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Inhibition of switching to IgG in these mice
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Abstract

Antibody class switching is regulated by transcription of unrearranged C H genes to produce
germline (GL) transcripts which direct the choice of isotype and are required for switching.
However, their role is unknown. GL transcripts are initiated at the I exons located upstream of each
switch region. Although deletion of the I exon by gene targeting prevents switch recombination to
that C H gene, the I α exon can be replaced by an entirely different DNA segment, a minigene driven
by the phosphoglycerate kinase (PGK) promoter and encoding hypoxanthine phosphoribosyl
transferase (HPRT), oriented in the sense direction, without reducing antibody class switching to
IgA. To understand why HPRT substitution of the I α exon does not disrupt switch recombination,
we have analyzed the structure of the transcript from the targeted allele in these mice. We identify
a spliced transcript in which the HPRT exons are spliced to the C α gene segments, resulting in a
structure similar to normal GL transcripts. The abundance of this transcript is similar to that of the
normal α GL RNA. We also demonstrate that switching to the four IgG subclasses in B cells from
these mice is reduced in comparison to wild-type mice. We discuss the possibility that the strong
PGK promoter inserted at the Ig α locus may interfere with interaction of the promoters for γ GL
transcripts with the 3 9 IgH enhancer.

Introduction

When mature B lymphocytes expressing IgM and IgD on their
surface are activated by antigen and accessory signals, they
switch to express downstream Ig heavy chain constant region
(CH) genes while maintaining the same expressed variable
region. Since the CH region determines the antibody effector
function, class switching allows the humoral immune response
to adaptively respond to a variety of different infectious
organisms. Antibody class switching is caused by an intra-
chromosomal DNA recombination event called class switch
recombination (CSR), which occurs within or near 1–10 kb
switch regions containing tandemly repeated sequences
located 59 of each CH gene, except Cδ.

Numerous studies have established that transcription of
unrearranged CH genes occurs prior to CSR, producing what
are termed germline (GL), or switch, transcripts (1–3). The
role(s) of GL transcripts in class switching is unknown. GL
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transcripts are initiated at the so-called I exons located
upstream of each switch region, transcribed through the
switch region and CH region and polyadenlyated near the
normal poly(A) site for mature IgH mRNAs (4–6) (Fig. 1A).
The I exons are spliced to the CH exons and the spliced
RNAs are exported to the cytoplasm. Although some of the
GL transcripts have small open reading frames (5,7), no
convincing detection of a translation product from these RNAs
in vivo has been reported.

Two types of data indicate GL transcripts are essential for
CSR. First, there is an excellent correlation between the
induction of specific GL transcripts by cytokines and induction
of switching to the same antibody class, or isotype. IL-4
induces GL γ1 and ε transcripts and directs switching to IgG1
and IgE. IFN-γ induces GL γ2α transcripts and switching to
IgG2a, and transforming growth factor (TGF)-β1 induces GL
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38 Spliced HPRT–Cα RNA in Iα exon-deficient mice

Fig. 1. Diagrams of wild-type and Iα knockout Ig Cα genes. (A) Wild-
type GL α locus, and a simplified transcription map and splicing
diagram for GL α transcripts (5,6). (B) Iα–/– allele in which a HPRT
minigene driven by the PGK promoter and having a SV40 poly(A)
signal replaces the Iα exon and proximal promoter region (16). Below
are illustrated one transcript known to be synthesized from this allele
(16) and one potential transcript indicated by ?.

γ2b and α transcripts and switching to IgG2b and IgA.
Although cytokines direct switch recombination to particular
CH genes, cytokines are not sufficient to induce switch
recombination, which requires the addition of B cell mitogens/
activators (reviewed in 8–11).

The second, and stronger, type of evidence is provided by
a series of experiments testing the effects of targeted deletions
and replacements of the I exons and their upstream regulatory
elements. Deletion or replacement of I exons with a neomycin-
resistance (neor) gene placed in the antisense orientation
suggested that transcription of GL RNA is required for switch
recombination (12,13). Additional experiments indicated that
the act of transcription is not sufficient for directing CSR,
since replacement of the Iε exon by an heterologous strong
promoter (a cassette containing the Ig µ intron enhancer
and heavy chain V promoter) results in abundant unspliced
transcripts but does not direct switch recombination to IgE
(14). Subsequently, it was shown that if the Iγ1 exon is replaced
by a metallothionein promoter switching to IgG1 does not
occur. However, if the 114 bp segment containing the Iγ1
splice donor is inserted just downstream of the metallothionein
promoter, switching to IgG1 occurs at normal levels and IL-4
treatment is not required (15). Altogether, these data suggest
that splicing of the GL transcript is required to target CSR.

Finally, it was found that none of the I exon sequence
itself is required for switching, since an heterologous gene,
encoding human hypoxanthine phosphoribosyl transferase
(HPRT) driven by the strong, constitutively active, phospho-
glycerate kinase (PGK) promoter, can be substituted for the
Iα exon without loss of ability to switch (16). B cells from these
mice switch to IgA with lipopolysaccharide (LPS) stimulation
alone and addition of TGF-β1, which induces GL α transcripts,
is not required. Figure 1(B) presents a diagram of the structure
of the targeted allele. Although B cells containing the targeted
gene were shown to contain abundant human HPRT mRNA,
the structure of the primary transcript synthesized from the
targeted allele was not evaluated. Thus, it was unknown if
transcription proceeds through the switch region or instead
terminates after the HPRT gene. Although the HPRT minigene
consists of two exons, it was not clear how splicing of an
intron located upstream of the switch region would contribute
to CSR. To attempt to learn why HPRT substitution for the Iα
exon does not disrupt CSR, we have examined the structure

of the RNA transcribed from the targeted Cα genes in the
Iα-deficient HPRT-replacement mice. We also examine the
effect of the HPRT substitution at the Iα locus on switching to
IgG in these mice.

Methods

Mice
Generation of mice with the HPRT minigene replacement of
the Iα exon has been described previously (16). The HPRT
minigene consists of a fusion of exons 1 and 2, the intron
between exons 2 and 3, then a fusion of exons 3–9 and a
polyadenlation signal from SV40 (17). The promoter is from
the PGK gene. Mice were kept in the animal facility of the
University of Massachusetts Medical School and were used
at 8–16 weeks of age. The same number and ratio of male
and female animals for knockout and wild-type mice (at least
four in each group) was used in each experiment.

Isolation and culture of splenic B cells
T-depleted splenic cells were obtained as previously
described (18) with some modifications. A single-cell suspen-
sion of spleen cells was prepared and red blood cells
were removed by hypotonic lysis. T cells were depleted by
incubation with a cocktail of rat mAb against Thy-1.2 (HO-
13.4), Thy-1 (J1Jo.10), CD4 (GK1.5) and CD8 (3.168.3),
followed by addition of a mouse anti-rat κ-chain mAb (MAR
18.5) and rabbit complement. All mAb were used at optimal
concentrations determined in preliminary experiments.
Resting B cells were obtained by separation on a discontinu-
ous density gradient consisting of 50, 60, 66 and 70% Percoll
(Pharmacia, Piscataway, NJ) in HBSS, and harvesting the
cells from the 66/70 interface. Cells were washed 3 times in
RPMI 1640 medium before use.

B cells were cultured (0.5–13106/ml) in RPMI 1640 medium
supplemented with 10% defined FCS (HyClone, Logan, UT),
0.1 mM non-essential amino acids, 1 mM sodium pyruvate,
2 mM L-glutamine, 200 U/ml penicillin, 200 mg/ml streptomy-
cin, 0.1 mg/ml kanamycin sulfate (Gibco, Grand Island, NY)
and 50 µM 2-mercaptoethanol (Sigma, St Louis, MO). Both B
cell activators and cytokines were added at the initiation of
culture and were used at the following concentrations: LPS
(50 µg/ml) from Escherichia coli 055:B5 (Sigma), dextran-
conjugated anti-mouse IgD mAb (aδ-dex) (3 ng/ml) (19),
provided by C. M. Snapper (Uniformed Services University
of the Health Sciences, Bethesda, MD), TGF-β1 (2 ng/ml) (R
& G Systems, Minneapolis, MN), mouse rIL-4 (12,000 U/ml),
made in a baculovirus expression system and a gift from W.
E. Paul (National Institutes of Health, Bethesda, MD), mouse
rIFN-γ (10 U/ml), obtained from J. Stevens (American Cancer
Society, Atlanta, GA), and mouse rIL-5 (18.7 ng/ml) and
mouse rIL-10 (1 ng/ml) (both from PharMingen, San Diego,
CA). Cells were incubated at 37°C in a humidified atmosphere
of 5% CO2 either in duplicate in 24-well flat-bottom plates for
4 days for induction of class switching or in 25 cm2 flasks for
1–3 days for RNA isolation.

Analysis of sIg expression
Class switch was measured by flow cytometric analysis of
mIg expression after stimulation of spleen B cells in vitro for
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4 days with B cell activators and cytokines. Cells were pelleted
and resuspended in 50 µl of PBS containing 1.5% FCS and
0.2% NaN3. To the cell suspension was added 50 µl mixture
of an affinity-purified goat anti-mouse IgM–FITC (1:50) with
either 1:50 phycoerythrin (PE)-conjugated goat anti-mouse
IgA, 1:50 PE-conjugated F(ab)2 fractions of goat anti-mouse
IgG1, anti-IgG2a, anti-IgG2b or anti-IgG3 (Southern Biotech-
nology Associations, Birmingham, AL). After 60 min on ice,
cells were washed 3 times with PBS/1.5% FCS/0.2% NaN3
and resuspended in 500 µl of the same solution. Then 200 µl
of 4% paraformaldehyde in PBS was added and cells were
vortexed at room temperature for 5 min. Cells were pelleted
and resuspended in 1 ml PBS/1.5% FCS/0.2% NaN3 and
analyzed. Cells were analyzed on a FACScan (Becton
Dickinson, Mountain View, CA), and forward and side scatter
were set to include live lymphocytes. Staining controls were
B cell lines expressing either sIgM or sIgA. The IgM1 cell line
stains more brightly than splenic B cells treated with LPS,
thus explaining the apparent lack of sIgM on LPS-treated
splenic B cells. Data were plotted using WinList 3.0 (Verity
Software House, Topsham, ME). The gates were set individu-
ally for each isotype to maximize the distinction between cells
positive or negative for the different isotypes.

RNA isolation

Total RNA was isolated from cultured cells using the Ultraspec
RNA isolation system (Biotecx, Houston, TX) according to the
manufacturer’s protocol.

RT-PCR

Genomic DNA was removed from total cell RNA by treating
RNA (800 µg/ml) with RNase-free DNase I (320 U/ml)
(Boehringer Mannheim, Indianapolis, IN) in a buffer containing
RNase inhibitor (2000 U/ml) (Promega, Madison, MI), 100 mM
NaCl, 10 mM MgCl2 and 1 mM DTT at 37°C for 30 min
followed by phenol extraction and ethanol precipitation. For
reverse transcription, 20 µg of RNA was mixed with 800
µg random hexanucleotide primer (Boehringer Mannheim),
heated at 65°C for 5 min and chilled on ice. Then 800 U
MuLV reverse transcriptase was added in a final volume of
200 µl containing 13buffer, 800 U RNase inhibitor and 1 mM
each of dNTPs, and the mixture was incubated at 37°C
for 60 min. Random primers were removed by differential
precipitation with 1 volume of ethanol in the presence of 2.5
M ammonia acetate at room temperature for 10 min and the
cDNA was dissolved in 200 µl distilled H2O.

PCR was performed using an Expand High Fidelity PCR
system (Boehringer Mannheim). The reaction mixture was
heated at 95°C for 10 min before addition of enzyme (hot
start); followed by 40 cycles of 94°C for 45 s, 55°C for 60 s
and 72°C for 90 s, and a final incubation at 72°C for 10 min.
A portion (20 µl) of PCR product was analyzed on a 2%
agarose gel and stained with 1 µg/ml ethidium bromide for
30 min at room temperature.

For detection of GL α RNA, a 239 bp fragment was amplified
using an upstream primer (59-GACATGATCACAGGCA-
CAAGGC-39), derived from the I exon sequences and a
downstream primer (59-TTCCCCAGGTCACATTCATCGT-39),
derived from Cα1 exon sequences (16). For hHPRT–Cα RNA,
a 887 bp fragment was amplified using an upstream primer

(59-CTTTGCTTTCCTTGGTCAGG-39), which is derived from
the human HPRT mRNA sequence (20) (HUMHPRT, GenBank
NID g184349) and contains, within its most 39 of 9 nucleotides,
three mismatches with mouse HPRT mRNA (MUSHPRT, Gen-
Bank NID g193984), and a downstream primer (59-GGGAAG-
GTGTTCACTGTGACTT-39) which spans the junction of Cα2
and Cα3 exon (MUSIALPHA, GenBank NID g286082).

Construction of plasmids

Standard molecular cloning techniques were followed in
construction of the following plasmids (maps in Fig. 3A).

phHPRT–Cα. RT-PCR products were extracted with phenol
and ethanol precipitated. The terminus was polished by
treatment with T4 DNA polymerase and DNA polymerase I
Klenow fragment. The DNA fragment was purified by agarose
gel electrophoresis and cloned by blunt-end ligation into the
HincII site of pBluescript KS(–) (Stratagene, La Jolla, CA).
The resultant clones were mapped by restriction enzyme
digestion and the selected ones were sequenced. A 547 bp
HindII–PstI fragment was isolated from one of the type I
clones, and subcloned between HindIII and PstI sites in
pBluescript KS(–). The resulting plasmid was linearized with
XhoI and transcribed in vitro using T7 RNA polymerase.

pIα–Cα. RT-PCR products of the GL α RNA was treated as
above and digested with PstI. A 199 bp fragment was gel
purified and cloned into gel-purified, HindIII (blunt-ended)
and PstI-cut pBS(1)/BH1.4 plasmid (5). The insert of the
resulting plasmid comprises the Iα exon joined to Cα1 exon
and was verified by sequencing. This plasmid was then cut
with KpnI, gel purified to remove the 59 part of the insert and
re-circularized. The final plasmid was linearized with EcoRI
and transcribed in vitro using T3 RNA polymerase.

Preparation of RNA probe

The reaction mixture (in 10 µl) for in vitro transcription con-
sisted of 1 µl RNA polymerase (Stratagene), 1 µg linearized
plasmid, 100 µCi [32P]UTP (800 Ci/mM; NEN, Boston, MA),
10 mM DTT, 100 µg/ml BSA, 1 mM each of ATP, GTP
and CTP, 40 U RNase inhibitor, and 13buffer from the
manufacturer of the enzyme. The mixture was incubated at
37°C for 2 h followed by addition of 10 U RNase-free DNase
I and incubation at 37°C for another 10 min. The reaction was
stopped by addition of 30 µg Proteinase K plus 1% SDS and
incubation at 37°C for 2 h. After phenol extraction, the
unincorporated [32P]UTP was removed by gel filtration on a
spin column.

RNase protection assay

The method of Zinn et al. (21) was followed with some
modifications. 20 µg RNA consisting of a mixture of 10 µg
total spleen RNA and 10 µg yeast RNA, or 20 µg yeast RNA
alone was mixed with 13106 c.p.m. of in vitro transcribed
RNA probe and dried down. The RNA pellet was dissolved
in 50 µl hybridization buffer, heated at 85°C for 5 min and
incubated at 45°C overnight. Then 450 µl of digestion buffer
containing nuclease T1 (200 U/ml) and nuclease P1 (20
µg/ml) (Boehringer Mannheim) was added, and incubation
continued at 30°C for 60 min. The reaction was terminated
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by addition of 70 µg Proteinase K plus SDS to 0.5% final
concentration and incubation at 50°C for 30 min. Nucleic acids
were extracted once with phenol and ethanol precipitated on
ice for 30 min with 30 µg yeast RNA added as carrier. The
pellet was dissolved in 15 µl loading buffer, heated at 85°C
for 5 min and electrophoresed on a 4% polyacrylamide/8 M
urea gel at 200 V for 4 h. Gels were dried, exposed to X-ray
film and signals were quantitated using a Molecular Dynamics
Personal Densitometry SI and ImageQuant version 1.1
software.

Results

Detection and sequencing of spliced HPRT–Cα GL transcripts

To begin to examine the structure of the RNA transcribed from
the HPRT–Cα locus, we first determined whether transcription
occurs across the entire HPRT–Sα–Cα segment by performing
a series of RT-PCR across the locus. Several pairs of primers
spanning the human HPRT gene, Sα segment and Cα gene
were used to amplify fragments from template cDNA tran-
scribed from LPS-activated splenic B cells. LPS induces
switching to IgA in the Iα–/– B cells (16). Products were
obtained from sets of overlapping primers spanning the entire
locus, indicating that transcription occurs across the entire
HPRT–Sα–Cα segment, although no PCR products corres-
ponding to full length transcripts were detected (data not
shown).

Since these data suggested that the entire locus is tran-
scribed, we hypothesized that a transcript containing HPRT
exons and Cα exons might be spliced to produce an RNA
with a structure analogous to that of GL transcripts (see Fig.
1B). To examine this possibility, we used RT-PCR to attempt
to detect a spliced RNA containing HPRT and Cα sequences.
A 59 primer for the human HPRT minigene, which differs from
mouse HPRT, and a 39 primer complementary to sequences
spanning the junction of the Cα2 and Cα3 exons were used
to amplify cDNA from LPS 1 TGF-β1-treated splenic B cells.
Figure 2(A) shows that the RT-PCR primed by the HPRT 1
Cα primers yielded two fragments, 887 and 780 bp long, from
the Iα knockout B cells and none from wild-type B cells. An
RT-PCR performed in parallel using wild-type activated splenic
B cell RNA and primers derived from the Iα and Cα1 exons
produced a 239 bp fragment, but no products from the Iα–/–

B cell RNA. Control reactions performed without reverse
transcriptase (–) yielded no products. These results suggest
that splicing occurs between the HPRT and Cα sequences in
the Iα knockout B cells. The finding of two different RT-PCR
products suggests that splicing occurs between the HPRT
and Cα segments at two different sites.

To determine the nature of the two products amplified by
RT-PCR from the Iα–/– mice, the two fragments were cloned
and analyzed by nucleotide sequencing. The sequences
indicate that two different splice donors within the HPRT gene
are used to splice to the normal splice acceptor of exon 1 of
the Cα gene (Fig. 2B). The HPRT sequence in the type II
clone ends at nucleotide 649 at which point it is spliced to
the Cα1 exon. The type I sequence continues to nucleotide
755 of the HPRT sequence. Consensus splice donor
sequences (GT) are found immediately 39 to both of the splice

donor sites used in HPRT. In Fig. 2(B), upper case letters
indicate nucleotides in the PCR product and lower case letters
indicate nucleotides which are spliced out. These results
demonstrate that the Iα–/– mice synthesize a spliced RNA that
has a structure very similar to GL α transcripts.

Quantitation of the spliced HPRT–Cα RNA by RNase protection
experiments

If the spliced HPRT–Cα transcripts in the Iα knockout mice
are present in adequate quantities, this might explain the
ability of B cells from these mice to undergo switching to IgA.
To quantitate the amount of the spliced RNA in cells, we
performed RNase protection assays on total cell RNA from
splenic B cells induced to undergo switching for 2 days by
LPS in the presence or absence of cytokines, using the
cloned Iα–Cα and HPRT–Cα segments as probes (Fig. 3A).

As shown in Fig. 3(B), the Iα–Cα probe (left half of gel)
protects two specific RNA fragments, one corresponding to
the 127 nucleotide long Cα segment which arises from mature
α mRNA. As expected, it protects no other fragment in the
Iα–/– B cells, but protects a 384 nucleotide fragment arising
from GL α RNA (Iα–Cα) in wild-type cells treated with TGF-β1
plus LPS. The larger of the two HPRT–Cα PCR products (type
I) was used as a probe in the right half of the gel. This probe
protects a 187 nucleotide fragment arising from the abundant
HPRT mRNA in the Iα–/– cells (16). The HPRT–Cα probe also
protects a 360 nucleotide fragment (Cα) from mature α mRNA
in both wild-type and mutant cells. In addition, the HPRT–Cα
probe protects a 547 nucleotide fragment only in the Iα–/– B
cells, whose size matches the predicted size of the spliced
HPRT–Cα RNA species. Interestingly, densitometry showed
that the amount of this fragment appears to be ~3-fold more
than the amount of the Iα–Cα fragment, indicating that the
quantity of the HPRT–Cα RNA is equal to, if not more than,
that of GL α RNA in cells induced to undergo switching to IgA.
This estimation was made taking into account the difference in
specific activities of the probes, 20% greater for the Iα–Cα
probe, and the difference in sizes of the protected fragments,
42% greater for the HPRT–Cα fragment. By comparing the
signals from the HPRT–Cα fragment and the 187 nucleotide
HPRT fragment, correcting for the different lengths of the
protected fragments, we estimate that ~1.2% of the transcripts
from the Iα–/– allele continue through the Sα and Cα regions,
and are spliced to form the HPRT–Cα RNA. These data
suggest that B cells from these Iα knockout mice switch well
because they produce a RNA that corresponds in its structure
and its quantity to that of normal GL α RNA.

Switching to other isotypes in the Iα knock-out mice

It has been hypothesized that the promoters of individual GL
transcripts compete with each other for access to a locus
control region (LCR) which is required for their transcription
and perhaps also for switching to that isotype (22). Preliminary
evidence for competition between CH genes for induction of
their GL transcripts has been obtained from mice with a
targeted deletion of their Iγ1 exon (23). B cells from these
mice when stimulated with LPS 1 IL-4 switch ~2 times more
frequently to IgE than their wild-type littermates, whereas
switching to IgG2b is not increased. These data suggest that
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Spliced HPRT–Cα RNA in Iα exon-deficient mice 41

Fig. 2. Detection and sequencing of Ig α locus GL transcripts in Iα exon-deficient homozygous mice by RT-PCR. (A) RT-PCR. Resting splenic
B cells were isolated from four each of wild-type (1/1) and Iα exon-deficient homozygous mice (–/–), and stimulated with LPS (50 µg/ml) and
TGF-β1 (2 ng/ml) for 3 days. Total RNA was isolated from the stimulated cells, transcribed into cDNA with MuLV reverse transcriptase (RT) or
mock transcribed in the absence of the reverse transcriptase (–), and PCR-amplified using primer pairs specific for the mouse Iα and Cα1
exons (Iα–Cα), or specific for chimeric RNA containing human HPRT mRNA spliced to mouse Cα RNA (hHPRT–Cα). The amplified DNA
fragments were electrophoresed on a 2% agarose gel and stained with ethidium bromide. PCR reactions with no in vitro transcribed cDNA
added were included as additional controls. The mol. wt. marker is DNA marker VI (Boehringer-Mannheim). (B) Sequence of hHPRT–Cα clones
at the splice junction. The relevant human HPRT mRNA (bold) and mouse Cα1 exon sequences are shown at both the top and the bottom for
comparison. The numbering is according to the GenBank loci HUMHPRT for human HPRT mRNA and MUSIALPHA for the mouse Cα1 exon.
The nucleotides present in the HPRT–Cα cDNA are shown in capital letters and those spliced out are shown in lowercase letters. Two
sequences (type I and type II) with different splice donor sites are shown in the middle. Each was represented in three sequenced clones.
The control Iα–Cα segment cloned from the wild-type mice used the identical Cα1 splice acceptor (data not shown). This is also the normal
splice acceptor for mature α mRNA.

switching to IgG1 may compete with switching to IgE in B
cells treated with LPS 1 IL-4.

If competition exists among the promoters of GL transcripts,
then replacement of the Iα gene with the HPRT minigene,
which is driven by the strong constitutively active PGK pro-
moter, might inhibit switching to other isotypes. The presence
of abundant HPRT mRNA in B cells from these mice, relative
to the GLα RNA in wild-type B cells, suggests that the HPRT
promoter is much stronger than the GL α promoter (Fig. 3) (16).

We examined the ability of B cells from the Iα–/– mice to
switch to IgG isotypes in comparison with B cells from wild-
type mice. Splenic B cells from wild-type and Iα–/– mice were
induced to switch by LPS treatment with the addition of
various cytokines to induce switching to IgA or to IgG. On
day 4, cells were stained and analyzed for sIg expression by
flow cytometry. As previously demonstrated, switching to IgA
by the targeted B cells can be induced by LPS in the absence

of TGF-β1. Although the percentages of sIgA1 cells are quite
low at day 4, they are greater than in wild-type cultures
treated with LPS 1 TGF-β1 (Fig. 4) (16). If one adds the
cytokine IL-4, switching to IgA is increased in both wild-type
and mutant B cells (Figs 4 and 5). The mechanism of induction
of increased IgA switching by IL-4 is unknown and is not due
to an effect on GL α transcripts (24–26).

When surface IgG expression was measured in this same
experiment, switching to all four IgG subclasses was found
to be reduced in the Iα–/– mice in comparison to the wild-type
mice by 45–93% (Figs 4 and 5). Figure 4 illustrates some of
the flow cytometry data from an experiment in which LPS 6
cytokines were used to induce switching to IgA and to IgG.
Figure 5 (left panels) summarizes the data. We considered
the possibility that the inhibitory effect may depend on the
activator used for inducing class switching. However, when
we tested the effect of inducing switching with anti-δ dextran
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Fig. 3. Expression of Ig α locus GL transcripts in wild-type and Iα exon-deficient mice. (A) Diagram of DNA templates for production of in vitro-
transcribed RNA probe. Only restriction sites relevant for this study are shown. The amount of labeled nucleotide incorporated into the Iα–Cα
probe was 20% greater than the amount incorporated into the HPRT–Cα probe in this experiment. (C) RNase protection assay using the Iα–
Cα RNA probe on the left half of the gel and the HPRT–Cα type I RNA probe on the right half. Equal amounts of c.p.m. (13106) were used in
each lane. Resting splenic B cells were isolated from each of wild-type (1/1) and Iα–/– mice, and were stimulated as indicated for 2 days.
The Iα–Cα probe protects a Cα fragment (127 nucleotides) from mature α mRNA and an Iα–Cα RNA fragment (384 nucleotides) in wild-type
cells stimulated with LPS 1 TGF-β1. The hHPRT–Cα probe protects fragments from the HPRT mRNA (187 nucleotides), the mature α mRNA
(Cα) (360 nucleotides) and from the spliced HPRT–Cα RNA (547 nucleotides).

6 IL-5 6 LPS 6 other cytokines (26–29), we again found that
the Iα–/– B cells showed reduced switching to the two IgG
subclasses tested, IgG1 and IgG3, in comparison to wild-
type B cells (Fig. 5, right panels). We have not tested IgE
switching in these mice. In conclusion, insertion of an HPRT
gene driven by the PGK promoter (PGK–HPRT) at the Iα locus
on both chromosomes inhibits switching to all IgG subclasses.

Discussion

Role of GL transcripts in CSR

In this manuscript we demonstrate that a spliced RNA that
has the structure of a normal GL transcript is synthesized in
B cells in which a PGK–HPRT minigene replaces the Iα exon.
The fact that B cells having this chimeric HPRT–Cα transcript
switch well to IgA indicates that the sequence of the I exon
in the GL transcripts is probably not important for CSR. This
is consistent with the lack of conservation of Iα exon sequences
between species (30). Thus, any proteins that might bind the
Iα exon or any polypeptide that might be translated from the

small open-reading frame of the GL α transcript (5) are not
essential for class switching. These data are consistent with
a recent report that the Iγ2b exon can be replaced with
an expressed PGK-neor gene without disruption of CSR to
IgG2b (31).

The available data suggest, however, that the general
structure of the GL transcript may be essential for class
switching. A targeted mutation of the Iγ2b exon in which it is
replaced with a neor gene driven by the Polyoma virus
enhancer/Herpes virus thymidine kinase promoter in the anti-
sense orientation completely inhibits CSR to the γ2b gene
(13). This suggests that transcription through the switch region
may be necessary. However, transcription through the switch
region is not sufficient, because transcription in the absence
of splicing of the transcript does not direct CSR to that CH
gene (14,15).

Although the data suggest that a transcript of any sequence
which is spliced across the switch region may be sufficient
for CSR, the data do not allow one to determine the function
of splicing. One possibility is that the splicing machinery
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Fig. 4. Normal switching to IgA but reduced switching to IgG isotypes in Iα exon knockout mice. Resting splenic B cells from six wild-type (1/
1) and six Iα exon-deficient homozygous mice (–/–) were pooled and stimulated with LPS and various cytokines for 4 days, and mIg expression
was quantitated by flow cytometry analysis as detailed in Methods.

contributes to the process of switch recombination. Alternat-
ively, splicing results in cutting of the primary transcript,
perhaps thereby allowing the intron RNA which contains
the switch region sequences to remain associated with the
genome (32–34). The DNA–RNA complex might somehow
serve as a target for enzymes involved in CSR or otherwise
facilitate some step required for switch recombination.

Mechanism of inhibition of IgG expression in Iα HPRT-replace-
ment mice

Insertion of the PGK-neor gene by gene targeting into a
number of different loci has been shown to inhibit expression
of nearby genes that are regulated, or thought to be regulated,
by the same LCR. Examples are insertions into the granzyme
B gene (35) and into a regulatory gene for myogenesis, MRF4
(36). It has also been shown that replacement of elements

within the LCR for the β-globin gene cluster with a PGK-neor

gene inhibits expression of several genes within the β-globin
gene cluster (37,38). If the same elements of the β-globin
LCR are simply deleted from the chromosome, the effects on
expression of the genes are minimal. A similar finding has
been obtained for the 39 Ig κ enhancer. Replacement of the
39 Ig κ enhancer with the PGK-neor gene inhibits development
of κ1 B cells to a greater extent than does deletion of the 39
κ enhancer (39).

Altogether these data suggest that insertion of a PGK-neor

gene into one gene within a gene cluster might disrupt
interactions between the promoters of other genes within that
cluster with enhancer elements of the LCR and that insertion
of the PGK-neor gene into the LCR itself disrupts regulation
of many of the genes of the cluster. In agreement with this
hypothesis, Cogne et al. (22) found that insertion of a PGK-
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Fig. 5. Summary of flow cytometry data measuring sIg expression in splenic B cells induced to undergo CSR. Resting splenic B cells from
wild-type (1/1) and Iα exon-deficient mice (–/–) were stimulated with either LPS and/or dextran-conjugated anti-mouse IgD mAb (aD-dex)
plus various cytokines for 4 days, and mIg expression was quantitated by flow cytometry analysis. n indicates the number of experiments
performed. When three experiments were performed, the means 1 SE values are shown.

neor gene into the IgH 39 enhancer reduces the levels of GL
transcripts for several, but not all, isotypes. These data further
indicate that the 39 IgH enhancer is involved in activating
transcription of several isotypes and thus may function as a
LCR (22,40). Thus, we hypothesize that the inhibition of
switching to all four IgG subclasses in B cells from the Iα–
HPRT replacement mice may be because the PGK-HPRT
gene may be able to sequester the LCR, thereby disrupting
interactions of the promoters for these GL transcripts with the
IgH 39 enhancer and/or other regulatory sequences and that
this inhibition results in inhibition of CSR.

The inhibition of switching to other isotypes by replacement
of the Iα exon with the PGK–HPRT gene may be specific to
the PGK promoter. In all examples mentioned above in which
insertion of the neor gene inhibited expression of several
genes, the inserted neor gene was driven by the PGK pro-

moter. Three examples have been reported in which a neor

gene driven by the Polyoma enhancer/Herpes virus thymidine
kinase promoter replaced an I exon (13,14,23). B cells from
these mice showed no alteration in ability to switch to any of
several isotypes, except for the one corresponding to the
targeted I exon. However, since in these three cases the neor

gene was inserted in antisense polarity, it is possible that the
lack of inhibition could be due to the polarity of the neor gene.

In conclusion, B cells from mice having the Iα exon replaced
by an expressed HPRT minigene in the sense orientation
synthesize a spliced RNA with the HPRT coding sequences
replacing the Iα exon. This RNA appears to function similarly
to the bona fide GL α transcript in promoting CSR. Replace-
ment of the Iα exon with the HPRT gene, which is driven by
the strong PGK promoter, results in decreased CSR to all four
IgG subclasses, possibly due to disruption of interactions
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between the promoters for GL γ transcripts and the 39 IgH
enhancer.
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