R. Pilch, et al. 2001.
AID is required to initiate Nbs1/gamma-H2AX focus formation and mutations at
sites of class switching. Nature 414: 660–665.

13. Rush, J. S., S. D. Fugmann, and D. G. Schatz. 2004. Staggered AID-dependent
DNA double strand breaks are the predominant DNA lesions targeted to S mu in
Ig class switch recombination. Int. Immunol. 16: 549–557.

14. Schrader, C. E., E. K. Linehan, S. N. Mochegova, R. T. Woodland, and J. Stavnezer.
2005. Inducible DNA breaks in Ig S regions are dependent on AID and UNG.
J. Exp. Med. 202: 561–568.

15. Kinoshita, K., M. Harigai, S. Fagarasan, M. Muramatsu, and T. Honjo. 2001. A
hallmark of active class switch recombination: transcripts directed by I pro-
moters on looped-out circular DNAs. Proc. Natl. Acad. Sci. USA 98: 12620–
12623.

16. Manis, J. P., M. Tian, and F. W. Alt. 2002. Mechanism and control of class-
switch recombination. Trends Immunol. 23: 31–39.

17. Nambu, Y., M. Sugai, H. Gonda, C. G. Lee, T. Katakai, Y. Agata, Y. Yokota, and
A. Shimizu. 2003. Transcription-coupled events associating with immunoglob-
ulin switch region chromatin. Science 302: 2137–2140.

18. Chaudhuri, J., C. Khuong, and F. W. Alt. 2004. Replication protein A interacts
with AID to promote deamination of somatic hypermutation targets. Nature 430:
992–998.

19. Vuong, B. Q., M. Lee, S. Kabir, C. Irimia, S. Macchiarulo, G. S. McKnight, and
J. Chaudhuri. 2009. Specific recruitment of protein kinase A to the immuno-
globulin locus regulates class-switch recombination. Nat. Immunol. 10: 420–426.

20. Yan, C. T., C. Boboila, E. K. Souza, S. Franco, T. R. Hickernell, M. Murphy,
S. Gumaste, M. Geyer, A. A. Zarrin, J. P. Manis, et al. 2007. IgH class switching
and translocations use a robust non-classical end-joining pathway. Nature 449:
478–482.

21. Dudley, D. D., J. P. Manis, A. A. Zarrin, L. Kaylor, M. Tian, and F. W. Alt. 2002.
Internal IgH class switch region deletions are position-independent and en-
hanced by AID expression. Proc. Natl. Acad. Sci. USA 99: 9984–9989.

22. Zarrin, A. A., C. Del Vecchio, E. Tseng, M. Gleason, P. Zarin, M. Tian, and F. W. Alt.
2007. Antibody class switching mediated by yeast endonuclease-generated DNA
breaks. Science 315: 377–381.

23. Alt, F. W., N. Rosenberg, R. J. Casanova, E. Thomas, and D. Baltimore. 1982.
Immunoglobulin heavy-chain expression and class switching in a murine leu-
kaemia cell line. Nature 296: 325–331.

24. Hummel, M., J. K. Berry, and W. Dunnick. 1987. Switch region content of
hybridomas: the two spleen cell Igh loci tend to rearrange to the same isotype.
J. Immunol. 138: 3539–3548.

25. Reina-San-Martin, B., S. Difilippantonio, L. Hanitsch, R. F. Masilamani,
A. Nussenzweig, and M. C. Nussenzweig. 2003. H2AX is required for recombination
between immunoglobulin switch regions but not for intra-switch region recombination
or somatic hypermutation. J. Exp. Med. 197: 1767–1778.

26. Winter, E., U. Krawinkel, and A. Radbruch. 1987. Directed Ig class switch re-
combination in activated murine B cells. EMBO J. 6: 1663–1671.

The Journal of Immunology 7

 on June 6, 2010 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org


27. Gu, H., Y. R. Zou, and K. Rajewsky. 1993. Independent control of immuno-

globulin switch recombination at individual switch regions evidenced through

Cre-loxP-mediated gene targeting. Cell 73: 1155–1164.
28. Reina-San-Martin, B., J. Chen, A. Nussenzweig, and M. C. Nussenzweig. 2007.

Enhanced intra-switch region recombination during immunoglobulin class

switch recombination in 53BP12-/2 B cells. Eur. J. Immunol. 37: 235–239.
29. Luby, T. M., C. E. Schrader, J. Stavnezer, and E. Selsing. 2001. The mu switch

region tandem repeats are important, but not required, for antibody class switch

recombination. J. Exp. Med. 193: 159–168.
30. Shinkura, R., M. Tian, M. Smith, K. Chua, Y. Fujiwara, and F. W. Alt. 2003. The

influence of transcriptional orientation on endogenous switch region function.

Nat. Immunol. 4: 435–441.
31. Zarrin, A. A., F. W. Alt, J. Chaudhuri, N. Stokes, D. Kaushal, L. Du Pasquier,

and M. Tian. 2004. An evolutionarily conserved target motif for immunoglobulin

class-switch recombination. Nat. Immunol. 5: 1275–1281.
32. Khamlichi, A. A., F. Glaudet, Z. Oruc, V. Denis, M. Le Bert, and M. Cogné.
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Supplemental figure legends 

Supplemental figure 1 

A) AID expression is normal in both WT and ΔSγ1 splenoctyes.  WT and ΔSγ1 

splenocytes were obtained and a fraction (WT) was collected as non-stimulated while the 

rest were stimulated with LPS, LPS/IL4, or anti-CD40/IL4 for 48 hours.  Cells were then 

lysed and anti AID antibody (1:1000) was used to monitor expression of AID by western 

bloting. 

B) Measuring germline transcription by RT-PCR.  Splenocytes from WT or ΔSγ1 mice 

were stimulated with LPS, or anti-CD40/IL4 for 2 days.  RNA was isolated from these 

cells in order to make cDNA, which was subsequently diluted (1, 1/5, and 1/25) and used 

in PCR reactions to amplify the intended transcription targets (see materials and 

methods). 

C) Germline transcription measured by Taqman.  Splenocytes from 3 WT and 3 ΔSγ1 

mice were stimulated with LPS, or anti-CD40/IL4 for 2 days and RNA was isolated from 

them.  50 ng of RNA from each mouse was used per reaction and in triplicates for 

measuring each transcript.  The average values and standard deviations for each group are 

represented. 

Supplemental figure 2 

A) Detection of internal Sε deletions.  PCR primers were used to amplify a region of IgH 

(about 4.5 kb) corresponding to Iε to Cε, from ΔSγ1 IgM+ hybridomas.  No obvious 

changes in size that can be attributed to internal Sε was observed. 



B) Same as A, except PCR primers from 5’ and 3’ boundaries of Sε were used to amplify 

a 1 kb region of Sε from WT and ΔSγ1 IgM+ hybridomas.  No changes in size, suggestive 

of any internal Sε, was observed in WT or ΔSγ1 samples. 

Supplemental figure 3 

A) Confirming Sμ-Sε CSR in ΔSγ1 IgE+ hybridomas.  PCR primers from 5’ Eμ and Iμ 

and 3’ Cε were used in nested PCR to amplify a product that can only be observed if Sμ-

Sε CSR has occurred (top).  Southern blot analysis, using Cε probe (middle) and Sμ 

probe (bottom), was further utilized to confirm that Sμ-Sε CSR has indeed occurred in 

ΔSγ1 IgE+ hybridomas. 

B) Schematic representation of Cε region in mouse IgH locus.  Cε probe used in southern 

blot analysis has been depicted.  E= EcoRI sites, and H= HindIII sites. 

C) Southern blot analysis further confirms Sμ-Sε CSR in ΔSγ1 IgE+ hybridomas.  

Genomic DNA from ΔSγ1 IgE+ colonies was digested with EcoRI and a Cε probe was 

used to analyze Sμ-Sε CSR.  GL= germline. 

Supplemental figure 4 

Amplified PCR products from some of the ΔSγ1 IgE+ hybridomas (see supplemental 

figure 3A) were sequenced in order to map Sμ-Sε junctions.  Sequencing data depicting 

Sμ-Sε junctions from 15 colonies are shown.  Sμ sequence is shown on the top while Sε 

sequence is shown at the bottom.  The region of Sμ or Sε sequence that matches with the 

sequenced clone is shown in bold.  For each clone, the sequence that matches with Sμ is 

shown in red while the sequence that matches with Sε is shown in blue.  Approximate 



location of DSBs in Sμ and Sε, based on sequencing the junctions, is shown in figure 5A, 

right panel. 

Supplemental figure 5 

WT (littermate) and ΔSγ1 mice were immunized with TNP-Ova and the total serum 

levels of IgM, IgG1 and IgE antibodies were measured at day 3 (base line), day 14, and 

day 42. 
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Supplemental Figure 3
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Supplemental Figure 4

TTGATCTACAACTCAATGTGGTTTAATGAATTTGAAGTTGCCAGTAAATG Sμ
TTGATCTACAACTCAATGTGG:TTAATGTGCTTTCTGGGATCCACGGAGG 214
GGCTTCTGAAGTGGTTGTATTCTCTATGTGCTTTCTGGGATCCACGGAGG Sε

GAGCTGAGCTAAGCTGGGGTGAGCTGAGCTGAGCTTGACTGAGCTAGGGT Sμ
GGGGTGAGCTGAGCTGGGGTGAGCGGCTAGCCTGAGCTCGATGGGGGGTT 130
GGTCTGGACTGAACTGACTGAGCTGGGCTAGCCTGAGCTCGATGGGGGGT Sε

CCTTCTCTGTCTGGGTCATTACTGTTGCTCAGCAAGCTTTATGAGTCTGG Sμ
CCTTCTCTGTCTGGGTCATTACTGTCCAGCTCACCCCAGCTCAGCCCAGC 145
CCAGCCTCACTCAGCTCCTCTTAGCCCAGTTTAGCCTAGCTCATTCCAGC Sε

AGCTG:AGCTGGGGTGAGCTGAGCT:GAGG:TGAGCTGAGCTGAGCTGGG Sμ
AGCTGAAGCTGGGTTGAGCTGAGCTATAGATTTGGTTGGACTGGACTGGA 195
CCTTGGGTGGACTAGGCTGAGCTG:ATAGATTTGGTTGGACTGGACTGGA Sε

AATG:A:::::CT::G:::A:::A:GACTCAGTCCCTCTTAAGCAGAAAC Sμ
CTAGTCCACCCAAGGTAGCTCAGTTGACTCAGTCCCTCTTAAGCAGAAAC 42
CTAGTCCACCCAAGGTAGCTCAGTTCAGCCCA:ACCCAG:CCTAGCTCAG Sε

GCTGTGTTGGGGTGAGCTGATCT:GA:AATGAGCTACTCTGGA:GTAGCT Sμ
GGTGAATTGGGCTG:GGTGAGCTGGGACTGAGCTTAGCTGGACCTGGCTG 98
TCTGGGCTGAACCAGAT:TGCACTAGACTGAGCTTAGCTGGACCTGGCTG Sε

TTTGGCTCATCTCGGTTAAGCCAGCCTAGTTTAGCTTAGCGGCCCAGCTC Sμ
CTCATCCCAGCCTACCCCAAACCAGCTAGTTTAGCTTAGCGGCCCAGCTC 201
CTCATCCCAGCCTACCCCAAACCAGTTCAGTTTAGCCCAATCCAGTCCAG Sε

GTTCATTACAGTCTACTTCATTTTGGCTCAAGCCCAGCTTTGCTTACCTC Sμ
AGCCACCTTATAGAAGTCTAGCCCGCTCAAGCCCAGCTTTGCTTACCTCA 273
AGCCACCTTATAGAAGTCTAGCCCAGC:CCCTCTCAGCTAAACTAAGCTT Sε

GAGCTGAGCTGAGCTTGACTGAGCTAGGGTGAGCTGGACTGAGCTGGGGT Sμ
GAGCTGAGCTGAGCTTGACTGAGCTAGCTCATGCCAGGTCAATCCAGGCC 310
GACT:AGTCTAG:TCAAGTT:A:::AGCTCATGCCAGGTCAATCCAGGCC Sε

AGAATTGAGAAAGAATAGAGACCTGCAGTTGAGGCCAGC:AGG:TCGGCT Sμ
AGAATTGAGAAAGAATAGAGACCTGGTTTGGGGTAGGCTGGGATGAGCTG 353
TGGATTGGGCTAAACT:GA:AC:TGGTTTGGGGTAGGCTGGGATGAGCTG Sε

CCCTAGCTCAG:CT:CAGTCCAGCTCAGCCCAGCTCAGCTCACCCCATCT Sμ
ACAGTGTTCTGCCTCCAAGATGACCCAGCCCAGCTCAGCTCACCCCATCT 381
ACAGTGTTCTGCCTCCAAGATGACCTCCGTGGATCCCAG:AAAGCACATA Sε

Sμμ is Red

Sε is Blue



Supplemental Figure 4 continues

AACTAATACACTTAACTGAAATAATTCCAGACAATTGTATACACGTTTTC Sμ
ACTGTAGTATGACTCAGCCACCTTATCCAGACAATTGTATACACGTTTTC 358
ACTGTAGTATGACTCAGCCACCTTATAGAAGTCTAGCCCAGCCCCTCTCA Sε

CTTCTATATTAAACCCACCATTAAAAACCACTGAGGTATCCATTTTATCT Sμ
GCTCAACCCAGCTCAGCTCAGCCTAAACCACTGAGGTATCCATTTTATCT 135
GCTCAACCCAGCTCAGCTCAGCCTAGTCCA:CCCAAGGTAGCTCAGTTCA Sε

ATGCTACGCTGTGTTGGGGTGAGCTGATCTGAAATGAGCTACTCTGGAGT Sμ
ATGCTACGCTGTGTTGGGGTGAGCTAAGTTGCACTGGGCAGGGGTGGGCT 166
AGGGTAGGCTGGACTGGGCTGAGCTAAGTTGCACTGGGCAGGGGTGGGCT Sε

GGTGAGCTGAGCTGGGTGAGCTGAGCTAAGCTGGGGTGAGCTGAGCTGAG Sμ
GGTGAGCTGAGCTGGGTGAGCTGAGA:TGAGCTAGCTTTTGTATATTCGG 264
G:G:GCTAGGCTGGGCAGGGCTG:GACTGAGCTAGCTTTTGTATATTCGG Sε

Sμμ is Red

Sε is Blue
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Base line Day 14 Day 42

Total

antibody
WT ΔSγ1 WT ΔSγ1 WT ΔSγ1

IgM

(μg/ml)

155.7

±13.7

179.2

±55.2

289.4

±80.8

279.3

±63.2

458.2

±201.6

664.4

±232.0

IgG1

(μg/ml)

238.2

±44.6

1.7

±1.8

346.9

±120.8

3.4

±2.8

501.5

±142.6

5.7

±3.2

IgE

(ng/ml)

152.5

±128.5

152.9

±94

483.5

±325.4

1407.4

±756.6

1122.7

±724.9

3158.8

±1831.9

Total antibody in mouse serum

Supplemental table 1



Hybridoma Jh4-Emu sequencing

Jh4-Emu # of Clones Total bp # of SHM SHM/10000 bp

ΔΔSγ1 12 13467 15 11.1

WT 13 11935 8 6.72

Supplemental table 2


