B-cell and plasma-cell splicing differences: A potential role
in regulated immunoglobulin RNA processing

SHIRLEY R. BRUCE,' R.W. CAMERON DINGLE," and MARTHA L. PETERSON"" 2

"Department of Microbiology, Immunology, and Molecular Genetics, Department of Pathology and Laboratory Medicine, and *The Lucille
Parker Markey Cancer Center, University of Kentucky College of Medicine, Lexington, Kentucky 40536, USA

ABSTRACT

The immunoglobulin p pre-mRNA is alternatively processed at its 3’ end by competing splice and cleavage-polyadenylation
reactions to generate mRNAs encoding the membrane-associated or secreted forms of the IgM protein, respectively. The relative
use of the competing processing pathways varies during B-lymphocyte development, and it has been established previously that
cleavage-polyadenylation activity is higher in plasma cells, which secrete 1gM, than in B cells, which produce membrane-
associated IgM. To determine whether RNA-splicing activity varies during B-lymphocyte development to contribute to p
RNA-processing regulation, we first demonstrate that p pre-mRNA processing is sensitive to artificial changes in the splice
environment by coexpressing SR proteins with the p gene. To explore differences between the splice environments of B cells and
plasma cells, we analyzed the splicing patterns from two different chimeric non-Ig genes that can be alternatively spliced but
have no competing cleavage-polyadenylation reaction. The ratio of intact exon splicing to cryptic splice site use from one
chimeric gene differs between several B-cell and several plasma-cell lines. Also, the amount of spliced RNA is higher in B-cell
than plasma-cell lines from a set of genes whose splicing is dependent on a functional exonic splice enhancer. Thus, there is clear
difference between the B-cell and plasma-cell splicing environments. We propose that both general cleavage-polyadenylation
and general splice activities are modulated during B-lymphocyte development to ensure proper regulation of the alternative p
RNA processing pathways.
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INTRODUCTION whereas an mRNA encoding the membrane-associated IgM
(um) is spliced to remove the ps poly(A) site and is cleaved
and polyadenylated at the downstream pm poly(A) site. The
relative amount of these two mRNAs changes during B-
lymphocyte maturation; B cells produce similar amounts of
the two mRNAs, whereas plasma cells produce 10- to 20-
fold more ps than pm mRNA. The efficiencies of the com-
peting cleavage-polyadenylation and splice reactions are
balanced, which is critical for regulated p pre-mRNA pro-
cessing (Peterson and Perry 1989; Peterson 1992). RNA
from a non-Ig gene that was modified to contain a poly(A)
site within an intron was regulated in B-cell and plasma-cell
lines (Peterson 1994a) and when it was expressed as a trans-
gene in resting and activated mouse splenic B cells (Seipelt
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Alternative RNA processing is a common strategy for regu-
lating gene expression, yet the mechanisms governing alter-
native RNA production in the appropriate cell types are not
well-understood. RNA from the immunoglobulin (Ig) p
gene is alternatively processed at its 3’ end to encode the
secreted and membrane-associated forms of the IgM pro-
tein, and this gene has been studied extensively as a model
system for regulated alternative RNA processing (for review,
see Peterson 1994b; Edwalds-Gilbert et al. 1997). An RNA
encoding the secreted form of IgM (us) is produced when a
promoter-proximal cleavage-polyadenylation site is used,
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tivity differs between B cells and plasma cells, and that these
changes contribute to p mRNA-processing regulation. Tan-
dem poly(A) sites are differentially used in the two cell types
(Peterson et al. 1991; Matis et al. 1996), the amount of
Cleavage-stimulatory Factor (CstF) 64K subunit cross-
linked to poly(A) sites differed between extracts from B-cell
and plasma-cell lines (Edwalds-Gilbert and Milcarek 1995),
the levels of CstF 64K increased when resting mouse B cells
were stimulated with LPS (Takagaki et al. 1996), and over-
expression of CstF 64K in a chicken B-cell line altered the
endogenous ps/pm mRNA ratio (Takagaki et al. 1996).
Thus, CstF 64K is likely to be a component of p-processing
regulation. However, the exact role of the CstF 64K protein
in ps/pm regulation is not fully resolved; although ps/pm
processing is regulated in established B-cell and plasma-cell
lines, CstF 64K protein levels do not consistently differ be-
tween them (Edwalds-Gilbert and Milcarek 1995). This sug-
gests that additional factors must impact ps/um RNA-pro-
cessing regulation when B cells mature to plasma cells. It is
possible that cleavage-polyadenylation activity is modulated
between B-cell and plasma-cell lines (Edwalds-Gilbert and
Milcarek 1995; Yan et al. 1995; Martincic et al. 1998; Phill-
ips et al. 2001; Veraldi et al. 2001). But, it is equally possible
that the splicing environment is altered as B cells mature;
this is a reasonable hypothesis, as the us/pum mRNA ratio is
determined by competing splice and cleavage-polyadenyla-
tion reactions that have balanced efficiencies.

Whether alterations in splicing are involved in p RNA-
processing regulation has been addressed previously, but
individual studies reached different conclusions. When the
p gene was coinjected into Xenopus oocytes with nuclei
from either B-cell, plasma-cell, or nonlymphoid-cell lines,
the Cp4-M1 splice reaction that removes the us poly(A) site
was seen only when B-cell nuclei were injected (Tsurushita
et al. 1988). This suggested that B-cell nuclei contain a
diffusable trans-acting factor(s) that stimulates pm mRNA
splicing. Additional evidence of RNA metabolism differ-
ences between B cells and plasma cells has been reported. A
lymphoma (B-cell line) was found to have a six- to seven-
fold higher nuclear to cytoplasmic ratio of mature mRNA
for both the Ig vy and k genes and to accumulate more
nuclear precursor RNA than a matched hybridoma cell line
(Milcarek et al. 1998); similar results also were seen for the
Ig n RNAs (Nelson et al. 1983). Also, partially spliced tran-
scripts from chimeric sarco/endoplasmic reticulum Ca®*-
ATPase genes were detected in transfected B-cell, but not
plasma-cell lines (van den Bosch et al. 1996). These results
suggest that B cells and plasma cells differ both in nuclear-
cytoplasmic transport and general pre-mRNA-processing
efficiencies. On the other hand, when two different RNAs,
each containing a suboptimal 5" splice site in competition
with a more efficient 5’ splice site, were expressed in B-cell
and plasma-cell lines, the B cells did not specifically activate
the suboptimal splice site (Peterson et al. 1991). Also, a p
gene that lacked the ps poly(A) site produced some unproc-

essed RNA in addition to spliced pm mRNA, but the ratio
of spliced RNA to this other RNA did not vary substantially
between B-cell and plasma-cell lines (Watakabe et al. 1991).
One interpretation of these latter results is that splicing is
the same between the two cell types. However, another ex-
planation for these results is that the competing reactions in
these substrates were not balanced within the range neces-
sary to detect differences in the cellular splice environment.
Therefore, they do not rule out the possibility that differ-
ences in splicing activity contribute to ps/um regulation,
and this question remains unresolved.

To determine whether p pre-mRNA-processing regula-
tion is sensitive to splicing changes, we artificially modified
the splicing environment by transiently coexpressing the p
gene with several serine/arginine-rich (SR) proteins that can
function in alternative splicing regulation (Fu 1995; Manley
and Tacke 1996; Graveley 2000). We found that the us/pm
mRNA ratio was altered by some of the SR proteins, indi-
cating that the balance between the splice and cleavage-
polyadenylation reactions in the p pre-mRNA can be modi-
fied by splicing factors. To explore whether the splicing
environments of B cells and plasma cells do differ, we ana-
lyzed the splicing patterns from two different chimeric non-
Ig genes that can be alternatively spliced, but do not contain
a competing cleavage-polyadenylation reaction. If these
genes are differentially spliced in B-cell and plasma-cell
lines, this would establish that the splicing environments
differ functionally between these two cell types. Here, we
show that several B-cell lines splice a chimeric gene differ-
ently than several plasma-cell lines. As an initial attempt to
identify potential cis-acting splice regulatory elements in the
p gene, we inserted multiple overlapping fragments from
the Cp4 exon into a gene whose splicing is dependent on a
functional exonic splice enhancer (ESE). We found that
multiple fragments activated splicing and, in support of our
model, the amount of spliced RNA was always higher in
B-cell than plasma-cell lines. Thus, we demonstrate that
there is clear difference between the B-cell and plasma cell-
splicing environments, and that the p gene is sensitive to
artificial changes in splicing-factor expression. Taken to-
gether, these results suggest a model wherein changes in
both general cleavage-polyadenylation and splice activities
during B-lymphocyte development ensure proper regula-
tion of alternative p mRNA-processing pathways.

RESULTS

Splicing environment changes affect
B RNA processing

If our model that splice environment differences between B
cells and plasma cells contributes to the developmental
changes in ps/um mRNA processing is correct, then p
mRNA processing may be sensitive to artificial changes in
SR protein levels. Whereas individual SR proteins have been
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shown to alter splice patterns when overexpressed in vivo
with splice substrates that contain competing 5 splice sites
(Caceres et al. 1994; Screaton et al. 1995; Wang and Manley
1995), competing 3’ splice sites (Bai et al. 1999) and exons
that could be either included or excluded (Caceres et al.
1994; Jiang et al. 1998), it is not known whether the p
pre-mRNA, which contains a splice reaction in competition
with a cleavage-polyadenylation reaction (Fig. 1A), re-
sponds to changes in SR protein expression. To assess this,
we transiently cotransfected the M12 B-cell and the S194
plasma-cell lines with the p gene and several SR protein-
expression vectors (Screaton et al. 1995) and quantitated
the ps/pm mRNA ratio by S1 nuclease protection analysis
(Fig. 1B,C). SF2/ASF (SF2), SRp30c, and SRp55, when co-
expressed with the p gene, decreased the ps/pm ratio about
twofold compared with the pCDM8 vector control in both
cell lines (Fig. 1B,C). This suggests that these SR proteins
enhanced the Cp4-M1 splice reaction relative to cleavage-
polyadenylation at the ps poly(A) site. Although some co-
expressed SR proteins have been shown to dramatically shift
the RNA-splicing patterns of specific substrates in vivo (Ca-
ceres et al. 1994; Du et al. 1997; Bai et al. 1999; ten Dam et
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al. 2000), a twofold change in splice ratios has also been
reported with other splice substrates (Caceres et al. 1994;
Screaton et al. 1995; Jiang et al. 1998; Bai et al. 1999). There
was no significant change in p processing with coexpressed
SRp40 and SC35 in either cell line (Fig. 1B,C). Because the
Cp4 exon contains an SC35-responsive ESE required to
splice the constitutive Cu3—Cp4 intron in vitro (Chandler et
al. 1997), the fact that overexpression of this SR protein did
not affect the us/um mRNA ratio suggests that this ESE
participates in Cu3—Cp4 splicing without substantially af-
fecting Cu4—M1 splicing. Interestingly, SRp20 coexpression
increased the ps/pm ratio twofold in the plasma-cell line; a
slight increase was also observed in the B-cell line (Fig.
1B,C). SRp20 has been identified to be a part of a cleavage-
polyadenylation enhancer complex (Lou et al. 1998), but it
also often affects alternatively spliced substrates differently
than other SR proteins (e.g., Screaton et al. 1995; ten Dam
et al. 2000). Thus, in the p pre-mRNA, it is not clear
whether SRp20 is enhancing cleavage-polyadenylation or
repressing splicing. It is likely that the SR proteins were
expressed in excess in these transient transfection assays, as
altering the ratio of SR expression construct to pu gene con-
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FIGURE 1. p gene—SR protein cotransfections. (A) Diagram of the alternative RNA-processing reactions at the 3" end of the Cp gene, and the
S1 probe used to distinguish cleaved-polyadenylated us mRNA from spliced pm mRNA; the sizes of the protected fragments are shown. (B) Equal
amounts of pSV5Cp and the SR protein constructs shown above each lane (pCDMS is the empty vector) were cotransfected into the M12 B-cell
line, and RNA was analyzed by S1 nuclease protection assay. The probe and protected fragments are identified on the right. The S1 protection
assays were quantitated on a PhosphorImager and expressed as a ratio of us to um mRNA. Each bar represents at least two independent
transfections analyzed two or more times. (C) Cotransfection analysis in the S194 plasma-cell line as described in B.
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struct from 1:7 to 7:1 did not affect p expression substan-
tially (data not shown). However, because only 5%—10% of
the cells are transfected, we are not able to measure the level
of overexpression achieved in the transfected cells. When
the p gene and SF2 were coexpressed with either SRp30c or
SRp55 in M12 B cells, the ps/um ratio was reduced below
that seen with either individual SR protein (data not
shown). Taken together, these results show that ps/pm pre-
mRNA processing can respond to artificial changes in the
splicing environment.

The splicing environment of B cells and plasma cells
is different

Having established that the p gene is able to respond to
splice environment changes, we tested whether the splice
environments of B cells and plasma cells differ by expressing
chimeric non-Ig genes that could be alternatively spliced,
but did not have a competing cleavage-polyadenylation re-
action in the M12 B-cell and S194 plasma-cell lines. We
have shown previously that the unusually large fourth exon
from the mouse polymeric Ig receptor (pIgR) gene, when
placed in the third intron of the mouse major histocom-
patibility complex (MHC) class I D gene (D%-pIgR or
plgR, Fig. 2A), is constitutively spliced into the mRNA in
the human HepG?2 liver-cell line (Bruce et al. 1999; Bruce
and Peterson 2001). However, when the 5’ splice site of
pIgR exon 4 was weakened by a point mutation (D-pIgR
5'SS or 5SS, Fig. 2A), a cryptic 5’ splice site 158 nucleotides
into the pIgR exon was partially activated (Fig. 2B, Bruce
and Peterson 2001). We transiently transfected D“-pIgR

A

SV40

:E“h&""’l I IR 117

- -

- 654 T

(262 PIER Exon 4 420

AAG|GTGAGA plgR

B C 5'SS

Dd Ex3 S BEREnmA o, DAEx4  fyl] length splicing
~ o cryptic splicing

-1

and D9-pIgR 5'SS into M12 B cells and S194 plasma cells
and quantitated the alternatively spliced RNAs by S1 nucle-
ase protection assays using a probe that will distinguish
RNA that contains the intact exon from RNA that has been
spliced at the cryptic 5" splice site (Fig. 3C). We also moni-
tored expression by RT-PCR (data not shown), which pro-
vides information on the size of the pIgR exon spliced into
the DY RNA, as described previously (Bruce et al. 1999;
Bruce and Peterson 2001). The ratio of full-length to cryptic
RNA expressed in the S194 plasma-cell line was similar to
that seen previously in HepG2 cells; in pIgR, exon 4 was
spliced intact, whereas the 5’'SS mutation partially activated
the previously identified upstream cryptic 5" splice site (Fig.
3A). When these constructs were expressed in the M12
B-cell line, however, very different results were obtained.
Surprisingly, RNA spliced at the cryptic 5 splice site was
detected even when the pIgR exon was not mutated (Fig.
3A). The cryptic 5’ splice site was further activated by the
5'SS mutation; the cryptic splice site was used more fre-
quently than the authentic 5" splice site in M12 cells (Fig.
3A). For each construct, the ratio of full-length to crypti-
cally spliced RNA was 7- to 11-fold higher in the plasma
cells than in the B cells. Several other pIgR mutations
(Bruce and Peterson 2001) were also expressed in M12 and
S194 cells with similar results; in all cases, the upstream
cryptic splice site was recognized more frequently in the
M12 B cells than in the S194 plasma cells (data not shown).
These results were also confirmed by stably transfecting
pIgR and 5'SS into the M12 and S194 cell lines (data not
shown). Thus, these two cell lines clearly differentially splice
the chimeric D-pIgR gene.
To assure these processing differences were due to a true
cell-type difference in splicing environment and were not
specific to these particular cell lines, we
transiently expressed both pIgR and 5'SS
in two other B-cell lines and two other
plasma-cell lines. Like the M12 B cells,
pa  both the A20 B-cell and the 70Z/3 early-
B-cell lines recognized the cryptic 5’
splice site in pIgR, whereas the J558L and
the MPC11 plasma-cell lines spliced this
exon intact, similar to the S194 plasma
cells (Fig. 3B). The cryptic splice site was
further activated in the A20 and 70Z/3
B-cell lines by the 5'SS mutation; the ex-
pression ratios are similar to those in the
M12 cell line. In the J558L and MPC11
plasma-cell lines, 5'SS also activated

FIGURE 2. Chimeric D?-pIgR construct. (A) The 654-bp pIgR exon 4, with 262 bp and 420
bp of surrounding intron sequence, was placed into the Kpnl (K) site in intron 3 of the D¢
gene. The open box represents the pIgR exon, the black boxes are DY exons, and thin lines are
introns. The 5" splice-site sequence at the end of pIgR exon 4 is shown; the A at the +4 position
was mutated to C in the construct 5'SS (Bruce and Peterson 2001). (B) Diagram of the splicing
patterns of the D9-pIgR RNA and the 5'SS mutant in a nonlymphoid cell line. The full exon
is spliced in D9-pIgR (splice pattern shown above) and a cryptic 5 splice site 158 nucleotides
into exon 4 is activated in 5'SS (splice pattern shown below) (Bruce et al. 1999; Bruce and
Peterson 2001).

some cryptic splice site use as it had in
the S194 cell line (Fig. 3B). The similar-
ity in pIgR and 5'SS expression patterns
among the three B-cell and three
plasma-cell lines confirms that there are
functional differences in the splicing en-
vironments between these two cell types.
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FIGURE 3. D%pIgR constructs are differentially spliced in B-cell and plasma-cell lines. (A) RNA from $194 plasma cells and M12 B cells mock
transfected (—) or transiently transfected with the constructs shown above each lane was analyzed by S1 nuclease protection. The probe and
protected fragments are labeled. The S1 reactions were quantitated by PhosphorImager analysis and expressed as a ratio of full-length to cryptically
spliced RNA. Multiple protected bands are observed with the cryptic 5 splice-site RNA due to fortuitous homology between the probe and the
sequences in DY exon 4; the fragments were combined for quantitation. The values shown below each lane are the mean of least two independent
transfections, analyzed two or more times; the standard deviation of each mean was <10%. Because of variable lane background, we cannot reliably
measure ratios above 30 (Bruce and Peterson 2001); other bands in the lanes are considered background because they do not correspond to bands
seen by RT-PCR analysis of this RNA. (B) D9-pIgR and D9-5’SS were transiently expressed in the J558L and MPC11 plasma-cell lines and the
A20 and 70Z/3 B-cell lines, and the RNA was analyzed by S1 nuclease protection. The probe and protected fragments are labeled and the reactions
were quantitated as described above. (C) Diagram of the D9-pIgR S1 nuclease protection analysis probe that distinguishes full-length from
cryptically spliced RNA. RNA that has spliced the full-length pIgR exon into D¢ protects the probe to the PpuMI site, and cryptically spliced RNA

protects the probe to the cryptic 5’ splice site; the expected sizes of each product are indicated.

Multiple p gene sequences respond to the splicing
environment differences of the B cells and
plasma cells

Because the splice environments of B cells and plasma cells
differ and the ps/um mRNA ratio could be altered by co-
expressing the u gene with some SR proteins, we proposed
that there may be exonic sequences in the p gene that con-
tributed to RNA-processing regulation. The possibility that
specific exonic sequences contribute to ps/um mRNA regu-
lation does not conflict with our model that global changes
in RNA-processing factors modulate p alternative process-
ing, as ESE sequences are degenerate and are likely to be
found throughout most pre-mRNAs (Liu et al. 1998; Schaal
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and Maniatis 1999). Exonic splice silencer (ESS) sequences
are less well-defined, but are also likely to appear frequently
throughout genes (Cartegni et al. 2002). We reasoned that
if we could find a fragment from the p gene that differen-
tially activated splicing in B cells and plasma cells, we could
identify the interacting protein and thus, a component of
ps/pm regulation. Although an ESE that affects M1-M2
splicing and, indirectly, Cu4-M1 splicing, has been identi-
fied in M2, there is no evidence that this element contrib-
utes to ps/um regulation (Watakabe et al. 1991, 1993).
Thus, we first examined sequences within the Cp4 exon. We
used the minigene pAVWT.BSC (pAV; Fig. 4A; Xu et al.
1993), which contains a truncated avian sarcoma virus
(ASV) env intron that requires an ESE downstream from
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FIGURE 4. pAV-derived RNAs are differentially spliced between B
cells and plasma cells. (A) The pPAVWT.Bsc vector (pAV) that requires
an exonic splice enhancer to be spliced is diagrammed. The arrows
below are the PCR primers used to analyze the spliced vs. unspliced
RNA; the downstream-most primer was used to monitor the size of
the two RNAs, whereas the upstream two primers were used in quan-
titation. The diagram below identifies the overlapping fragments from
the Cu4 exon that were inserted between the Bg/II (Bg) and Spel (S)
sites of pAV to test for ESE activity; (L) ApaLl; (P) Pstl; (A) Apal; (M)
Mspl; (B) BstEll; (D) Dpnl; (H) Haell. (B) Representative RT-PCR
reactions of RNA from M12 B cells (B) and S194 plasma cells (PC)
that were stably transfected with the construct shown below each pair
of lanes. The bands representing the unspliced (308 nucleotides) and
spliced (82 nucleotides) RNAs are shown.

the 3’ splice site to be spliced, to monitor Cp4 fragments for
splice-enhancing activity. We cloned overlapping 60-127-
bp fragments from the Cp4 exon into pAVWT.Bsc (Fig.
4A); the A fragment contains SC35-dependent ESE activity
that is required for the Cp3-Cp4 intron to be spliced in
vitro (Chandler et al. 1997). These pAV derivatives were
stably transfected into the M12 B-cell and S194 plasma-cell
lines, total RNA was isolated, and the spliced and unspliced
RNAs were quantitated by RT-PCR using an end-labeled
primer. Splicing was activated when four copies of a syn-
thetic purine-rich sequence was inserted in the downstream
exon, but not when a mutant version of this sequence was
present (GAR4 vs. mGAR4; Fig. 4B; Table 1; Xu et al. 1993).
We found that, in addition to the A fragment, several others
had ESE activity that was above background in M12 B cells
(Fig. 4B; Table 1). Interestingly, rather than finding one
fragment that directed pAV to be differentially spliced be-
tween B cells and plasma cells, we found that most of the
HAV constructs with measurable splicing activity were more
efficiently spliced in B cells than plasma cells. This was also

true for the positive control GAR4 (Fig. 4B; Table 1). Sev-
eral fragments that had weak ESE activity in M12, D and E,
did not activate detectable spliced RNA in S194 cells (Fig.
4B; Table 1). The C fragment was only weakly spliced in
both cell types (Table 1). Total RNA was assayed in these
experiments, but we have also analyzed both nuclear and
cytoplasmic RNA fractions from several transfected lines;
relatively more of the spliced RNA was found in the cyto-
plasm compared with the nucleus, but the unspliced RNA
was also clearly present in the cytoplasm, and the differ-
ences in “% spliced RNA” observed between B-cell and
plasma-cell lines were seen in both cellular compartments
(data not shown). Thus, this cell-type difference in expres-
sion is due to splicing activity, and nuclear-cytoplasmic
RNA transport variations do not contribute substantially.
Whereas some of the differences in activity among the
Cu4 subfragments may be due to the strength of an ESE
element, there could also be multiple enhancer and/or si-
lencer elements within the fragments. The ESEfinder pro-
gram (http://exon.cshl.org/ESE/) identified numerous po-
tential sites for ASF/SF2, SRp40, SC35, and SRp55 within
the Cu4 fragments. However, the number of predicted sites
did not correlate with the splicing activity stimulated by
each fragment. For example, fragment C was predicted to
have nearly twice as many motifs for each SR protein as
fragment A, including more with high-homology scores, yet
it was substantially less active than fragment A in stimulat-
ing HAV splicing. We do not yet know enough about ESS
sequences to be able to identify them by sequence, but the
variable presence of these elements may also affect the over-
all activities within the Cp fragments. Nevertheless, it is
clear from our experimental analysis that the Cp4 exon
contains multiple sequences that can enhance pAV splicing.
But more importantly, most of the pnAV derivatives were
differentially spliced between B-cell and plasma-cell lines.
Because SR proteins are known to interact with ESE se-

TABLE 1. pAV derivatives are differentially spliced in B cells and
plasma cells

% Spliced

Fragment (bp) B cell Plasma cell
Bsc (=) = =
GAR4 (37) ++++ ++
mGAR4 (37) - -

A (121) +4++ +4

B (85) +++ +/—
C(127) + +

D (110) 4k —

E (60) +/- -

% spliced ranges: —, <1%; +/—, 1%—2%; +, 2%-8%; ++,
8%—16%; +++, 16%—-32%; ++++, >32%

The % spliced RNA for each construct expressed in the M12 B cell
and S194 plasma cell was quantitated by RT-PCR as detailed in
Materials and Methods. The range of values are shown below.
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quences to modulate splice activity (Fu 1995; Manley and
Tacke 1996; Graveley 2000), one interpretation of these re-
sults is that the levels of multiple SR proteins may differ
between the B-cell and plasma-cell lines. However, it is also
possible that the functional splice environment differences
that we detect with both the D?-pIgR and pAV plasmids
may be due, not to changes in the SR proteins themselves,
but rather to changes in factors that modify the activity of,
cooperatively interact with, or compete with the SR proteins
or other components of the splice machinery. In either case,
the difference between the B-cell and plasma-cell splice en-
vironment is likely to be more complex than can be ap-
proached using a standard biochemical strategy to identify
individual RNA-binding proteins involved in ps/um regu-
lation.

DISCUSSION

Previous studies have shown that the regulated changes in
ps/um mRNA processing during B-lymphocyte develop-
ment do not require specific u gene sequences (Peterson
1994a; Seipelt et al. 1998). Thus, p processing is likely con-
trolled by general RNA-processing factors; theoretically, this
could be due to changes in general cleavage-polyadenyla-
tion activity, general splice activity, or a combination of
both. Evidence has accumulated to suggest that cleavage-
polyadenylation activity is higher in plasma cells, which
preferentially use the ps poly(A) site, than in B cells (Pe-
terson et al. 1991; Edwalds-Gilbert and Milcarek 1995; Ma-
tis et al. 1996; Takagaki et al. 1996; Veraldi et al. 2001). By
using two different RNA substrates that could be alterna-
tively spliced, with no competing cleavage-polyadenylation
reaction, we have demonstrated here that the splice envi-
ronment is also clearly different between B cells and plasma
cells. B cells spliced the large pIgR exon 4 using an internal
cryptic 5’ splice site more frequently than plasma cells, and
they spliced the pAV-derived RNAs more frequently than
did plasma cells. These results appear to contradict the con-
clusion of a previous experiment that found no evidence for
a change in splicing activity between B-cell and plasma-cell
lines (Peterson et al. 1991). However, this previous experi-
ment tested the limited hypothesis that a splice factor, such
as a novel Ul small nuclear RNA, was present in B cells
that specifically recognized the suboptimal Cu4 5’ splice
site or the mutant adenovirus E1A 12S 5’ splice site. In
fact, an adenovirus E1A splice substrate that contained the
competing wild-type 12S and 13S 5’ splice sites was in-
cluded in these experiments as a control for the RNase
protection analysis, but the expression wasn’t quantitated
(Fig. 2 in Peterson et al. 1991). We recently quantitated
this data and found that, in two independent experiments,
the E1A 12S:13S ratio was 1.7- to 2.1-fold higher in the
3-1 pre-B cells than in the S194 plasma cells. This is similar
to the change in use of tandem poly(A) sites that was
measured in these same cells (Peterson et al. 1991) and
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in a similar independent experiment (Matis et al. 1996).
This, then, is a third example of an alternative splice reac-
tion that is differentially modulated between B cells and
plasma cells.

Because the splicing environment of B cells and plasma
cells differ, we propose that this contributes to the mecha-
nism that regulates alternative p mRNA processing during
B-lymphocyte development. If this is true, then the p pre-
mRNA, which has a splice reaction in competition with a
cleavage-polyadenylation reaction, should respond to
changes in the splice environment, independently of
changes in cleavage-polyadenylation efficiency. We artifi-
cially altered the cellular-splicing environment by tran-
siently overexpressing SR proteins with the p gene and
found four different SR proteins that altered the ps/pm
ratio. However, although these cotransfection studies dem-
onstrate that ps/um mRNA processing can respond to
changes in SR protein levels, this does not mean that
changes in these specific SR proteins are responsible for
ps/pm regulation during B-lymphocyte maturation or for
the difference in splicing environment that we observed
between B cells and plasma cells. This only indicates the
potential for splicing regulation to occur through an SR
protein-dependent mechanism. In fact, regulation is un-
likely to be mediated by gross changes in the SR protein
levels. Obvious changes in SR protein levels were not de-
tected in populations of normal resting B cells and cells
induced to differentiate with LPS, although minor differ-
ences in the amount of SRp55 could be observed (Takagaki
et al. 1996). Therefore, the artificially overexpressed SR pro-
teins may substitute for factors that normally change during
lymphocyte development or alter the balance among differ-
ent RNA-processing factors. For example, the overexpressed
SR proteins could be acting in an exon-independent man-
ner by stabilizing and/or bridging interactions between fac-
tors bound at the 3’ and 5’ splice sites or the 3’ splice site
and the ps poly(A) site (for review, see Graveley 2000).
Alternatively, they could affect the balance between an SR
protein and an antagonizing activity (e.g., Mayeda and
Krainer 1992; Hanamura et al. 1998; Barnard and Patton
2000; Eperon et al. 2000; Cowper et al. 2001) or affect a
modification or subcellular localization step that modulates
SR protein activity (e.g., Colwill et al. 1996; Prasad et al.
1999).

On the basis of the data presented here and reported
previously (Peterson et al. 1991; Peterson 1994a; Edwalds-
Gilbert and Milcarek 1995; Takagaki et al. 1996), we pro-
pose that changes in both general cleavage-polyadenylation
and splicing activities during B-cell maturation ensure
proper regulation of the alternative p RNA-processing path-
ways. Our data are consistent with B cells splicing weaker
splice sites more efficiently than plasma cells; the Cp4 5’
splice site is known to be suboptimal (Peterson and Perry
1989), the cryptic 5" splice site in pIgR exon 4 is weaker
than the authentic pIgR 5’ splice site (Bruce and Peterson
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2001), and the pAV 3’ splice site is suboptimal and requires
a downstream ESE. This enhanced splice activity in B cells,
in combination with lower cleavage-polyadenylation activ-
ity, would result in Cu4—M1 splicing competing successfully
with cleavage-polyadenylation at the suboptimal ps poly(A)
site in B cells. In plasma cells, we propose that cleavage-
polyadenylation activity is increased, whereas weaker splice
site use is no longer augmented. Thus, the suboptimal Cp4
5" splice site does not effectively compete with the increased
use of the ps poly(A) site and, in the D9-pIgR pre-mRNA,
only the authentic pIgR 5’ splice site is used, and the large
exon is spliced intact. This model, wherein both splice and
cleavage-polyadenylation activities are modulated relative
to each other, does not require that there be large changes
in either activity, as the Ig genes, which have balanced com-
peting processing signals, would be able to respond effec-
tively to modest changes in each reaction.

Firm proof of this model will require that the processing
factors whose activity or expression differs between B cells
and plasma cells be isolated and shown to affect ps/pm
processing. Candidate factors include hnRNP F and hnRNP
H; the ratio of these two proteins was found to differ be-
tween B-cell and plasma-cell lines and to modulate in vitro
cleavage-polyadenylation activity (Veraldi et al. 2001). Also,
the amount of UlA associated with Ul snRNP decreased
~25% in a human B-cell line after it was stimulated to
differentiate, whereas the amount of UlA in a snRNP-free
complex did not change (Milcarek et al. 2003). It is not yet
clear whether changes in hnRNP F and hnRNP H (Min et
al. 1995; Gamberi et al. 1997) or UlsnRNP contribute to the
developmental changes in RNA-splicing activity that we
have detected. To obtain a more complete view of the p
regulatory mechanism, a more global approach to identify-
ing differentially expressed genes is required. Because a large
body of evidence indicates that changes in a cascade of
transcription factors drives B cells to terminally differentiate
to plasma cells (for review, see Calame 2001), it is likely that
some of the transcriptionally regulated genes will encode
proteins that influence ps/pm RNA-processing regulation.
Microarray analyses of RNA from stimulated and unstimu-
lated B cells can be used to identify candidate regulatory
factors, which then must be overexpressed and underex-
pressed to verify their roles in p-processing regulation.
Characterizing the RNA-processing factor differences be-
tween B cells and plasma cells should uncover new infor-
mation not only on p RNA-processing regulation, but also
on the competitive and/or cooperative interactions that
may take place between the splicing and cleavage-polyade-
nylation machinery.

MATERIALS AND METHODS

Plasmid constructions

The cDNAs for the human splicing factors SRp20, SF2/ASF, SC35,
SRp30c¢, SRp40, and SRp55 are cloned into the pCDMS8 expression

vector (Screaton et al. 1995) and were a generous gift from Gavin
Screaton (Institute of Molecular Medicine, John Radcliff Hospi-
tal).

The Ig p plasmid pSV5Cus-m (Peterson and Perry 1986) and
the D9-pIgR chimeric gene and its derivatives (Bruce et al. 1999;
Bruce and Peterson 2001) have been described previously. As with
the Cp construct, a 3.8-kb polyomavirus fragment that enables the
plasmids to replicate was added to the D9-pIgR constructs (Peter-
son and Perry 1989).

The pAV series of constructs were derived from the plasmid
MAVWT.BSC (Xu et al. 1993) that was provided to us, along with
positive (GAR4) and negative (mGAR4) control plasmids, by Tom
Cooper (Baylor College of Medicine). This plasmid contains a
truncated ASV env intron and flanking exons that requires an ESE
to be spliced; fragments containing putative ESE sequences are
cloned between BgIII-Spel sites in the downstream exon. We
cloned overlapping fragments from the Cp4 exon into this vector
in two ways. First, restriction fragments PstI-Apal (PA) and Mspl—
Dpnl (MD) were made blunt with Klenow and cloned into the
vector. Second, we generated PCR fragments using primers that
contained BgIII or Spel restriction sites at their ends, digested the
PCR products with these enzymes, and directionally cloned them
into the vector: 5'-CGAGATCTGCACAAACATCCACCT-3" and
5'-CTACTAGTGCACACTGATGTCTGC-3' for LP, 5'-CGAGAT
CTGCCCCGATGCCAGA-3" and 5'-GTACTAGTGGCAGGGCC
TCGT-3' for AB and 5'-CGAGATCTCCCTGATCATGTCTGAC-
3" and 5-GTACTAGTTGAGCGCTAGCATGGT-3" for DH. All
constructs were confirmed by DNA sequencing.

Cell culture

The mouse B-cell lines M12 and A20 and the early-B-cell line
70Z/3 were grown in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 50 U/mL penicillin/strepto-
mycin (all from Life Technologies) and 50 uM 2-mercaptoethanol.
The mouse plasmacytoma cell lines S194 and MPC11 were grown
in Dulbecco’s modified Eagles medium supplemented with 10%
heat-inactivated horse serum and 50 U/mL penicillin/streptomy-
cin (all from Life Technologies). The J558L cell line was grown in
Iscove’s modified Dulbecco’s medium supplemented with 5%
heat-inactivated horse serum and 50 U/mL penicillin/streptomy-
cin.

Transfections and RNA preparation

The B-cell and plasma-cell lines were transiently transfected using
the DEAE Dextran procedure and 8 pg plasmid DNA for 3-4 x 107
cells (Grosschedl and Baltimore 1985). Transfected M12, S194,
J558L, and MPC11 cells were harvested after 40 h. Transfected A20
and 70Z/3 cells were harvested after 24 h. For the SR protein
cotransfection studies, equal amounts of pSV5Cp and SR protein
expression plasmids were used, although plasmid ratios ranging
from 1:7 to 7:1 gave similar expression results (data not shown).
For the triple transfections, 2 pg pSV5Cp was cotransfected with 3
pg of each SR protein. Cytoplasmic RNA was prepared as de-
scribed previously (Schibler et al. 1978).

The M12 and S194 cell lines were stably transfected with the
MAV series of constructs by electroporation. The pAV plasmids
were linearized and mixed with linear pSV2neo in a ratio of 2:1,
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electroporated into cells, and the cells were allowed to recover
overnight before being put into selective medium. Stable pools of
cells were selected with G418 at 300 ug/mL for M12 and 500
pg/mL for S194. Total RNA was isolated using Trizol Reagent
(Invitrogen).

RNA analysis

The S1 probe to distinguish ps from pm mRNA was 3’ end labeled
at a Pstl site using Klenow and [a-**P]dCTP and the analysis
performed as described previously (Fig. 1A; Peterson and Perry
1989). The S1 probe used to differentiate the D-pIgR transcripts
was derived from a D?-pIgR ¢cDNA subclone in pGEM4. The
probe was 3’ end-labeled at an Mspl site using Klenow and
[@-?*P]dCTP and extends to the EcoRI site in the vector (Fig. 3C).
A total of 100 pg of RNA, a combination of 50100 g of specific
RNA and carrier RNA, was hybridized overnight at 50°C with the
labeled probe. The reactions were treated at 37°C for 30 min with
60 units of S1 nuclease (Pharmacia). The protected fragments were
separated on a 6% acrylamide, 7 M urea gel and quantitated by
PhosphorImager analysis. Multiple protected fragments are ob-
served with the cryptically spliced RNAs due to fortuitous homol-
ogy between the probe and the DY exon 4 sequences to which the
cryptic site is spliced; by changing S1 digestion temperatures, all
bands could be combined into one.

A RT-PCR assay was developed to quantitate spliced and un-
spliced pAV mRNA. A total of 2 pg of RNA from stably transfected
cells was reverse-transcribed using oligo dT and SuperScript (Life
Technologies) according to the manufacturer’s instructions. A to-
tal of 1 uL of the RT reaction was used in a 50-pL PCR reaction
with 2.5 U Taq polymerase (Life Technologies), 2 mM MgCl,, 200
uM dNTPs, 200 nM each primer, plus 5 X 10> cpm (4-10 nM) of
the top primer end-labeled with [y**P]ATP. The PCR cycles were
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. Tubes were
removed sequentially from the cycler after 21-33 cycles, 40 puL of
each reaction was ethanol precipitated and run on a 6% acryl-
amide, 7 M urea gel. The gels were dried and the products were
quantitated by Phosphorlmager analysis. The cycle titration of
each reaction identified the cycles during which both reaction
products were within the linear phase of amplification. The prod-
ucts were quantitated from the maximum cycle number within
this window, and these values were used to calculate the “%
spliced RNA”. The primers used for quantitation were as follows:
top strand, 5'-CATTCACCACATTGGTGTGC-3’, and bottom
strand, 5'-CCAGGGTATCCAGTCAGAACTGC-3'. To ensure
that the size of the RNAs made from each construct reflected the
size of the insert and that no cryptic splice reactions occurred
within the inserted sequence, we also used a primer downstream of
the insertion site in the vector (5'-GATTGTCATCCTGAGTGT
GG-3") with the top strand primer (data not shown).
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