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G E N E  E X P R E S S I O N

Balanced efficiencies of splicing and cleavage- 
polyadenylation are required for \is and |im 
mRNA regulation

Martha L. Peterson

Department of Pathology, University of Kentucky, Lexington, Kentucky

T he relative abundance of the RNAs encoding the m em brane (pm) and  secreted (ps) form s of 
im m unoglobulin  p heavy chain is regulated  d u ring  B cell m aturation  by a change in  the m ode 
o f RNA processing. This regulation  depends on a com petition between two m utually exclusive 
RNA processing reactions, cleavage-polyadenylation at the ps poly(A) site and  splicing of the Cp4 
and  Ml exons. Previously, the efficiencies o f these two reactions were altered independently. W hen 
an  efficient processing signal replaced the norm al suboptim al signals of the p gene, a single RNA 
product was produced  exclusively. In  this report, two efficient signals are com bined in  a single 
p transcrip t and  shown to restore a processing balance such that two mRNAs can once again be 
alternatively processed from  a single RNA precursor. The ratio  of the two RNAs generated  from  
these p genes containing balanced com peting strong splice and  cleavage-polyadenylation reactions 
display the expected developm ental shift w hen expressed in  B cells and  plasm a cells. Therefore, 
the balance between cleavage-polyadenylation and  splicing efficiencies is critical to the develop- 
m entally regulated expression o f ps and  pm  mRNA. Also shown here  is tha t the entire  pm  region, 
including the M l and  M2 exons and  the pm  poly(A) site, can be replaced with SV40 splice and  
poly(A) sequences. Regulation is m ain tained  in  these p genes, indicating  that no specific sequences 
w ithin  the pm  region are required .

T he mRNAs encoding the mem brane-bound 
(m) and secreted (s) forms of IgM heavy 
chain (p) are produced from identical prim ary 

transcripts that are alternatively processed at 
the ir 3' ends. The relative abundance o f these 
two mRNAs is regulated during B cell m atura
tion by two alternate and m utually exclusive 
RNA processing reactions; cleavage-polyadenyla
tion  at the ps poly(A) site to produce ps mRNA, 
and splicing of the Cp4 and M l exons to p ro 
duce pm mRNA, which is subsequently poly- 
adenylated at a downstream site (Peterson and 
Perry, 1989). In pre-B and B cells, splicing and

utilization of the downstream poly(A) site is 
favored, while m ature plasm a cells utilize the 
upstream  ps poly(A) site predom inantly (Alt et 
al., 1980; Early et al., 1980).

We previously dem onstrated that the Cp4-Ml 
splice and not the pm poly(A) site was in com 
petition  with cleavage-polyadenylation at ps by 
im proving the efficiency of the Cp4-Ml splice 
reaction and showing that, in this case, splicing 
dom inated over cleavage-polyadenylation at the 
ps site (Peterson and Perry, 1989). We increased 
the efficiency o f the Cp4-Ml splice reaction by 
m utating the evolutionarily conserved subopti-
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mal Cg4 5' splice junction  to the consensus 5' 
splice junction sequence. Splice junctions which 
are more similar to the consensus sequence (Sha
piro  and Senapathy, 1987) and therefore can 
basepair m ore strongly with U1 small nuclear 
RNA have been shown to be stronger, m ore 
efficient splice junctions (Eperon et al., 1986; 
Zhuang et al., 1987). g precursor RNA contain
ing the consensus splice junction  was totally 
spliced, even in plasmacytoma cells that n o r
mally heavily favor cleavage-polyadenylation at 
gs, thus proving that the splice is in com peti
tion with gs cleavage-polyadenylation. In addi
tion, contrary to a prediction  of a gs vs. gm 
poly(A) site com petition model, the gm poly(A) 
site could be substituted with other poly(A) sites 
w ithout any effect on cleavage-polyadenylation 
at gs (Peterson and Perry, 1989).

We have also shown that no unique sequence 
feature of the gs poly(A) site is required for 
developmentally regulated gs/gm expression 
(Peterson and Perry, 1989). g genes with o ther 
poly(A) sites substitu ted for the gs site showed 
a regulatory shift in gs/gm expression between 
B cells and plasm acytom a cells, as long as both  
spliced and cleaved-polyadenylated RNA could 
be processed from a single precursor transcript. 
W ith the gm poly(A) site substitu ted for gs, 
RNA was totally cleaved and polyadenylated at 
this first poly(A) site in both  cell types. How
ever, when the Cg4-Ml splice was enhanced by 
shortening the intron (Peterson and Perry, 1986; 
Galli et al., 1987; Tsurushita and Korn, 1987), 
regulation was restored; the gs/gm expression 
ratio was about 10-fold higher in plasmacytoma 
cells than in B cells (Peterson and Perry, 1989). 
W hen the poly(A) site for the secreted form  of 
a heavy chain (as) replaced gs, the regulatory 
shift in expression was also not affected. T hat 
the developmental shift in expression ratios was 
observed only when both  gs and gm mRNAs 
could be processed from the same transcript sug
gests that the efficiencies of the two com peting 
processing reactions must be balanced in order 
for this gene to respond to developmental 
changes that occur during B cell m aturation.

The experim ents presented here were p er
form ed to address the question o f w hether g 
genes containing any com bination o f balanced 
splice and cleavage-polyadenylation signals sub
stitu ted for the native g signals could be reg
ulated  between B cells and plasm a cells. Spe
cifically, could a g gene containing the strong

consensus splice junction  in com petition with 
a strong poly(A) site be regulated? We show here 
that a strong poly(A) site does restore both  al
ternate 3' end processing and regulation to con
sensus 5' splice junction  containing g genes. In 
addition, the gm 3' splice junction  and poly(A) 
site can be functionally replaced with SV40 
splice and poly(A) signals, and these g genes 
are also regulated. Therefore, there are no spe
cific sequences required  for regulation within 
the gm region. These experim ents firmly estab
lish the requirem ent for balanced efficiencies 
of splicing and cleavage-polyadenylation, how
ever it is achieved, in gs/gm regulation. Since 
to date no g gene-specific sequences have been 
identified to be required  for regulation, it is 
possible that the processing balance is the criti
cal requirem ent for regulation and allows the 
g gene to respond to subtle developmental 
changes in cellular milieu, such as changes in 
general processing efficiencies.

Materials and methods

Plasmid construction

The construction of plasmids s-m, gs, m-m, and 
SP have been described in Peterson and Perry 
(1986 and 1989). To construct SPgs, a 2977 bp 
EcoR V fragm ent containing the gm region was 
deleted from  SP, as was done for the gs plas
m id (Peterson and Perry, 1986). The plasm id 
SP/rpIgoo contains the 900 bp fragm ent from  
an S16 ribosom al protein  gene intron used p re 
viously to alter the Cg4-Ml intron size (Peter
son and Perry, 1986), inserted within the Cg4- 
M1 intron at the Kpn I site. SPm m and SPL-m 
were constructed by replacing the gs poly(A) 
site region o f SP with the gm and SV40 late 
poly(A) sites, respectively, as described in Peter
son and Perry (1989). SPm and SPl were de
rived from  SPm m and SPl m by deleting the gm- 
containing EcoR V fragm ent described above.
Cell culture and DNA transfections

The M12 B cell line and the 3-1 Abelson m u
rine leukem ia virus-transform ed pre-B cell line 
were m aintained in RPMI 1640 m edium  con
taining 10% fetal bovine serum  and 50 gM 
2-mercaptoethanol. The plasmacytoma S194 and 
myeloma MPC11 cell lines were m aintained in 
Dulbecco m odified Eagle m edium  containing 
10% horse serum. The DEAE-dextran transfec



Ills and pm mRNA regulation 321

tion protocol (Grosschedl and Baltimore, 1985) 
was used for the transient expression assays.
RNA preparation and analysis
Cytoplasmic RNA was prepared  from trans
fected cells (Schibler et al., 1978); poly(A)+ 
RNA was isolated by passing total cytoplasmic 
RNA over oligo(dT) columns. SI nuclease analy
sis o f total cytoplasmic RNA was perform ed as 
described previously, using the ps p(A)/pm 5' 
splice probe, which distinguishes RNA cleaved 
at the ps poly(A) site from  RNA spliced from 
Cp4 to Ml (Peterson and Perry, 1989). The data 
from  SI nuclease analyses were quantitated  by 
directly counting the dried polyacrylamide gels 
using an Ambis blot analyzer. N orthern  blot 
analysis of poly(A)+ RNA was perform ed as de
scribed previously, using the 384 bp SVneo probe 
(Peterson and Perry, 1989). The filter was 
stripped  and rehybridized with an 885 bp 
Pst I-BamH I fragm ent containing the SV40 
poly(A) site region from pSV2neo.

Results

The chim eric p gene employed in the current 
study has been used extensively in the past 
(Peterson and Perry, 1986 and 1989; Fig. 1, con
struct s-m). Transient expression assays are p e r
form ed using plasmids derived from pSV bneo 
which replicates in mouse cells (Southern and 
Berg, 1982). The pSV5-based plasmids have a 
6 kb Bgl II fragm ent containing most of the C|lx 
region inserted within the neomycin resistance 
gene. The chim eric p transcripts are driven by 
the SV40 prom oter and enhancer and contain 
344 nt of the neo gene fused out-of-frame to the 
C|nl exon. This chim eric gene is appropriately  
regulated when expressed in pre-B, B, and 
plasm a cell lines (Peterson and Perry, 1986 and 
1989; Peterson et al., 1991).
The pm 3' splice junction can be functionally re
placed by the SV40 t antigen 3' splice junction.
We previously dem onstrated that when the evo
lu t io n a ry  conserved suboptim al Cp4 5' splice

neo CpiFigure 1. Diagram of chimeric 
immunoglobulin genes. Shown 
at the top is the chimeric SV40- 
neo-C\i gene from the plasmid 
pSV5Cns-m (Peterson and Perry,
1986), not drawn to scale. The 
angled lines above the map des
ignate the wild-type C|i4-Ml 
splice (solid line) and the Cp4- 
SV40 t antigen splice (dashed 
line). Open boxes indicate se
quences common to both jis 
and |xm mRNA, filled boxes are 
sequences specific to ps and 
urn mRNA as marked, lightly 
shaded boxes are SV40 se
quences, medium shaded boxes 
are sequences of the neomycin 
resistance gene, boxes broken 
on the angle indicate sequences 
om itted from this diagram, 
lines indicate introns or non
coding sequences, the diamonds 
are the poly(A) sites. The re
striction sites marked are Bg,
Bgl II; RV, EcoR V; and K, Kpn I.
Note that the neomycin gene
is in terrupted  by C|x sequences at the Bgl II site and the 3' neo sequences are not incorporated into the m ature 
RNAs. Below the map, the plasmids used in this study are described in tabular form. The param eters varied in 
this plasmid series are: (1) the sequence of the Cp4 5' splice junction  (wild-type or consensus), (2) the ps poly(A) 
site [the wild-type ps site is left unchanged or replaced with either the pm or SV40 late poly(A) site], (3) the 3' splice 
junction  (the wild-type pm site or, when deleted, the SV40 antigen t site), and (4) the size of the Cp4-Ml intron 
(made longer by 900 bp in SP/rpI9oo). The A identifies the pm sequences deleted; the insertion into the Kpn I site 
is indicated.

PLASMID 5’ SP LICE POLY(A)
s-m wild-type Ms

Ms wild-type Ms

SP consensus Ms

SPHs consensus Ms

SP/rplgoo consensus Ms

m-m wild-type Mm

SPm-m consensus Mm

SPL-m consensus SVL

Spm consensus Mm

SpL consensus SVL



322 Peterson

junction was m utated to a consensus splice ju n c
tion (Fig. 1, construct SP), only spliced RNA was 
expressed in all cell types (Peterson and Perry, 
1989; Fig. 2, lane 2). It was unlikely that this 
effect o f the SP consensus splice m utation  was 
due to a steric inhibition of cleavage-polyadenyl- 
ation at the ps poly(A) site, since only 15-17 
nt surrounding the 5' splice junction  of several 
pre-mRNA substrates can be protected from 
RNase digestion in vitro by the U1 snRNP p ar
ticle (M ount et al., 1983; Black et al., 1985), and 
the ps poly(A) site is about 190 nt downstream 
from  the Cp4 5' splice junction  in the p gene. 
However, to ensure that the effect o f the SP con
sensus splice site m utation  was due to the im 
proved efficiency of the splice reaction and not 
to a direct steric inhibition of cleavage-poly- 
adenylation at the ps poly(A) site, the pm 3' 
splice and poly(A) site were removed from  SP 
(Fig. 1, construct SPps). Previously, this same 
3 kb EcoR V fragm ent containing the pm cod
ing region, 0.6 kb upstream  and 1.9 kb down
stream, was deleted from the unm utated  p gene 
to construct the ps plasm id (Fig. 1); by N orth
ern  and SI nuclease analyses the |_is plasm id 
made only ps mRNA (Peterson and Perry, 1986; 
Fig. 2A, lane 3). This suggested that by rem ov
ing the 3' splice site and elim inating the com 
peting splice reaction, cleavage-polyadenylation 
at the j l is poly(A) site was the only possible p ro 
cessing reaction. Similar results were expected 
with the SPps plasmid. As seen by SI nuclease 
analysis of RNA from SPps transiently expressed 
in plasmacytoma cells, removing the pm region 
from  SP activates cleavage-polyadenylation at 
the ps poly(A) site, albeit at a low level (Fig. 2A; 
com pare lanes 2 and 4). The fact that the ns 
poly(A) site can be used indicates that splicing 
complexes form ed at the consensus 5' splice 
do not completely interfere with cleavage- 
polyadenylation at this site. This is confirm ed 
by experim ents described later.

It was surprising that the mRNA expressed 
from  the ps and SPps plasmids were so differ
ent. Unlike the ps plasmid, very little ps mRNA 
is m ade from  SPps; instead, mostly spliced 
RNA is produced. The SI nuclease probe used 
here protects RNA spliced at the Cjli4 5' splice 
junction , bu t does not provide any inform ation 
regarding the 3' splice junction . To identify 
the nature of the spliced RNA from  SPps, 
poly(A)+ RNA was analyzed by N orthern  blot
ting. Figure 2B clearly shows that SPps produces
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Figure 2. mRNA Expression patterns from improved 
splice site-containing genes in plasmacytoma S194 
cells. A. SI nuclease analysis of RNA from S194 plas
macytoma cells transfected with the constructs shown 
above each lane. The probe has been described previ
ously (Peterson and Perry, 1989) and differentiates RNA 
cleaved at the ps poly(A) site (pA) and RNA spliced from 
Cp4 to Ml (splice). B. N orthern blot o f poly(A)+ 
RNA from S194 plasmacytoma cells transfected with 
the constructs shown above each lane. The panel on 
the left was hybridized with a probe specific to the SVneo 
5' end of the RNA (SVneo probe); the panel on the right 
is the same blot hybridized with a probe specific for 
the 3' end of the SV40 RNA (SVpA probe). The position 
of ps and urn mRNA are indicated; * is the RNA spliced 
from Cp4 to SV40 t. A darker exposure of the SVneo 
probe panel reveals a low level of ns RNA in the SPps 
and SP/rpIgoo lanes, consistent with the SI nuclease 
analysis.

a transcrip t that is longer than either the ps or 
pm transcripts (identified by * in that figure). 
This transcrip t is the size predicted for an RNA 
spliced to the SV40 t antigen 3' splice junction  
located downstream from the neo gene (Fig. 1).
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If this SV40 t antigen 3' splice site is being used, 
then this longer transcript should contain se
quences from the SV40 splice and poly(A) re 
gion. Indeed, when this blot was reprobed  with 
a fragment from the SV40 splice/poly(A) region, 
only the larger transcript hybridized (Fig. 2B, 
SVpA probe). Thus, the pm 3' splice junction  
can be functionally replaced by the SV40 t anti
gen 3' splice junction.
The size of the Cp4-M1 intron has a small but mea
surable effect on expression from SP. The size of 
the Cp4-Ml intron has been shown to affect the 
ps/pm expression ratio; the smaller the intron, 
the m ore spliced pm mRNA produced (Peter
son and Perry, 1986; Galli et al., 1987; Tsuru- 
shita and Korn, 1987). Conversely, when the in 
tron was lengthened, pm production decreased 
(Peterson and Perry, 1986; Tsurushita and Korn, 
1987). This effect is most likely due to the time 
the cleavage-polyadenylation m achinery has to 
act on the prim ary transcript before the 3' splice 
junction is transcribed. Since a stable committed 
splice complex requires both a 5' splice junction  
and a branch point sequence, generally located 
near the 3' splice junction  (Sharp, 1987), the 
splice reaction cannot com pete with cleavage- 
polyadenylation until the 3' end of the intron 
is transcribed. In an attem pt to decrease the 
efficiency of SP splicing and thereby increase 
|lis mRNA expression, the Cp4-Ml intron was 
lengthened by 900 nt in the SP/rpIgoo plasm id 
(Fig. 1). This construct was transiently expressed 
in plasmacytoma cells, and the RNA was ana
lyzed by both SI nuclease protection and N orth
ern  blot analyses (Figs. 2A; lane 5, and 2B). 
Lengthening the Cp4-Ml intron by 900 nt acti
vates a low level o f cleavage-polyadenylation at 
the ps poly(A) site (Fig. 2A; com pare lanes 2 
and 5). The ps/pm expression ratios of SP/rpIgoo 
and SP|lis are similar (Fig. 2A, lanes 4 and 5). 
In the latter case, the reduced splice efficiency 
may be due to either the substituted 3' splice 
junction or to the increased intron size; the wild- 
type C|li4-M1 intron is 1863 nt, while the Cp4- 
SV40 t antigen intron is 2783 n t—an increase 
of 920 nt.
The more efficient poly(A) sites compete with the 
consensus splice junction. The pm and SVL
poly(A) sites, when substituted for the ps 
poly(A) site, directed the expression of 100% 
cleaved and polyadenylated RNA in both B cells 
and plasmacytoma cells (Peterson and Perry,

<?4 4?

—P(A)

mm ~P(A)

mm  ~ —splice

1 2 3 4 5 6 7
Figure 3. Balanced RNA processing efficiencies. SI n u 
clease analysis of RNA from S194 plasmacytoma cells 
transfected with the constructs shown above each lane. 
The probe is the same as used in Figure 2, which, in 
addition to distinguishing ps RNA (top pA) from pm 
RNA (splice), also identifies RNA that has been cleaved 
and polyadenylated at substituted poly(A) sites (bottom 
pA). These bands represent the extent o f homology be
tween the probe and the mRNA. The double band seen 
with the SPl m and SPl is a result of partial homology 
between the probe and the substituted sequences at the 
cloning junction; both of these bands are from RNA 
cleaved at the SV40 late poly(A) site.

1989; Fig. 1, construct m-m, and Fig. 3, lane 3). 
This suggests that these poly(A) sites are pref
erentially used because they are stronger. C on
versely, when the Cp4 5' splice junction  was m u
tated  to a consensus 5' splice junction , 100% 
spliced RNA was produced in both  cell types 
(Peterson and Perry, 1989; Fig. 1, construct SP, 
and Fig. 3, lane 2). In both  cases, the stronger 
processing signals abolished the shift in ps/pm 
expression norm ally observed during B cell de
velopment. To determ ine w hether a processing 
balance could be achieved if the stronger pm 
and SVL poly(A) sites were paired  with the 
strong consensus 5' splice junction , these strong 
processing reactions were placed in com peti
tion in a single transcript. Two p genes, SPm m 
and SPLm, were prepared  by replacing the ps 
poly(A) site of SP with the pm or SVL poly(A) 
sites (Fig. 1). The transient expression of SPm m 
and SPLm in plasm acytom a cells was assayed 
by SI nuclease protection and com pared to the 
expression o f the wild-type (s-m), SP, and m-m 
constructs (Fig. 3, lanes 1-5). In contrast to the 
expression pattern  observed when a strong pro-
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cessing signal was in com petition with the na
tive weak signal (SP and m-m), both  spliced and 
cleaved-polyadenylated mRNA were produced 
from  the g genes containing com peting strong 
processing reactions. This result also confirms 
tha t cleavage-polyadenylation at a poly(A) site 
located 160 to 210 nt downstream from the Cg4 
consensus 5' splice junction  can occur and is 
not blocked by snRNP interactions at the splice 
junction .

As shown above, when the gm 3' splice ju n c
tion and poly(A) site were removed from the 
g gene containing the consensus Cg4 5' splice 
junction , splicing between this consensus 5' 
splice and the SV40 t antigen 3' splice ju n c
tion was observed. A low level of cleavage- 
polyadenylation at the gs poly(A) site was de
tected, suggesting that the splicing efficiency 
had been decreased. To explore the effect that 
decreasing the splice efficiency — by deleting the 
gm region —would have on the processing from 
the genes with both a strong 5' splice junction  
and a strong poly(A) site, the plasmids SPm and 
SPl were produced from  SPm m and SPl m. SPm 
and SPl are missing the same gm fragm ent as 
the gs and SPgs constructs (Fig. 1). The strong 
poly(A) sites in SPm and SPl were found to 
com pete effectively with Cg4-SV40 t antigen 
splicing, as indicated by the expression of both 
spliced and cleaved-polyadenylated RNA from 
these constructs in plasmacytoma cells (Fig. 3, 
lanes 6, 7). In fact, the poly(A)/splice expression 
ratio  was higher than for SPmm and SPLm> 
which splice Cg4 to Ml. This is consistent with 
Cg4-SV40 t antigen splicing being less efficient 
than Cg4-Ml splicing.
Expression from all g genes with balanced splice 
and cleavage-polyadenylation reactions is regulated.
To address w hether expression from  the g 
genes containing com peting strong splice and 
cleavage-polyadenylation reactions is develop
m e n ta l^  regulated, SPm m , SPl m , SPm, and SPl 
were expressed in both  B cells and plasm a
cytoma cells. The SI analysis of RNA from trans
fected B cell and plasmacytoma cells in Fig. 4 
shows that in every case, the poly(A) vs. spliced 
RNA expression pattern  was regulated. That 
is, m ore spliced “gm” mRNA was produced in 
the B cells than in the plasma cells. A quanti
tative assessment of these data (Table 1) ind i
cates that these constructs with balanced strong 
processing signals are regulated, in most cases,

c?v  4 &
i---------------- 1 i---------------- 1 i---------------- 1 i---------------- 1

<P*> <£*?>

1 2 3 4 5 6 7 8
Figure 4. Regulated production of RNA from n genes 
containing balanced processing reactions. SI nuclease 
analysis of RNA from S194 plasmacytoma cells (PC) or 
M12 B cells (B) transfected with the constructs shown 
above each lane. The protected bands are labeled: RNA 
cleaved and polyadenylated at the substituted site (pA) 
and RNA spliced at the Cg4 5' splice junction  (splice).

as well as the wild-type construct. The shift in 
the polyadenylated to spliced RNA [p(A)/splice] 
expression ratio between plasma cells and B 
cells is 7-fold for the wild-type g gene (s-m) and 
varies between 4- and 13-fold for the g genes 
containing com peting strong processing reac
tions. To show that this regulatory shift in 
p(A)/splice expression ratios between B cells and 
plasm a cells observed here is not specific to the 
two cell lines used, the SPLm and SPl con
structs were expressed in two additional cell 
lines. The Abelson pre-B cell line 3-1 produced 
m ore spliced RNA than did the myeloma cell 
line MPC11 (data not shown), thus confirm ing 
the generality of this result.

A sum m ary of each construct with respect 
to its 5' splice junction, poly(A) site, and 3' splice 
junction; a quantitation  of the p(A)/splice ex
pression ratio in plasmacytoma cells; and an 
assessment of its ability to be regulated between 
B cells and plasma cells are presented in Table 2. 
The definition of strong and weak sites is based 
on expression patterns when the sites are within 
the g gene (Peterson and Perry, 1989): the wild- 
type gs poly(A) site is considered weak, while 
the gm and SVL poly(A) sites are strong. The 
5' splice site is the main determ inant of splice 
strength in this system: wild-type is weak, and 
consensus is strong. The g gene contains a weak 
poly(A) site in com petition with a weak 5' splice 
junction  and has a p(A)/splice expression ratio
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Table 1. Expression of constructs containing poly(A) 
site and splice junction alterations in B and plasma
cytoma cells.
Expression ratios are derived from densitometric scans of auto
radiograms or direct counting of S1 nuclease-protected frag
ments in gels and are the average ±  standard deviation of 
at least five independent determinations.

p(A)/splice
p(A)/splice plasmacytoma Regulation° 

Construct B cells cells PC/B cells

s-mb 1.5 + 0.2 11+4 7
SPl_-m 0.10 ± 0.04 0.4 ± 0.1 4
SPm-m 0.04 ± 0.01 0.2 ± 0.04 5
SPl 0.20 ± 0.09 2.2 ± 0.4 11
SPm 0.08 ± 0.04 1.0 ± 0.1 13

0 The estimated standard deviation on the PC/B cell regulation 
ratio is less than 50% in each case.
b s-m wild-type expression data from Peterson and Perry (1989) 
included for comparison.

of 11:1 in plasm a cells. The com bination o f two 
strong processing reactions results in expres
sion ratios varying between 2T and 1:5. Al
though these ratios are considerably less than 
the wild-type ratio, they nevertheless fall within 
a range amenable to regulation between B cells 
and plasm a cells.

Discussion

The experim ents presented here dem onstrate 
tha t the regulated production  o f ps and pm 
mRNA during B cell developm ent depends on 
the finely tuned  efficiencies o f the com peting 
ps cleavage-polyadenylation and Cp4-Ml splice 
reactions. The native p gene has balanced sub- 
optimal cleavage-polyadenylation and splice sig
nals. Experim entally, the cleavage-polyadenyl
ation efficiency could be im proved by changing 
the sequence o f the poly(A) site. Likewise, the 
splice efficiency could be im proved by chang
ing the sequence of the 5' splice junction  and

either improved or dim inished by changing the 
size o f the intron. W hen a strong processing 
signal was placed in com petition with either 
o f the suboptim al processing signals found in 
the native p gene, the processing balance and 
developm ental regulation was lost. However, 
when a strong splice and a strong cleavage- 
polyadenylation reaction were com bined, the 
processing reactions were balanced, and reg
ulation was restored. Suboptim al processing 
signals are found in a num ber o f genes tha t are 
regulated by alternative RNA processing, and 
the ir suboptim al nature has been shown to be 
an im portan t part o f the regulatory mechanism 
in several cases (Mullen et al., 1991; H oshijim a 
et al., 1991). A lthough the p gene has com pet
ing suboptim al processing signals, they are not 
required; as long as a balance is m aintained, 
expression of ps/pm-type RNAs is regulated be
tween B cells and plasm a cells.

To date, no p gene-specific sequences have 
been shown to be required  for the develop
m ental shift in ps/pm expression. Sequences 
surrounding the ps poly(A) site, the pm 3' splice 
junction , and the pm poly(A) site and the se
quence of the conserved suboptim al Cp4 5' 
splice ju nction  can be altered w ithout spe
cifically interfering with regulation. A lthough 
a stem-loop structure at the 3' Ml splice ju n c 
tion  was reported  to inhibit in vitro splicing 
(Watakabe et al., 1989), this region can be sub
stitu ted  with the SV40 t antigen 3' splice ju n c 
tion and therefore is not required  for regula
tion. This structure could, however, contribute 
to the overall efficiency o f the Cp4-Ml splice. 
Expression from  the SPm and SPl plasmids, 
which contain  the least am ount of p gene se
quence o f any p genes constructed, is regulated. 
I f  p-specific sequences are required  in any way 
for this regulation, they m ust be w ithin the Cp

Table 2. Summary of processing reactions, expression, and regulation of p gene constructs.
Expression ratios from plasmacytoma cells are derived from densitometric scans of autoradiograms or direct counting of S1 nuclease- 
protected fragments in gels (see Table 1). Data for SVL-m are reported in Peterson and Perry (1989).

Construct 5' splice Poly(A) 3’ splice
Strength ratio 

p(A)/splice
Expression
p(A)/splice Regulated

m-m wild-type |im wild-type strong/weak >100/1 -
SVL-m wild-type SVL wild-type strong/weak >100/1 -
s-m wild-type PS wild-type weak/weak 11/1 +
SPl consensus SVL SV40 t strong/strong 2/1 +
SPm consensus lim SV40 t strong/strong 1/1 +
SPL-m consensus SVL wild-type strong/strong 1/3 +
SPm-m consensus \xm wild-type strong/strong 1/5 +
SP consensus ps wild-type weak/strong <1/100 -
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sequences surrounding  or upstream  from  the 
Cg4 5' splice junction , as these are the only g 
sequences rem aining in the SPm and SPl con
structs. I t seems m ore likely that there are no 
specific cis-acting sites w ithin the g gene that 
regulate mRNA processing. Rather, the balance 
o f  the  two com peting reactions may be the crit
ical param eter tha t allows this gene to respond 
to subtle changes in general processing effi
ciencies during  B cell m aturation. It is in ter
esting that all o f the genes encoding the o ther 
im m unoglobulin  isotypes, except 8, produce 
regulated  secreted and m em brane forms of 
mRNA and have a 3' end structure sim ilar to 
the  g gene (Word et al., 1983; Brown and M or
rison, 1989). The introns analogous to Cg4-Ml 
vary in size from  1360 to 2350 nt, and each has 
a poly(A) site in a position sim ilar to the gs 
poly(A) site. The competing processing reactions 
o f  these o ther im m unoglobulin genes may also 
be balanced to respond to the same cellular 
changes during B cell m aturation  as the g gene.

The difference between the processing en
vironm ent of the B cell and the plasma cell could 
be due to the activity or concentration of general 
splice and/or cleavage-polyadenylation factors. 
By expressing g genes tha t contain  tandem  
weak and strong poly(A) sites w ithout a com 
peting splice reaction in B cells and plasma cells, 
we dem onstrated  previously a 50 to 100% in
crease in general cleavage-polyadenylation effi
ciency in plasm a cells as com pared to B cells 
(Peterson et al., 1991). This m ost likely con
tributes to the regulation o f gs and gm mRNA 
and may reflect a change in concentration of 
a cleavage-polyadenylation m achinery com po
nent (Takagaki et al., 1989; Gilmartin and Nevins,
1989). In contrast, we were unable to detect 
differences in splicing efficiency between B cells 
and  plasm a cells using both  a g gene and an 
E1A gene tha t contain  tandem  weak and strong 
5' splice junctions, in the absence o f a com pet
ing cleavage-polyadenylation reaction. However, 
the existence o f such differences have not been 
conclusively ruled out. Indeed, in other systems, 
the concentration o f general splice factors and 
the relative strengths o f splice sites have been 
im plicated in the regulation of alternative splic
ing. For example, the concentration o f the gen
eral splice factor ASF/SF2 affects the processing 
o f com peting splice reactions (Ge and Manley, 
1990; K rainer et al., 1990). This factor is p rob 
ably not involved in the regulation of gs/gm pro 

cessing, since 293 cells —the cell line shown to 
have a higher level o f ASF activity (Ge and Man- 
ley, 1990) —processes g mRNA with a gs/gm 
ratio  sim ilar to plasm a cells, which favor the 
cleaved and polyadenylated gs mRNA (M. Peter
son, unpublished). N eurons produce a c-src 
mRNA containing an extra neuron-specific in- 
tron. The p referred  m odel to explain the 
specific inclusion of this intron is based on the 
relative strengths o f two splice reactions that 
may be sensitive to subtle differences in gen
eral splicing factor concentrations between 
neurons and o ther cells (Black, 1991).

The ultim ate p ro o f that regulation is depen
dent on changes in general processing factors 
to which the g gene is able to respond will be 
to construct a non-Ig gene with the same com 
peting  and balanced processing options and 
show that it can be differentially processed in 
B cells and plasm a cells. This is not a trivial 
task, as few natural genes exist with a 3' end 
structure similar to the g gene. Such experiments 
are in progress (M. Peterson, unpublished).

The g gene, with com peting splice and 
cleavage-polyadenylation reactions, provides a 
sensitive assay for param eters affecting the effi
ciency o f both  of these events. Based on the 
p(A)/splice ratios o f the set o f g constructs 
presented here (Tables 1 and 2), the poly(A) site 
strengths could be ordered  SVL > gm > gs, the 
difference between SVL and gm being only 
two fold. I t is not obvious from the sequence 
o f the SVL and gm poly(A) sites why SVL is 
stronger; both  poly(A) sites contain  the con
served AAUAAA hexanucleotide and have sev
eral T-rich and GT-rich downstream  sequences. 
Yet the g gene, with the com peting splice re 
action, is able to detect subtle differences in 
cleavage-polyadenylation efficiency and there
fore would be a sensitive system with which to 
examine the basis for efficiency differences 
am ong poly(A) sites.

Param eters affecting splice efficiency have 
also been identified by studying the processing 
o f altered g genes. A 5' splice junction  sequence 
tha t is closer to the consensus sequence is a 
stronger splice junction  (Eperon et al., 1986; 
Zhuang et al., 1987). We confirm ed this using 
the g gene (Peterson and Perry, 1989). The p ro 
cessing o f altered  g genes has also shown that 
the in tron size affects splice efficiency. W hen 
the intron is shortened, the splice efficiency in 
creases (Peterson and Perry, 1986, 1989; Galli
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et al., 1987; Tsurushita and Korn, 1987). C on
versely, when the intron is lengthened, the splice 
efficiency decreases, w hether in the presence 
o f the wild-type or consensus 5' splice junction  
(Peterson and Perry, 1986; Tsurushita and Korn, 
1987; this paper). I have shown here that by in 
creasing the intron length by 900 nt, an increase 
o f 50%, splicing of the consensus Cp4 5' splice 
ju nction  to M l was reduced sufficiently to ac
tivate a low level o f cleavage-polyadenylation 
at the suboptim al wild-type ns poly(A) site. It 
is perhaps surprising that a 50% increase in 
in tron length has such a m inor effect on splic
ing in the presence o f the consensus 5' splice 
junction . This seems to suggest that the intron 
size plays a m inor role, as com pared to the 5' 
splice junction  sequence, in determ ining the 
overall splice efficiency. A sim ilar low level o f 
ps mRNA expression was observed when the 
|xm region was deleted from SP; SPps has an 
in tron length sim ilar to the expanded intron 
o f SP/rpIgoo bu t has the SV40 t antigen 3' splice 
ju nction  instead o f the pm 3' splice. This m ight 
imply that these two 3' splice junctions are of 
similar strength, or alternatively that the 3' splice 
ju nction  also plays a m inor role in determ in
ing overall splice efficiency in the presence of 
a consensus 5' splice junction .
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