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Activation-induced cytosine deaminase (AID) is essential for both
somatic hypermutation (SHM) and class switch recombination
(CSR), two processes involved in antibody diversification. Previ-
ously, various groups showed both in vitro and in vivo that AID
initiates SHM and CSR by deaminating cytosines in DNA in a
transcription-dependent manner. Although in vivo both DNA
strands are equally targeted by AID, many in vitro and bacterial
experiments found that AID almost exclusively targets the non-
template strand of a transcribed substrate. Here, we report the
detection of antisense transcripts in assembled Ig heavy chain (IgH)
variable region exons and their immediate downstream region, as
well as in switch regions, sequences that, respectively, are targets
for SHM and CSR in vivo. In contrast, we did not detect antisense
transcripts from the C� constant region exons, which lie between
the IgH variable region exons and downstream S regions and
which are not normally an AID target. Expression of the antisense
variable region/flanking region and the S-region transcripts were
found in all lymphocytes that transcribe these sequences in the
sense direction. Steady-state levels of antisense transcripts ap-
peared very low, and start sites potentially appeared heteroge-
neous. We discuss the potential implications of antisense IgH locus
transcription for AID targeting or other processes.

class switch recombination � somatic hypermutation �
activation-induced cytosine deaminase � bidirectional transcription

B cells generate a highly diverse repertoire of immunoglobu-
lins (Igs) by assembling a variable region exon from an array

of variable (V), diversity (D), and joining (J) gene segments
upstream of the Ig constant region exons. This process is called
V(D)J recombination and takes place in the early stages of B cell
development (1). Upon antigen encounter, Ig genes can undergo
further modifications in peripheral lymphocytes. Somatic hyper-
mutation (SHM) introduces point mutations at a very high rate
in Ig variable region exons, allowing for the generation of
antibodies with increased affinity for their antigen (2). Class
switch recombination (CSR) promotes replacement of the
�-constant region (C�) exons with one of a set of downstream
constant region exons (C�3, C�1, C�2b, C�2a, C�, and C�) that
encode different effector functions (3). This replacement is
achieved by breakage and joining of specialized switch (S)
regions that precede every constant region that undergoes CSR.
Breaks in the donor S� region are joined to breaks in a
downstream acceptor S region via classical or alternative end
joining, resulting in juxtaposition of the downstream CH exons to
the expressed VHDJH exon (4).

The main function of S regions appears to be the generation
of double-strand breaks (DSBs) by serving as a target for
activation-induced cytosine deaminase (AID) (5–8). AID is
essential for both SHM and CSR (9) and is believed to function
by deaminating cytosine (C) to uracil (U) in DNA (10). The
mismatched uracils resulting from AID activity are processed by
base excision repair (BER) and/or mismatch repair (MMR)
pathways to ultimately generate DSBs that are the intermediates
in CSR (11). SHM also is initiated by cytosine deamination by
AID, leading to transition mutations upon replication if the

uracils are unrepaired. If the uracil gets excised, however, in the
course of BER, uracil-DNA glycosylase generates an abasic site
that can give rise to transition and transversion mutations upon
replication. Moreover, the U�G mismatches can get repaired by
error-prone MMR that predominantly mutates A�T base pairs
close to the U�G mismatch (2, 12).

Targeting experiments of the murine IgH locus showed that
the active transcription of the Ig variable region exon and S
regions is necessary for both SHM (13) and CSR (14, 15),
respectively. In addition, various studies showed that AID is an
ssDNA-specific cytidine deaminase that accesses dsDNA in a
transcription-dependent manner (16–20). Transcribed mamma-
lian S regions form R loops, a DNA–RNA hybrid structure that
typically forms when S regions are transcribed in the sense
direction (21, 22), allowing AID to act mainly on the displaced
nontemplate strand in vitro (17, 19, 20, 23). Transcribed SHM
targets do not form R loops. However, in vitro studies suggest
that AID may obtain access to transcribed variable region gene
sequences in the context of a complex with the ssDNA-binding
protein replication protein A (RPA) (24). Again, however, in
such studies, AID only targets the nontemplate strand. Likewise,
AID expressed in bacteria can generate SHM, but again pri-
marily on the nontemplate DNA strand (20). Various findings
also suggest that AID may access S regions via a non-R-loop
mechanism that may relate to the mechanism by which it accesses
variable regions during SHM (3, 25). Despite findings that AID
targets mainly the nontemplate strand in most in vitro and
bacterial experiments, both the template and nontemplate
strands are targeted equally by AID during normal SHM and
CSR in vivo (11, 26, 27).

Despite intense ongoing research, it is still unknown how the
highly mutagenic activity of AID gets targeted mainly to Ig loci
and not to other highly transcribed genes. Moreover, it is not
known how AID effects are targeted to the Ig variable region
exon and switch regions while the intervening IgH intronic
enhancer (E�) and CH exons are spared. Furthermore, a full
explanation is still missing as to why in vitro and in bacteria AID
gets almost exclusively targeted to the nontemplate strand (17,
19, 20, 23), whereas in vivo AID appears to act equally on the
template and the nontemplate strand (11, 26, 27). As for the
latter question, several nonmutually exclusive possibilities have
been suggested. In the in vitro experiments, there could be
additional factor(s) missing that would allow AID to target both
the template and nontemplate strands in vivo. In addition, the
different RNA polymerases (viral T7 and T3 polymerases in the
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in vitro experiments vs. RNA polymerase II in cells undergoing
SHM in vivo) might result in different access of AID to the sense
and antisense strands. In the latter context, it was reported that
AID can target both DNA strands in the context of transcription
with Escherichia coli RNA polymerase (28). Another possibility
is that differences in chromatin structure or supercoiled DNA in
vivo could allow AID to access both strands (29). Finally, it is
conceivable that antisense transcription through variable regions
and S regions could target AID to both strands (30).

To further evaluate the potential role of antisense transcrip-
tion as a mechanism of AID targeting, we have assayed, for the
generation of antisense transcripts of IgH variable region exons,
the C� constant region exons and S regions in various types of
B-lineage cells.

Results
Sense and Antisense Transcription Within IgH Variable Region Exons.
We first assayed for the existence of antisense transcripts within
the rearranged VHDJH exons, a known target region for SHM.
To this end, we used VB1–8 VHDJH knockin mice (31), which
carry an assembled IgH variable region exon in their germ line.
These mice offer the advantage for these studies that all B cells
produce transcripts of an identical sequence, which facilitates
transcript detection by RT-PCR. Naı̈ve (B220�, PNALO) and
activated (B220�, PNAHI) B cells were sorted from Peyer’s
patches of VB1–8 knockin mice, and RNA was prepared.
Reverse transcription was conducted with random hexamers or
with strand-specific primers to help distinguish between sense
and antisense transcripts. PCR amplification of the cDNAs was
designed in a way that the forward primer anneals in the leader
exon, whereas the reverse primer anneals at JH2 within the
knocked-in VHDJH exon (Fig. 1A). This design allows spliced
sense transcipts and antisense transcripts, which would be un-
spliced, to be distinguished by size differences of the PCR
products. Moreover, this design ensures that we only score
transcripts from the assembled VB1–8 knock in and not poten-
tial sense and antisense transcripts from upstream unrearranged
VH gene segments (32) that are similar in sequence. In these
assays, the sense primer detected a major 385-bp band corre-
sponding to processed sense transcripts and a very low-level
467-bp band that might reflect unprocessed precursors (Fig. 1B,

VHRT-S lane). In contrast, the antisense primer detected only a
band the size of unprocessed transcripts and no processed size
transcripts (Fig. 1B, VHRT-AS lane) from VB1–8 in RNA from
both naı̈ve (Fig. 1B Lower) and activated (Fig. 1B Upper) B cells.
These data strongly suggest that the knockin VB1–8 VHDJH
rearrangement is transcribed in the antisense direction.

To unequivocally confirm antisense transcription in the region
of the V(D)J exon and to extend these assays to wild-type mice,
we designed a strand-specific RT-PCR assay to distinguish, in a
very clean way, between sense and antisense transcripts through
the SHM target region just downstream of the JH segments. In
this assay, all primers annealed within or downstream of JH4, a
SHM target region that is identical in every B cell of a population
carrying nonclonally rearranged VHDJH genes. In the reverse
transcription reaction, strand-specific reverse transcription
primers (Fig. 2A, RT-S and RT-AS) generate sense (cDNA-S)-
and antisense (cDNA-AS)-specific cDNA, respectively. Both
generated cDNAs are then used as template for two different
PCRs: one sense-specific (using primers For-S/RT-S) and one
antisense-specific PCR (primers RT-AS/Rev-AS). The two
PCRs amplify overlapping products. As a consequence, the
sense-specific PCR (Fig. 2B Upper) will only amplify a signal
from sense-specific cDNA (RT-S lanes), whereas antisense-
specific cDNA (RT-AS lanes) will not result in a product because
the RT reaction was primed in between this set of PCR primers.
Similarly, the antisense-specific PCR (Fig. 2B Lower) will gen-
erate a signal from antisense-specific cDNA (RT-AS lanes) but
not from sense-specific cDNA (RT-S lanes). This design allows
for clear differentiation between sense and antisense transcripts,
and it controls for DNA contamination and nonspecific priming
of the reverse transcription reaction, both of which would result
in a signal in reactions that are supposed to stay blank (Fig. 2B
Upper, RT-AS lanes; Lower, RT-S lanes). The specificity of this
assay was unequivocally confirmed by applying the described
RT-PCR assay on in vitro-transcribed RNA from a linearized
plasmid that contains the JH4 intron in either sense or antisense
orientation. Even with the large amounts of RNA used in these
test reactions, the sense and antisense transcripts were detected
with complete specificity (Fig. 2D).

We immunized wild-type 129sv mice with sheep RBCs (SR-
BCs) and sorted naı̈ve (B220�, PNALO) and activated (B220�,
PNAHI) B cells from spleens. Applying the strand-specific RT-
PCR assay described above, we detected sense and antisense
transcripts in both naı̈ve and activated B cells (Fig. 2B), thus
confirming the results obtained from the VB1–8 knockin mice
(Fig. 1B). Transcripts in the sense orientation were verified by
signals from the sense-specific PCR (Fig. 2B Upper) exclusively
when RNA was primed with the sense-specific reverse transcrip-
tion primer (Fig. 2B, RT-S lanes). Antisense transcripts were
substantiated through products from the antisense-specific PCR
(Fig. 2B Lower) only when the reverse transcription reaction was
primed with antisense-specific primers (Fig. 2B, RT-AS lanes).
Control lanes (Fig. 2B Upper, RT-AS lanes; Lower, RT-S lanes)
stayed blank as expected. When we assayed transcripts within the
VDJH segment of VB1–8 knockin mice (Fig. 1), we observed a
rather faint antisense-specific band (467 bp, VHRT-AS lane),
whereas the sense-specific reverse transcription reaction re-
sulted in a major band representing the spliced mRNA (385 bp)
and a faint band representing unspliced pre-mRNA (467 bp,
VHRT-S lane). In contrast, when we investigate transcripts
within the JH4 intron in wild-type mice (Fig. 2 B and C), we find
sense- and antisense-specific bands of comparable intensities.
One obvious explanation for this observed difference in sense/
antisense transcript ratios is that the reverse transcription prim-
ers used for the assay described in Fig. 2 anneal within the JH4
intron (see Fig. 2 A), which gets spliced out in the mature mRNA.
Therefore, the sense-specific PCR can only detect a signal from
the minor unspliced pre-mRNA fraction.

Fig. 1. Bidirectional transcription within a rearranged VH gene. (A) RT-PCR
design for the heavy chain knockin gene (31). Sense (VHRT-S)- and antisense
(VHRT-AS)-specific reverse transcription primers are depicted in red, and PCR
primers (VHFor and VHRev) are depicted in black and were designed within the
leader (L) and JH2, respectively. Sense (cDNA-S)- and antisense (cDNA-AS)-
specific cDNA is shown as dashed lines. (B) RT-PCR of ex vivo-sorted naı̈ve
(PNALO) (Lower) and activated (PNAHI) (Upper) B cells from Peyer’s patches.
Above the lanes, the used reverse transcription primers are indicated with (�)
or without (�) reverse transcriptase (RT).
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Antisense Transcripts Have Heterogeneous Start Sites. To identify a
potential promoter of the antisense transcript in the JH locus, we
carried out 5�RACE on total RNA of activated B cells (B220�,
PNAHI) from spleens of SRBCs immunized wild-type 129sv
mice. Several 5�RACE experiments were performed; gene-
specific primers were designed within JH1, JH2, JH3, and JH4

(Fig. 3A). The 5�RACE products were cloned and sequenced.
Potential heterogeneous start sites were identified downstream
of every JH element (Fig. 3 A and B). The 5�RACE experiments
were performed twice in the regions downstream of JH1, JH2,
and JH3, and the region downstream of JH4 was tested five times.
All experiments resulted in independent heterogeneous start
sites, indicating the lack of a strong single promoter. To further
elucidate these possibilities, we performed an RNase protection
assay to confirm the 5�RACE results. However, we were not able
to detect a signal from the antisense transcript. In contrast, sense
transcripts could be readily detected (data not shown). These
results argue that cellular levels of antisense transcripts are very
low because of either low transcription rates or high instability
of the antisense transcript. After identifying potential transcrip-
tional start sites downstream of JH4, we tested the region
between JH4 and E� for potential promoter activity in the
antisense direction in a dual luciferase assay. The luciferase assay
was performed in Ed20 pro-B and NS1 cells (TIB-18; American
Type Culture Collection), which both express sense and anti-
sense transcripts (data not shown) from the region downstream
of JH4. Constructs containing different stretches of the JH4
intron and the E� enhancer were tested in the sense and
antisense orientations [supporting information (SI) Fig. 5A].
Although we detected promoter activity in the sense direction,
correlating with I� start sites (33), we did not detect luciferase
signals above background in the antisense orientation (SI Fig.
5B), which might suggest that open chromatin can be sufficient
to promote low-level antisense transcription from random start
sites or that true start sites are located elsewhere.

Correlation of Sense and Antisense Transcript Expression Patterns.
Detection of sense and antisense transcripts in a rearranged VH
gene and in the JH locus might provide a mechanism for how
AID can target both strands during SHM. However, we detected
sense and antisense transcripts in both naı̈ve and activated B
cells, although SHM does not occur in naı̈ve B cells. Thus, the
antisense transcripts are not expressed exclusively in cells un-
dergoing SHM (Figs. 1B and 2B). To assess the expression
pattern of the antisense variable region transcripts in cells other
than naı̈ve and activated B cells, we prepared RNA from various
tissues of wild-type 129sv mice and examined the samples for the
presence of sense and antisense transcripts. We prepared RNA

Fig. 2. Bidirectional transcription within the JH–CH intron. (A) RT-PCR design
downstream of JH4. Sense (RT-S)- and antisense (RT-AS)-specific reverse tran-
scription primers are depicted in red; all primers are used for either sense
(For-S/RT-S)- or antisense (RT-AS/Rev-AS)-specific PCRs. JH4 and the E� en-
hancer core are depicted as a rectangle and an oval, respectively. Sense
(cDNA-S)- and antisense (cDNA-AS)-specific cDNA is shown as dashed lines. (B)
RT-PCR of ex vivo-sorted naı̈ve (PNALO) and activated (PNAHI) B cells. Above the
lanes, the used reverse transcription primers are indicated with (�) or without
(�) reverse transcriptase. (Upper) Sense-specific PCR. (Lower) Antisense-
specific PCR. (C) Expression pattern of bidirectional transcripts in the JH–CH

intron. Experimental design is as described in A. RT-PCR of ex vivo-sorted pro-B
and pre-B cells, thymus, and kidney. (Upper) Sense-specific PCR. (Lower)
Antisense-specific PCR. (D) In vitro-specificity control of strand-specific RT-PCR
assay. JH4 and the JH4 intron were cloned into pGEM T-easy (Promega) in both
orientations. In vitro transcription with T7 RNA polymerase results in either
sense or antisense transcripts (1). Strand-specific reverse transcription reac-
tions (primers depicted in red) generate either sense- or antisense-specific
cDNA (2), and sense (3a)-, and antisense (3b)-specific PCRs produce only a
product when the according cDNA is used as a template.

Fig. 3. Start sites of antisense transcripts within the JH region. Potential start
sites were identified downstream of all JH elements. (A) Dots indicate anti-
sense transcript start sites, and arrows indicate primers used for 5�RACE
experiments. cE�, core IgH intronic enhancer; MAR, matrix attachment re-
gion. (B) Detailed listing of start sites downstream of all JH elements.
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from the thymus, the kidney, and sorted pro-B (B220int, CD43�)
and pre-B (B220�, CD43lo) cells from bone marrow. We applied
the RT-PCR assay for general VHDJH antisense transcripts (see
Fig. 2 A) and detected both sense (Fig. 2C Upper, RT-S lanes)
and antisense (Fig. 2C Lower, RT-AS lanes) transcripts in pro-B
cells, pre-B cells, and the thymus, but not in the kidney, which
was used as a negative control. Sense transcripts of the JH locus
in the early stages of B cell development (34) and in thymocytes
(35) have been described previously. Our data show that anti-
sense transcripts in the JH4 intron appear to be expressed
whenever sense transcripts are present in all of the tissues that
we examined. Moreover, the IgH intronic enhancer core (cE�)
is not necessary for sense or antisense transcript expression in the
JH locus because we detected both types of transcripts in splenic
B lymphocytes from E� KO mice (SI Fig. 6) (36).

Antisense Transcripts in Switch Regions. It was shown that AID
equally targets both DNA strands of S regions in vivo (11, 26, 27).
However, in the context of in vitro transcription experiments,
mainly the nontemplate strand is a target for AID (17, 19, 20, 23).
Therefore, we also tested S regions for the expression of
antisense transcripts in addition to sense transcripts. Splenocytes
from wild-type 129sv mice were MACS-sorted to enrich for
CD43� B cells and cultured. RNA was prepared after 4 days of
stimulation with LPS or with IL4/�CD40. Cultured B cells were
stimulated with LPS to induce switching to C�2b and C�3 and
were stimulated with LPS/IL4 or IL4/�CD40 to induce switching
to C�1 and C� (3). A similar RT-PCR assay to that described in
Fig. 2 A was applied to distinguish between sense and antisense
transcripts. S� was transcribed in sense (Fig. 4A Upper, RT-S
lanes) and antisense (Fig. 4A Lower, RT-AS lanes) orientation
when stimulated with either LPS or IL4/�CD40, consistent with
the fact that DSBs in S� are necessary to switch to any of the
downstream constant regions. Sense and antisense transcripts
within S�1 were readily detected when stimulated with IL4/
�CD40, but not upon stimulation with LPS (Fig. 4B). Finally,
S�2b was transcribed in both orientations when stimulated with
LPS, but much less upon stimulation with IL4/�CD40 (Fig. 4C).
When we assay transcripts within the different S regions via the
RT-PCR assay (Fig. 4 A–C), primers anneal within the S regions,
which get spliced out in the mature sense transcripts. Therefore,
the sense-specific PCR only detects a signal from the unproc-
essed pre-mRNA fraction that could underestimate the total
level of sense transcripts relative to antisense transcripts, assum-
ing the latter do not get processed. Notably, we also assayed the
C� exons, which are not a target of AID, and only detected
transcripts in the sense orientation, but not in the antisense
orientation (Fig. 4D) (32) in splenic B cells stimulated with LPS,
LPS/IL4, or �CD40/IL4. An in vitro assay employing SP6 sense
and T7 antisense transcripts for the C� exons confirmed the
specificity and sensitivity of the assay to prove that both sense or
antisense C� transcripts could be detected if present (SI Fig. 7).

Discussion
In this article, we describe the presence of antisense transcripts,
in addition to the known sense transcripts, in IgH variable region
exons and IgH S regions, which are target regions for SHM and
CSR. Transcription in the sense orientation through Ig variable
regions and S regions has been shown to be necessary for SHM
and CSR, respectively (13–15). Antisense transcripts in these
regions of the IgH locus appear to be expressed whenever their
counterparts in the sense orientation are expressed and are
therefore not obviously subject to differential regulation. Anti-
sense transcripts in the JH4 intron, a region that undergoes SHM,
are expressed in different stages of B cell development and in
thymocytes, but not in the kidney, just like sense transcripts in
this region. Overall, the expression of antisense transcripts is not
restricted only to cells that actually undergo SHM or CSR.

Based on 5�RACE experiments, the antisense transcripts
through the VHDJH region appear to originate from heteroge-
neous start sites of a region without significant promoter activity.
However, these putative start sites could not be readily detected
by a sensitive RNase protection assay. One interpretation of the
latter finding is that the transcripts are at too low a steady-state
level to be detected by the RNase protection because of either
low-level transcription or high turnover. Moreover, we cannot
exclude the possibility that some of the apparent transcription

Fig. 4. Bidirectional transcription in switch regions. (A–C) Strand-specific RT-
PCR design similar as described in Fig. 2A, performed on in vitro-stimulated
splenic B cells for S� (A), S�1 (B), and S�2b (C). Above the lanes, the used reverse
transcription primers are indicated with (�) or without (�) reverse transcriptase.
Below the lanes, respective B cell stimulation is indicated. (Upper) Sense-specific
PCR. (Lower) Antisense-specific PCR. (D) Unidirectional transcription of C�. (Left)
RT-PCR design of C�. Sense (RT-S)- and antisense (RT-AS)-specific reverse tran-
scription primers are depicted in red, and PCR primers are depicted in black; the
four exons of C� are depicted. (Right) Strand-specific RT-PCR assay performed on
in vitro-stimulated splenic B cells for C�. Above the lanes, the used RT-primers are
indicated with (�) or without (�) reverse transcriptase.
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initiation sites represent cDNA strong stops and that the true
initiation site(s) is more distant. Antisense transcripts through S
regions, the AID target regions for CSR, also can be readily
detected in ex vivo B cells that are stimulated in culture to
undergo CSR. Again the expression pattern of these antisense
transcripts correlates with the expression of the corresponding

sense transcripts. Notably, we find that the C� exons, which lie
in between the VHDJH and S regions and are not targeted by
AID, are only transcribed detectably in the sense direction.
Although many other interpretations are possible, the finding of
the lack of C� antisense transcripts, although C� lies in between
the VHDJH and downstream CH exon, is consistent with the
hypothesis that antisense transcripts contribute in some way to
AID targeting in the context of SHM and CSR.

Antisense transcripts originating in various S regions have
been described previously in the context of chromosomal trans-
locations in murine and human B cell tumors and B cell tumor
cell lines, resulting in hybrid c-Myc/S�2a (37), c-Myc/S� (38), or
Pax5/S� (39) transcripts and thereby driving the expression of
the oncogene. In two translocation studies involving S�, distinct
antisense promoters have been described within the �-switch
region in human tumors and cell lines. These promoters could be
the origin of the antisense transcript within S� that we describe
in wild-type B cells in mice. Also, we cannot exclude the
possibility that some fraction of the antisense transcripts that we
described within the JH region originate from the promoters in
S�, in addition to the potential start sites that we tentatively
identified within the JH region by 5�RACE.

Antisense transcripts from the JH region and within the rear-
ranged IgH variable region exon have been described in human
lymphoma cell lines (30, 40). Two recent studies also describe
antisense transcripts in the DHJH region of bone marrow pro-B
cells. The authors suggest that antisense transcription increases
DHJH accessibility (41) or decreases DHJH accessibility by RNA
interference-mediated gene silencing (42), respectively. An increas-
ing number of studies show that natural antisense transcripts
(NATs), in addition to sense transcripts, are expressed in a signif-
icant portion of the murine (43) and human (44) genomes. Al-
though several interesting studies were able to identify the function
for few of these antisense transcripts (45), the role for most of them
remains elusive. Although we initiated our study in the context of
considering a role for antisense transcription in SHM and CSR, our
findings, which are consistent with such a possibility, do not prove
it or rule out other potential functions. Other suggested functions
for NATs throughout the genome range from RNAi-related mech-
anisms, such as silencing and heterochromatin formation induced
by the sense–antisense RNA pairs, to a role in RNA editing, DNA
methylation, and monoallelic silencing in mammalian X chromo-
some inactivation and genomic imprinting (46). Such functions also
might play a role in IgH expression or diversification mechanisms.

Materials and Methods
Oligonucleotides. For sequences of primers and annealing temperatures, see
Table 1.

RT-PCR Assays. Total RNA from various tissues was prepared by using TRIzol
Reagent (Invitrogen). RNA was treated with Turbo DNase (Ambion) and
cleaned up with an RNeasy Mini Kit (Qiagen). Then, 300 ng to 1 �g of total RNA
was reverse transcribed for 1 h with strand-specific primers at various tem-
peratures (see below) or with random hexamers (Roche) at 50°C by using
SuperscriptIII (Invitrogen). Subsequently, PCR was performed at various con-
ditions: 30–39 cycles of 30 sec at 94°C, 30 sec at annealing temperature (see
Table 1), and 20–30 sec at 72°C. PCR products were visualized on ethidium
bromide gels, excised, gel-purified by using the QIAquick gel extraction kit
(Qiagen), cloned into pGEM-T easy (Promega), and inserts were sequenced to
confirm specific amplification.

B Cell Cultures. Single-cell suspension from spleens was enriched for CD43� B cells
by using a MACS separator (Miltenyi Biotec) according to the manufacturer’s
instructions. B cells were cultured for 4 days with 20 �g/ml LPS (Sigma–Aldrich) or
1 �g/ml �CD40 antibody (BD PharMingen) and 20 ng/ml IL-4 (R&D Systems).

Identification of Transcriptional Start Sites by 5�RACE. Wild-type 129sv mice
were immunized with SRBCs, activated B cells (B220�, PNAHI) were sorted from
spleens, and total RNA was prepared by using TRIzol reagent (Invitrogen).
RNA was treated with Turbo DNase (Ambion) and cleaned up with an RNeasy

Table 1. Oligonucleotides and annealing temperatures

Name Sequence
Temp.,

°C

Reverse transcription primers
HC ki VHRT-S TGAGGAGACTGTGAGAGTGGTGCC 56.0
HC ki VHRT-AS CATGGGATGGAGCTGTATCA 56.0
3�JH4 RT-S CAAATATCCAAGATTAGTCTGCAA 59.5
3�JH4 RT-AS AATGGCCTCTCCAGGTCTT 58.6
S� RT-S CTACTCCAGAGTAGCTCATTTCAGAT 56.0
S� RT-AS CGCTAAACTGAGGTGATTACTCTG 53.0
S�1 RT-S ACCTGTCCTAGCTCCCCAAT 60.7
S�1 RT-AS TCAAGAGCTCAGGACACAAGAC 55.5
S�2b RT-S CCCTCCACATGCCGCTCTCCCCA

GGTATC
60.3

S�2b RT-AS AGGAACCAACTATGAAAGAC
CTGAGTTAGG

60.3

C� RT-S CGTGGCCTACAACACAGGTAT 55.5
C� RT-AS GAGTCAGTCCTTCCCAAATGTC 55.5

PCR primers
HC ki VHFor ATGGGATGGAGCTGTATCATGCTC 61.0
HC ki VHRev CTTGGCCCCAGTAGTCAAAGTAGC 61.0
3�JH4 For-S GCGAAACTCGAGCCACTATTGTGA

TTACTATGCTATGG
54.0

3�JH4 RT-S CAAATATCCAAGATTAGTCTGCAA 54.0
3�JH4 RT-AS AATGGCCTCTCCAGGTCTT 61.0
3�JH4 Rev-AS AAAGAAAGTGCCCCACTCCAC 61.0
S� For-S TTGAGAGCCCTAGTAAGCG 55.0
S� Rev-S TCATCTCGGTTAAGCCAGCCTAG

TTTAG
55.0

S� RT-AS CGCTAAACTGAGGTGATTACTCTG 55.0
S� Rev-AS GCTCACCCCATCTCACC 55.0
S�1 For-S TGCAAGCTGCTCTGAGGG 63.5
S�1 Rev-S CTTGGATCACCACACTTCCA 63.5
S�1 For-AS AGAGCTGAGGCTGGTAAGAGTAA 63.5
S�1 Rev-AS TATAGCTGCTGTGCCTGGATC 63.5
S�2b For-S AGTTCTAGCAGCTATGGGGAA

TCTTGGTCAG
55.0

S�2b RT-S CCCTCCACATGCCGCTCTCCCCA
GGTATC

55.0

S�2b RT-AS AGGAACCAACTATGAAAGACCT
GAGTTAGG

55.0

S�2b Rev-AS TCTCTGCTCTCATCTCTCGAAGC
TTTCCATG

55.0

C� For TAAAGGATGGGAAGCTCGTG 55.0
C� Rev TCTTCTGTGGTGAAGGCAGA 55.0

5�RACE primers
JH1 GSP1 GTACTTCGATGTCTGGGGC 53.0
JH1 GSP2 CGCAGGGACCACGGTCA 55.0
JH1 nested GSP GTCACCGTCTCCTCAGGTAAGCT 55.0
JH2 GSP1 ACTACTGGGGCCAAGGC 53.0
JH2 GSP2 CAAGGCACCACTCTCACAGTCT 55.0
JH2 nested GSP CACAGTCTCCTCAGGTGAGTCCTT 55.0
JH3 GSP1 TGCTTACTGGGGCCAAG 53.0
JH3 GSP2 CCAAGGGACTCTGGTCACTGTC 55.0
JH3 nested GSP CACTGTCTCTGCAGGTGAGTCCT 55.0
JH4 GSP1 GGACTACTGGGGTCAAGGA 53.0
JH4 GSP2 ACCTCAGTCACCGTCTCCTCAG 55.0
JH4 nested GSP AGAATGGCCTCTCCAGGTCTTTA 55.0
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Mini Kit (Qiagen). Then, 1 �g of total RNA was used for reverse transcription,
and rapid amplification of cDNA ends was performed with 5�RACE system
version 2.0 (Invitrogen). The primers used are listed in Table 1. Products of the
nested PCR were visualized on ethidium bromide gels and were directly cloned
into pGEM-T Easy (Promega). Inserts were sequenced to identify the start sites
of antisense transcripts.

Immunization. Wild-type 129sv mice were injected i.p. with 108 SRBCs to isolate
naı̈ve (B220�, PNALO) and activated (B220�, PNAHI) B cells from spleens 12 days
after immunization.

Flow Cytometry. Single-cell suspensions from immunized spleens (2 � 107 cells
perml)werestainedwithFITC-labeledanti-mousePNA(VectorLaboratories)and
CyChrome (CyC)-labeled anti-mouse B220 (BD PharMingen) antibodies, and sin-

gle-cell suspensions from bone marrow cells were stained with FITC-labeled
anti-mouse CD43 (BD PharMingen) and CyC-labeled anti-mouse B220 antibodies.
Cell sorting was performed on a FACSAria cell-sorting system (BD Biosciences).
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