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ABSTRACT We have studied immunoglobulin double-
isotype expression in a transgenic mouse (TG.SA) in which
expression of the endogenous immunoglobulin heavy chain
locus is almost completely excluded by a nonallelic rearranged
human pu transgene. By flow-cytometric analyses, we have
shown that a small, but significant, portion (about 4%) of
transgenic spleen cells expresses human g (transgene) and
mouse Yy (endogenous) chains when cultured in vitro with
bacterial lipopolysaccharide and interleukin 4. By using am-
plification of cDNA by the polymerase chain reaction, followed
by cloning and sequencing of the amplified cDNA fragment, we
have demonstrated expression of trans-mRNA consisting of the
transgenic variable and endogenous constant (y,;) region se-
quences. Such trans-mRNA could be produced by either switch
recombination or trans-splicing between the transgene and
endogenous sterile y;-gene transcripts. These results indicate
that trans-splicing might be a possible mechanism for the
immunoglobulin double-isotype expression in normal B lym-
phocytes that have not rearranged the second expressed con-
stant region gene.

During the course of B-lymphocyte differentiation, progeny
of a single B lymphocyte can switch the expressed immuno-
globulin isotype from IgM to IgG or other classes of immu-
noglobulin without changing the antigen specificity deter-
mined by the V region sequence (where V, D, J, and C
indicate variable, diversity, joining, and constant regions of
immunoglobulin). This phenomenon, known as immunoglob-
ulin class switching, is accompanied by DNA rearrangement
that takes place between S regions located 5’ to each Cy gene
(except for the C; gene) (reviewed in refs. 1 and 2). The S-S
recombination brings the VygDJy exon to the proximity of the
Cy gene to be expressed by deletion of other Cy genes
located in-between on the same chromosome.

Although the deletion model has gained support by studies
on myelomas, hybridomas, and normal spleen cells (3-6), the
model has faced difficulty in explaining the observation that
a single B lymphocyte carries on its surface more than one
isotype (double or triple bearers) (7). Several groups analyzed
sorted B cells or B-cell tumors carrying two isotypes and
found no rearrangement of the second, expressed Cy gene,
suggesting the involvement of RNA processing in double-
isotype expression (refs. 8-11; T.-R.M., P. Sideras, A.S.,
and T.H., unpublished data). These findings led to the
proposal that the double-isotype expression could be an
intermediate stage to class switching (2, 8).

Interleukin 4 (IL-4), previously known as IgG1 induction
factor, induces switching to IgG1 and IgE and simultaneously
up-regulates transcripts (sterile transcripts) from the C,; and
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C, genes (12, 13). As the existence of such sterile transcripts
from a Cy gene seemed to correlate well with switching to
that particular Cy isotype, the sterile transcripts were
thought to be indicative of opening of the chromatin structure
of the Cy genes that make the putative switch recombinase
system accessible (12-15).

The accessibility model (12-15) thus considered the sterile
transcript useless by itself. However, there remains the
possibility that the sterile transcript could be utilized as a
substrate of the trans-splicing reaction for the double-isotype
expression (P. Sideras, T.-R.M., A.S., and T.H., unpub-
lished data). To test this hypothesis, we took advantage of a
human immunoglobulin transgenic mouse (TG.SA) in which
a majority of B lymphocytes expresses human transgenic u
chain and, by allelic exclusion, does not completely rearrange
the endogenous immunoglobulin heavy chain locus (16). In
this paper, we report that the transgenic VyDJy exon can be
expressed in conjunction with the endogenous mouse C,;
gene. These results could accommodate either a trans-
splicing or a DNA recombinant mechanism.

MATERIALS AND METHODS

Transgenic Mice. Two transgenic mouse lines carrying
rearranged human VyDJy-C,, genes that allow expression of
either the membrane-bound u chain (TG.SA) or the secretory
w chain (TG.ST) were previously described (16, 17). These
were maintained by crossing with FVB/N mice (Taconic
Farms).

Spleen Cell Culture. Single cell suspensions were prepared
by passing spleen cells through stainless steel mesh. Spleen
cells, adjusted to concentrations of =3 X 10° per ml, were
cultured in RPMI 1640 medium containing 50 uM 2-mercap-
toethanol, 10% fetal calf serum, 30 ug of lipopolysaccharide
(LPS) per ml (Sigma), and =100 units of recombinant mouse
IL-4 per ml in 7% CO; in air at 37°C.

Flow Cytometry. Cells were washed twice with Hanks’
balanced salt solution containing 0.01% sodium azide and 1%
bovine serum albumin and preincubated with a mouse mono-
clonal antibody, 2.4G2 (18) (generous gift from Kevin
Holmes, National Institutes of Health), to block the binding
through the Fc receptors. Cells were then stained with
fluorescein isothiocyanate (FITC)- or R-phycoerythrin (PE)-
labeled goat polyclonal antibodies against the human or
mouse u or y heavy chains (Southern Biotechnology Asso-
ciates, Birmingham, AL). Cross-reactivities of these anti-
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bodies were determined by staining normal mouse spleen
cells and a cell line that expresses human IgM on its surface.
There were no detectable cross-reactivities. Stained cells
were analyzed by flow cytometry on a Cytofluorograf IIS
(Ortho Diagnostics).

Polymerase Chain Reaction (PCR) and Characterization of
Amplified DNA. Total cellular RNAs were extracted by the
guanidium isothiocyanate method (19). mRNAs were con-
verted to cDNA by using oligo(dT),, ;s as primers and a
cDNA synthesis kit (Boehringer Mannheim). These RNA/
cDNA complexes were used as templates for the PCR.
Approximately 5 ng of each cDNA was amplified by 25 cycles
of PCR in a 50-ul reaction mixture (20) with 1.25 units of Taq
DNA polymerase (Thermus aquaticus DNA polymerase)
(Perkin-Elmer/Cetus) and then by another 25 cycles after the
addition of the same amount of the enzyme using an auto-
mated DNA thermal cycler (Perkin-Elmer/Cetus). Primers
for the PCR and DNA sequencing were synthesized by an
automated DNA synthesizer (models 380A and 381A, Ap-
plied Biosystems). Primer sequences are indicated in the
legend to Fig. 2. Amplified DNA fragments were analyzed on
2% low-melting agarose (LGT, FMC Bio Products) gel elec-
trophoresis and recovered from the gel by heating to 65°C,
extraction with a mixture of water-saturated phenol/
chloroform/3-methylbutanol, 24:24:1, and precipitation with
ethanol. The recovered fragment was subcloned into the Sma
I site of Bluescript KS+ vector (Stratagene), and nucleotide
sequences were determined by the dideoxy chain-termina-
tion method (21) using alkali-denatured plasmid DNA. The
kit for DNA sequencing using 7-deazacytosine, restriction
nucleases, T4 DNA ligase were purchased from Takara
(Kyoto, Japan).

RESULTS

Double Bearers in Cultured Spleen Cells of the Transgenic
Mouse TG.SA. As a first step we examined whether spleen
cells from the transgenic mouse TG.SA could express murine
vy and human u chains simultaneously. Previous work with
this transgenic strain has shown that a majority of splenic B
lymphocytes expresses the transgenic human u chain on their
surface and that the endogenous immunoglobulin heavy
chain locus is almost completely excluded (16). This obser-
vation was confirmed by two-color flow cytometry as shown
in Fig. 1a. However, note that a small (1.5%), but significant,
number of cells apparently express human and mouse u
chains on their surface. Few, if any, fresh cells from the
TG.SA spleen expressed the transgene (u) and endogenous
mouse ¥y chain simultaneously (Fig. 1b).

As IL-4 is known to enhance isotype switching to IgG1 or
IgE of LPS- or antigen-stimulated B cells (22, 23), we
cultured the transgenic spleen cells with murine recombinant
IL-4 and LPS. On day 4 of the culture when the proportion
of the double bearers from normal mouse spleen cells reached
a peak, we could detect a significant number of double
bearers of the transgenic human u and endogenous mouse y
chains (2.9% of live cells, Fig. 1c) among the spleen cells from
the TG.SA mouse. A majority of these cells was not triple
bearers of human w, mouse w, and mouse y because only
0.9% (Fig. 1d) of the cells was positive for the mouse u and
v chains.

When the cells were cultured longer (7 days) to the stage
that most of the double bearers of the normal mice switch to
v single bearers, the population positive for human u and
mouse 7y chains expanded in the transgenic spleen cells
(4.1%, Fig. 1e) whereas that for mouse u and y chains did not
(0.9%, Fig. 1f).

Detection of the Trans-mRNA Consisting of Transgenic
Human VygDJy and Endogenous Mouse C, Sequences by the
PCR. Since the endogenous VDJ recombination is largely
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Fic. 1. Double-color flow-cytometric analyses of spleen cells
from a transgenic mouse strain, TG.SA. Horizontal and vertical axes
represent relative fluorescence of green (FITC) and orange (PE),
respectively, in logarithmic scale. Spleen cells were stained with
directly labeled antibodies against the human u, mouse u, or mouse
v chains. (a and b) Cells before the culture. (c and d) Cells cultured
for 4 days with LPS and IL-4. (e and f) Cells cultured for 7 days with
LPS and IL-4. Only live cells (=10* cells in a—d and =5 X 103 cells
in e and f) were analyzed. Background levels are indicated by lines.
The percentage of cells in each region is shown at the corner.

excluded, the flow-cytometric analyses described above sug-
gest that the mouse y chain might be expressed together with
the transgenic VyDJy exon (Fig. 2a). To test this possibility,
we extracted RNA from the cultured spleen cells of trans-
genic mice TG.SA and TG.ST and a human IgM™* cell line
(SA210) derived from TG.SA (recall that the TG.SA line
expresses the membrane-bound form of human IgM and
excludes endogenous immunoglobulin expression, whereas
the TG.ST line expresses only the secreted form of human
IgM and does not exclude). After converting the mRNAs into
cDNAs by reverse transcriptase, we used PCR and amplified
the postulated cDN A sequence that should have derived from
the transgenic human VyDJy-endogenous mouse C,; mRNA
(trans-mRNA) (20, 24). Two pairs of primers were chosen so
that the cDNA of the human transgene mRNA and trans-
mRNA could be distinguished by the length as well as the
sequence.

As shown in Fig. 2, the 397-bp fragment expected from the
trans-mRNA was amplified only from TG.SA mRNA,
whereas the 387-bp fragment from the transgenic u gene was
amplified from all three mRNAs. Because of the sensitivity
of the PCR (20) we were very careful to avoid contamination
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Fi1G.2. Detection of the trans-mRNA by the PCR. (a) Schematic representations of the transgene, endogenous C,; gene, a part of transgenic
w chain mRNA, and a part of expected trans-mRNA. Exons are indicated as boxes with different fillings to distinguish functional regions.
Enhancer and switch regions are also shown by circles and ellipses, respectively. Parentheses in the transgene indicate the deletion of the poly(A)
addition site for the secretory u chain. Expected sizes of PCR-amplified fragments with transgenic Vy primer (24-mer from 356 bases upstream
to the end of the JH6 in the Vy sequence, sense strand) and human C,, primer (31-mer from positions 31 to 1 of the CH1 exon, antisense strand)
and with the transgenic Vy primer and mouse C,; primer (21-mer from positions 41 to 21 of the CH1 exon, antisense strand) are shown above
and below the mRNA structures, respectively. bp, Base pairs. (b) Agarose gel electrophoresis of PCR-amplified DNA fragments. Amplified
fragments (20 ul from 50-ul reaction mixture) of mRNA/cDNA from cultured spleen cells of TG.SA, TG.ST, and SA210 cells were applied to
lanes 1, 2, and 3, respectively. Primer pairs used were human Vy/human C,, (left) and human Vy/mouse C,; (right). A ladder of multiples of
123-bp fragments was used as a size marker (lane M). Sizes of detected fragments are shown.

of samples with each other or cloned DNAs, and we had
never constructed artificial trans-mRNA or cDNA.
Structure of the Trans-mRNA Amplified by the PCR. To
confirm the expected structure of the trans-mRNA and to
exclude artifacts, the amplified 397-bp fragment was isolated
by gel electrophoresis and subcloned into a plasmid vector
for sequencing. Nucleotide sequences of three randomly
chosen clones (clones 4, 5, and 12) were determined and
compared with the transgene and mouse C, sequences. All
three subclones had identical sequences except for the ori-
entation in the vector. The sequences were identical to the
transgenic VyDJy sequence that was linked directly to the
mouse C,; sequence at the precise exon-intron junction as
shown in Fig. 3. The corresponding sequences of the trans-
genic and the amplified Vy3DJy sequences are identical even
at the junctions of the Vg, D, and Jy segments (N regions).
These data unequivocally indicate that the trans-mRNA was
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derived from the human transgene and endogenous C.; gene
(Fig. 3b).

DISCUSSION

Trans-Splicing or S-S Recombination in Transgenic B cells.
By using flow-cytometric analyses we have shown that a
significant number of TG.SA spleen cells expresses trans-
genic human p and endogenous mouse y chains when cul-
tured with LPS and IL-4. Amplification by the PCR and
cloning of the amplified fragment have unequivocally dem-
onstrated expression of the trans-mRNA containing the
transgenic VyDJy and endogenous C,; sequences. Synthesis
of this trans-mRN A could be due to either S-S recombination
between the transgene and the endogenous C,; gene or
trans-splicing (25-29) between the transgene transcript and
the sterile transcript from the endogenous C,; gene. The
exact location of the transgene is not known, although we
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F1G. 3. Nucleotide sequence analysis of the amplified fragment of the trans-mRNA. (a) Auto-radiogram of sequence reading at the J-C exon
junction. A reading of antisense strand of the exon junction of clone 4 is shown with the sequence converted to the sense strand at the left side.
The junction is indicated by a horizontal line and arrows. (b) Nucleotide sequence of amplified fragment from the trans-mRNA. DNA sequence
of clones 4, 5, and 12 (without the primer sequences used for the PCR) is shown with those of the transgene and mouse C,; gene. Junctions

of the segments and exon-intron are shown by arrows and vertical lines.
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know that the transgene is not located in the region empassing
the J and Cy genes (M.C.N., unpublished data). Two copies
of the transgene were integrated in a locus (unpublished
data), and each transgenic mouse contained two copies of the
transgene as the animal is heterozygous.

The combination of exons expressed in trans-mRNA does
not seem random because we could not detect a trans-mRNA
with the human Vy and the mouse u sequences by the PCR
(data not shown). This could be due to the requirement of
specific sequences in the sterile transcript for trans-splicing
or some specificity of DNA recombination. The fact that we
could not detect trans-mRNA in the other transgenic mouse
(TG.ST), which expresses only the secretory human u chain
and rearranges the endogenous immunoglobulin locus (17),
could be due to a possible high efficiency of switch recom-
bination between mouse endogenous genes and/or trans-
splicing between their transcripts, excluding involvement of
the transgene.

Durdik et al. (30) recently reported the expression of the V
region sequence of the transgene in conjunction with the
endogenous C, gene in hybridoma lines derived from hyper-
immunized transgenic animals. The authors favor the DNA
rearrangement model partly because of multiple copies of the
transgenes. More recently, Sklar and his associates (31)
reported trans-rearrangements between the yand §loci of the
T-cell receptor genes.

Immunoglobulin Double-Isotype Expression in Normal B
Cells. In view of the existence of trans-mRNA of the trans-
gene and the endogenous C,; gene, we propose that trans-
splicing could be a possible mechanism for double-isotype
expression by B cells that have no DNA rearrangement of the
second expressed Cy gene (refs. 8-11; T.-R.M., P. Sideras,
A.S., and T.H., unpublished data). The trans-splicing model
is consistent with the existence of the sterile transcripts from
specific Cy genes (refs. 12-15; P. Sideras, T.-R.M., A.S., and
T.H., unpublished data) and significant expression of trans-
combination of Vy and Cy allotypic markers on B cells and
immunoglobulin molecules in the F, rabbit (32-34). Trans-
splicing and alternative splicing of a long transcript may not
be mutually exclusive mechanisms. However, the long tran-
script model is short of explaining the precommitted isotype
switching in pre-B-cell lines (12, 14, 15).

We are grateful to Ms. Juanita Campos-Torres for her excellent
assistance in flow cytometry and Mr. Peter Gentile, Ms. Junko
Kuno, and Ms. Masayo Wakino for their technical assistance,
including the synthesis of oligonucleotides. We also thank Ms.
Kazuko Hirano for the preparation of this manuscript. A.S. was
supported in part by a fellowship from the Yoshida Scientific
Foundation. This work was supported in part by grants from E. 1.
DuPont de Nemours & Co. and the Ministry of Education, Science
and Culture of Japan.

1. Honjo, T. (1983) Annu. Rev. Immunol. 1, 499-528.
2. Shimizu, A. & Honjo, T. (1984) Cell 36, 801-803.
3. Yaoita, Y. & Honjo, T. (1980) Nature (London) 286, 850-853.

10.
11.
12.
13.
14.
15.

16.

17.

18.
19.

20.
21.
22.

23.
24.
25.
26.

27.
28.

29.
30.
31.
32.
33.

34.

Proc. Natl. Acad. Sci. USA 86 (1989) 8023

Cory, S., Jackson, J. & Adams, J. M. (1980) Nature (London)
285, 450-456.

Hurwitz, J., Coleclough, C. & Cebra, J. J. (1980) Cell 22,
349-359.

Radbuch, A. & Sablitzky, F. (1983) EMBO J. 2, 1929-1935.
Pernis, B., Forni, L. & Luzzati, A. L. (1976) Cold Spring
Harbor Symp. Quant. Biol. 41, 175-183.

Yaoita, Y., Kumagai, Y., Okumura, K. & Honjo, T. (1982)
Nature (London) 297, 697-699.

Perlmutter, A. & Gilbert, W. (1984) Proc. Natl. Acad. Sci. USA
81, 7189-7193.

Chen, Y.-W., Word, C. J., Dev, V., Uhr, J. W., Vitetta, E. S.
& Tucker, P. W. (1986) J. Exp. Med. 164, 562-579.

Kinashi, T., Godal, T., Noma, Y., Ling, N., Yaoita, Y. &
Honjo, T. (1987) Genes Dev. 1, 465-470.

Lutzker, S., Rothman, P., Pollock, R., Coffman, R. & Alt,
F. W. (1988) Cell 53, 177-184.

Rothman, P., Lutzker, S., Cook, W., Coffman, R. & Alt,F. W.
(1988) J. Exp. Med. 168, 2385-2389.

Stavnezer-Nordgren, J. & Sirlin, S. (1986) EMBO J. 5, 95-102.
Yancopoulos, G. D., De Pinho, R. A., Zimmerman, K. A.,
Lutzker, S. G., Rosenberg, N. & Alt, F. W. (1986) EMBOJ.5,
3259-3266.

Nussenzweig, M. C., Shaw, A. C., Sinn, E., Danner, D. B.,
Holmes, K. L., Morse, H. C. & Leder, P. (1987) Science 236,
816-819.

Nussenzweig, M. C., Shaw, A. C., Sinn, E., Campos-Torres,
J. & Leder, P. (1988) J. Exp. Med. 167, 1969-1974.
Unkeless, J. C. (1979) J. Exp. Med. 150, 580-596.

Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. & Rutter,
W. J. (1979) Biochemistry 18, 5294-5299.

Kim, H.-S. & Smithies, O. (1988) Nucleic Acids Res. 16,
8887-8903.

Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

Noma, Y., Sideras, P., Naito, T., Bergstedt-Lindquist, S.,
Azuma, C., Severinson, E., Tanabe, T., Kinashi, T., Matsuda,
F., Yaoita, Y. & Honjo, T. (1986) Nature (London) 319,
640-646.

Snapper, C. M., Finkelman, F. D. & Paul, W. E. (1988) J. Exp.
Med. 167, 183-196.

Saiki, R. K., Scharf, S., Faloona, F., Mullis, K. B., Horn,
G. T., Erlich, H. A. & Arnheim, N. (1985) Science 230, 1350-
1354.

Van der Ploeg, L. H. T. (1986) Cell 47, 479-480.

Murphy, W. J., Watkins, K. P. & Agabian, N. (1986) Cell 47,
517-525.

Sutton, E. R. & Boothroyd, J. C. (1986) Cell 47, 527-535.
Koller, B., Fromm, H., Galun, E. & Edelman, M. (1987) Cell
48, 111-119.

Kause, M. & Hirsh, D. (1987) Cell 49, 753-761.
Durdik, J., Gerstein, R. M., Rath, S., Robbins, P. F., Nisonoff,
A. & Selsing, E. (1989) Proc. Natl. Acad. Sci. USA 86,
2346-2350.

Tycko, B., Palmer, J. D. & Sklar, J. (1989) Science 245,
1242-1246.

Landucci-Tosi, S. & Tosi, R. M. (1973) Immunochemistry 10,
65-71.

Pernis, B., Forni, L., Dubiski, S., Kelus, A. S., Mandy, W. J.
& Todd, C. W. (1973) Immunochemistry 10, 281-285.
Knight, K. L., Malck, T. R. & Henly, W. C. (1974) Proc. Natl.
Acad. Sci. USA 71, 1169-1173.



