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The relative abundance of the mRNAs encoding the membrane (j.,,,) and secreted (j,) forms of immuno-
globulin . heavy chain is regulated during B-cell maturation by a change in the mode of RNA processing.
Current models to explain this regulation involve either competition between cleavage-polyadenylation at the
proximal () poly(A) site and cleavage-polyadenylation at the distal (j.,,,) poly(A) site [poly(A) site model] or
competition between cleavage-polyadenylation at the p, poly(A) site and splicing of the Cpnd4 and M1 exons,
which eliminates the p site (p site-splice model). To test certain predictions of these models and to determine
whether there is a unique structural feature of the p_ poly(A) site that is essential for regulation, we constructed
modified p genes in which the p or p,, poly(A) site was replaced by other poly(A) sites and then studied the
transient expression of these genes in cells representative of both early- and late-stage lymphocytes.
Substitutions at the p, site dramatically altered the relative usage of this site and caused corresponding
reciprocal changes in the usage of the p_, site. Despite these changes, use of the proximal site was still usually
higher in plasmacytomas than in pre-B cells, indicating that regulation does not depend on a unique feature of
the p, poly(A) site. Replacement of the distal (u,,) site had no detectable effect on the usage of the p site in
either plasmacytomas or pre-B cells. These findings are inconsistent with the poly(A) site model. In addition,
we noted that in a wide variety of organisms, the sequence at the 5’ splice junction of the Cp4-to-M1 intron is
significantly different from the consensus 5’ splice junction sequence and is therefore suboptimal with respect
to its complementary base pairing with U1 small nuclear RNA. When we mutated this suboptimal sequence into
the consensus sequence, the u mRNA production in plasmacytoma cells was shifted from predominately p to
exclusively ... This result unequivocally demonstrated that splicing of the Cpd-to-M1 exon is in competition
with usage of the i, poly(A) site. A key feature of this regulatory phenomenon appears to be the appropriately
balanced efficiencies of these two processing reactions. Consistent with predictions of the p site-splice model,
B cells were found to contain p.,, precursor RNA that had undergone the Cp4-to-M1 splice but had not yet been

polyadenylated at the ., site.

The mRNAs encoding the membrane-bound (m) and se-
creted (s) forms of IgM heavy chain () are produced from a
single primary transcript which is alternatively processed at
its 3’ end. If the primary transcript is cleaved and polyade-
nylated at the proximal (p,) poly(A) site, p, mRNA is
produced. If instead it undergoes splicing of the Cud4 and M1
exons, which removes the proximal poly(A) site, and is
cleaved and polyadenylated at a distal (p.,,,) poly(A) site, it
gives rise to u,, nRNA. The relative abundance of these two
mRNAs is regulated during B-cell maturation, the p,,
mRNA being predominant in early stages and the p, mMRNA
being heavily favored in mature plasma cells (2, 15).

The differential expression of p,, and p, mRNAs could
potentially be regulated at several levels, including (i) tran-
scriptional termination, if polymerase terminates before
reaching the p, site, (ii)) mRNA stability, if either of the
mRNAs were preferentially destabilized in a stage-specific
manner, and (iii) RNA processing, if any of the processing
events were in direct competition with each other. Although
transcriptional termination contributes to the p, >, phe-
notype in some plasmacytomas, it clearly does not do so in
all cells exhibiting this phenotype (13, 18, 22, 23, 27, 40, 57),
and therefore cannot be a primary determinant of the regu-
latory mechanism. The relative stability of ., and p,, mRNA
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does not vary significantly during B-cell maturation, since
similar amounts of p, and p,, mRNA accumulate when pn
genes capable of producing only the p or p,, transcript are
transiently coexpressed in lymphoid cell lines representative
of early and late developmental stages (37). This finding also
indicates that linkage of the p, and p.,, termini is critical to
the regulation. The requirement for linkage and the inability
of transcriptional termination or mRNA stability to account
for regulated p and p,, production both suggest that regu-
lation of alternative RN A-processing reactions is the princi-
pal determinant.

Despite intensive efforts to define the developmentally
regulated processing reactions and to understand the mech-
anisms by which they are controlled, a generally accepted
model for this phenomenon has not yet emerged. Previous
studies of the transient expression of p genes containing
modified 3’ ends have led to two somewhat different models.
According to one view (18, 19), competition for cleavage-
polyadenylation at the p, and pn,, poly(A) sites determines
the fate of the mRNA precursor. This poly(A) site model
supposes that splicing of the Cu4 and M1 exons can occur
only after cleavage-polyadenylation at the p, site and that
this splicing reaction is automatically favored over cleavage-
polyadenylation at the p site in the p,,-terminated precur-
sors. The other model (37, 50, 51) considers that the fate of
the mRNA precursor is mainly determined by competition
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between cleavage-polyadenylation at the p, site and the
Cpd-to-M1 splicing reaction. This p, site-splice model as-
sumes that splicing can occur either before or after cleavage-
polyadenylation at the w,, site. Both models predict that
regulation should depend on the efficiency of usage of the
poly(A) site (13). However, a dependence on the efficiency
of cleavage-polyadenylation at the p, site is predicted only
by the poly(A) site model, and a dependence on the effi-
ciency of the Cn4-to-M1 splice is predicted only by the g
site-splice model. Furthermore, a developmental shift in
overall cleavage-polyadenylation efficiency (9) might satisfy
the requirements of either model, whereas a change in
splicing efficiency (51) would be relevant only for the p,
site-splice model.

The experiments presented here were designed to test
certain predictions of these models and to investigate
whether there is a unique structural feature of the p poly(A)
site that is essential for regulation. We constructed modified
i genes in which the p; or p,, poly(A) site was replaced by
other poly(A) sites and then studied their expression in cells
representative of both early- and late-stage lymphocytes.
The influence of these substitutions was also examined in
genes bearing a deletion in the Cpd4-to-M1 intron, which
markedly enhances p,, mRNA production (18, 37, 52). The
results of these experiments were more readily accommo-
dated by the p site-splice model than by the poly(A) site
model. Moreover, they indicated that it is the strength of the
i poly(A) site, rather than a unique structure, which is
important for regulation. In addition, we mutated the sub-
optimal 5’ splice junction sequence of the Cp4-to-M1 intron
into a consensus 5’ splice junction sequence and observed
that the splice reaction dominated over polyadenylation at
1, even in cells which normally produce predominately
mRNA. This fulfilled the prediction of the p site-splice
model that regulation is dependent on the Cp4-to-M1 splic-
ing efficiency. The p site-splice model was further sup-
ported by the observation that in early-stage B cells, a
substantial proportion of the . mRNA precursor undergoes
Cu4-to-M1 splicing prior to cleavage-polyadenylation at the
o, Site.

MATERIALS AND METHODS

Plasmid constructions. To reconstruct the intact immuno-
globulin genes, the plasmid pR-SP6 (35) was digested with
BamHI, which removed the 3’ portion of Cp sequences.
This fragment was replaced with a BamHI-BgIII fragment
which contained the altered Cp sequences from each of the
chimeric genes (37) (Fig. 1B).

To construct the p, poly(A) site substitutions, several
sequential cloning steps were required. The PstI fragment
containing the p, poly(A) site, p,, splice junctions, and
either the intact or shortened intron (Fig. 2A) was subcloned
into pUC9 from which the HindIII site had been deleted. A
HindIIl-partial Haell digest removed the p, poly(A) site,
and an Xbal linker was inserted to maintain a restriction site.
The following poly(A) fragments were then blunt-end ligated
into the Xbal site, which had been filled in with the Klenow
enzyme: a 199-base-pair (bp) Rsal fragment from p,, a
180-bp Dpnl-HindIll fragment from a (53), and a 237-bp
Dpnl fragment from simian virus 40 (SV40) (38) (Fig. 2B).
These fragments were chosen to maintain a length of se-
quence upstream and downstream of the poly(A) site similar
to that of the deleted poly(A) site. The correct clones were
characterized by detailed restriction analysis. Apal-Kpnl
fragments containing the substituted poly(A) sites were
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subcloned in Apal-Kpnl-cut pSV2Cw (pSVSCp.,_,,, without
the polyomavirus insert [37]). The 6-kilobase (kb) Bglll
fragment was then cloned into pSV5neo to create plasmids
identical to pSV5Cp._,, except with the substituted poly(A)
sites.

To construct the p,, poly(A) site substitutions, the Kpnl-
Dral fragment containing the p,, exons was subcloned into
pUC18. A Hincll digest removed the p, poly(A) site;
fragments containing the o, and SV40 poly(A) sites de-
scribed above and a 278-bp Haell-Hinfl fragment from p.,
were then inserted. These clones were characterized by
detailed restriction analysis. Kpnl-Xhol fragments contain-
ing the substituted poly(A) sites were subcloned into Kpnl-
Xhol-cut pSV2Cu.; the 6-kb BgllII fragment was then cloned
into pSV5neo.

All plasmids used in transfections were pSV5Cp._, deriv-
atives (37) and were designated s-m, m-m (p., site substi-
tuted for p,), s-s (p, site substituted for p..), etc. Plasmids
containing the 800-bp intron deletion (AAR [37]) are indi-
cated by a A.

The 5'-SP mutation was created by using an oligonucle-
otide-directed mutagenesis protocol (14) starting with the
pUC9 plasmid containing the PstI fragment described above.
The 31-bp oligonucleotide 5'-GGACAAGTCCACAGG
TAAGTCCACACTGTAC-3' was used to change three nu-
cleotides at the 5’ splice junction. The mutation was con-
firmed by sequence analysis. The pSV5neo version of this
mutation was reconstructed as described for the p, poly(A)
site substitutions.

Cell culture and DNA transfections. Plasmacytoma S194
cells were obtained from the American Type Culture Collec-
tion and maintained in Dulbecco modified Eagle medium
(GIBCO Diagnostics) containing 10% horse serum. The
Abelson murine leukemia virus-transformed cell line 3-1 (3)
and the B-cell lymphoma cell line 38C-13 were maintained in
RPMI 1640 medium (GIBCO) containing 10% fetal bovine
serum. The DEAE-dextran transfection protocol (21) was
used for the transient expression assays. S194 cells were
harvested 40 h after transfection; 3-1 cells were harvested 24
h after transfection. Consistent results were obtained in
replicate transfection experiments with the same construct
and cell line.

RNA preparation and analysis. Cytoplasmic RNA was
extracted (43) and passed over oligo(dT) columns to isolate
poly(A)* RNA. Nuclear RNA was extracted by the hot
phenol procedure from 10° citric acid-purified nuclei (42, 44)
and passed through an oligo(dT) column, and the poly(A)*
and poly(A)~ fractions were collected. The poly(A)~ frac-
tion was again passed through the oligo(dT) column. North-
ern (RNA) blot analysis of RNA was performed on 1.5%
agarose-formaldehyde gels; the RNA was transferred to
Nytran (Schleicher & Schuell, Inc.), and the filters were
hybridized with nick-translated DNA fragments as detailed
by Kelley et al. (24). The SVneo probe was a 384-bp
Bgll-Bglll fragment from pSV2neo, and the polyomavirus
probe was a 3.6-kb BamHI fragment from pSVSneo.

For S1 nuclease analysis (4) of S194 transfection experi-
ments, either total cytoplasmic RNA (100 ng) or poly(A)*
cytoplasmic RNA (1 pg plus 100 g of nonspecific carrier
RNA) was hybridized to 20 to 30 ng of end-labeled double-
stranded probe. S1 nuclease analysis of nuclear RNA was
performed with 1 ug of poly(A)* RNA plus 100 pg of carrier
RNA from plasmacytoma cells that do not express w RNA or
with 100 pg of poly(A)~ RNA. The p, p(A)/n, 5' splice
probe, which distinguishes RNA cleaved at the p, poly(A)
site from RNA spliced from Cp4 to M1, is a 640-bp Pstl-
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FIG. 1. Structure and expression of complete immunoglobulin p. genes containing 3’ end modifications. (A) Structure of the pR-SP6
plasmid, taken from Ochi et al. (35). Solid lines represent the genomic immunoglobulin sequence; ER, exons; , SV40 and neomycin
resistance gene sequences; ~, bacterial plasmid sequences; ®, cleavage-polyadenylation sites. Arrows show the direction of transcription.
The BamHI sites (B) delimit the fragment that was replaced by the corresponding region from chimeric genes originally reported by Peterson
and Perry (37). (B) 3’ End structure of the p region for each plasmid reconstructed from the chimeric genes. L1, Segment of the Cu4 exon
that is common to both p, and p,, mMRNA; s, segment specific to u, mRNA; , exons specific to p,, mRNA. The thin lines are intron
sequences; all other symbols are as in panel A. (C) S1 nuclease analysis of total cytoplasmic RNA from S194 plasmacytoma cells transfected
with the plasmids indicated above each lane. The top panel shows analysis with the p, poly(A)/u,,, 5' splice probe diagrammed in panel D;
protected bands are identified. The lower panel shows analysis with a probe specific for the 5’ end of the neo transcript. The relative levels
of total . transcripts, adjusted for variations in neo expression and normalized to the wild-type (i) value, are 1.0, 1.1, 0.4, 0.8, 0.9, and
0.8 for lanes 1 to 6, respectively. (D) Diagram of the ., poly(A)/i,, 5’ splice probe used for S1 nuclease analysis. The sizes (in nucleotides)

of the full-length probe and protected fragments are indicated. P, Pstl; Hd, HindlIIl; other symbols are as in panels A and B.

EcoRI fragment containing 610 bp of Cp. sequence plus 30 bp
of vector sequence (Fig. 1D); it was 3’ end labeled by using
the Klenow enzyme and [a->?P]JdCTP. The accurate quanti-
tation of these two RNA species with this particular probe
was verified with the p,-and p,,-specific S1 probes used
previously (37). The neo-specific probe, a 520-bp Sphl-Bglll
fragment from the vector pSV2neo and the p,, 3’ splice
probe, a 158-bp Avall fragment, were end labeled by using
T4 polynucleotide kinase and [y->’P]JATP. The p, p(A)
probe, a 291-bp Xbal-EcoRI fragment, was 3’ end labeled by
using Klenow enzyme and [a->2P]dCTP. The Mboll-EcoRI
portion of this probe contains sequences from the plasmid
vector. Hybridization temperatures for the various probes
were as follows: ug p(A)/p,,, 5' splice and neo, 50°C; p,, 3’
splice, 42°C; and ., p(A), 37°C. S1 nuclease digestion was
for 30 min at 23 or 42°C. The reactions were analyzed on 4,
6, or 8% polyacrylamide-7 M urea gels. The data from both
Northern blot and S1 analyses were quantitated by densi-
tometer tracings of various autoradiographic exposures.

RESULTS

A comparison of the effects of 3’ end modifications in
complete and chimeric p genes. The transient expression
system that we previously used to study p, and ., regula-
tion employed a chimeric SV40-neo-Cp. gene in a plasmid
vector which contained polyomavirus sequences, allowing it
to replicate in mouse cells (37). We observed appropriate
expression of this chimeric gene in both pre-B and plasma-
cytoma cell lines. However, to ensure that the effects of
changes made in the 3’ Cp region were due solely to these
changes and were not dependent on the chimeric nature of
the transcript or the high copy number of expressed genes,
we substituted the 3’ portions of representative chimeric
genes into the nonreplicating plasmid pR-SP6 (35), which
contains an intact copy of the p gene from the Sp6 hybrid-
oma cell line (Fig. 1A and B). This plasmid contains an
independent transcription unit, the neo gene, which can be
used as a control for transfection efficiency and RNA yield.
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FIG. 2. Diagram of the chimeric gene and poly(A) site substitutions. (A) The chimeric SV40-neo-Cp. gene, drawn to scale. Symbols are
as in Fig. 1; the narrow boxes denote the 3’ untranslated portions of the message. A denotes the portion of the intron deleted in the constructs
labeled with a (A) in the text. Restriction sites are abbreviated as follows: Ac, Accl; Ap, Apal; Bg, Bglll; D, Dral; H, Haell; Hc, Hincll;
Hd, Hindlll; K, Kpnl; P, Pstl; R, EcoRI; X, Xhol. (B) Structures of the p, poly(A) site substitutions. The portion of the p, poly(A) site
replaced is delimited by brackets; the substituted poly(A) sites and the names of the plasmids are shown below. mIm, transcribed a,
sequences; E=1, transcribed SVL sequences. (C) Structures of the p,, poly(A) site substitutions. The portion of the ., poly(A) site replaced
is delimited by brackets; the substituted poly(A) sites and the names of the plasmids are shown below. Symbols are as in panel B.

These immunoglobulin genes, which are otherwise intact
except for the 3’ end alterations, were transiently expressed
in the plasmacytoma cell line S194. This line expresses only
the secreted form of immunoglobulin a-chain mRNA as
judged by Northern blot and S1 nuclease analysis with a Ca
probe (data not shown). The RNA from the transfected
plasmids was assayed by S1 nuclease mapping with a probe
that distinguishes mRNA that has been cleaved at the p,
poly(A) site from mRNA that has undergone the Cp4-to-M1
splice (Fig. 1D), thus enabling the ratio of w,-to-p, expres-
sion to be measured in a single S1 nuclease assay. The
expression of the neo gene was also assayed by S1 nuclease
analysis.

The relative expression of this set of complete immuno-
globulin genes (Fig. 1C) was virtually identical to that
previously observed with the corresponding chimeric SV40-
neo-Cu genes (see Fig. 2 and 4 of reference 37). Further-
more, the total amount of p transcript expressed from each
construct was relatively constant when standardized to the
level of neo expression. The p, and . constructs each
produced one transcript (Fig. 1C, lanes 2 and 3); when
cotransfected, they produced similar amounts of transcript
even though the wild-type control (u,_,,) produced predom-
inantly p, in these cells (lanes 4 and 1). The effect of the
intron deletion [p,_,(A)] was to increase the expression of
km and decrease expression of p.  (Fig. 1C, lane S versus lane
1). The wild-type expression pattern was observed when the
intron length was restored to its original size by the insertion
of pBR vector sequence (Fig. 1C, lane 6). The fact that the
deletion caused reciprocal changes in p, and p,, mRNA
production indicates that it acts by shifting the balance
between competitive RNA-processing reactions (see Discus-
sion). Since there was essentially no difference between the
results obtained with these complete genes and those ob-
tained previously with the chimeric genes, we concluded
that the 5’ end of the transcript does not affect the regulated
alternative processing at the 3’ end and that differences in
gene copy number or in the ability of plasmid vectors to

replicate can also be ignored. The transcripts derived from
the chimeric p gene can be specifically identified with a
probe for the SV40-neo region and can therefore be readily
distinguished from the transcripts of endogenous p. genes in
pre-B or B cells. Because of this advantage, we have
continued to use the chimeric construct in subsequent ex-
periments.

Substitutions at the p, poly(A) site. Cleavage-polyadenyla-
tion at the p, poly(A) site is a reaction involved in p and p.,
regulation, according to both processing models. To inves-
tigate whether there are any unique features of the p
poly(A) site that are essential for this regulation, we replaced
the p, site with other poly(A) sites in chimeric genes
containing either full-length or shortened Cp4-to-M1 introns
and analyzed the expression of these constructs in pre-B and
plasmacytoma cells. Although the intrinsic strengths of these
inserted poly(A) sites may vary, these constructs could still
be subject to normal regulation. If this were so, then the ratio
of mRNA terminated at the p or at its substituted poly(A)
site (s mRNA) to p,, mRNA should be higher in the
plasmacytoma cell line S194 than in the pre-B cell line 3-1,
reflecting the developmental differences between these two
cell lines. The p, poly(A) site was deleted, leaving the pn,
poly(A) site and the rest of the 3’ end intact, and fragments
containing the p,,, poly(A) site (m), the poly(A) site for the
secreted form of a heavy chain (a,), and the poly(A) site of
SV40 late mRNA (SVL) were inserted in its place (Fig. 2A
and B). According to our current knowledge of splicing
mechanisms (47), all of the sequences necessary for efficient
Cp4d-to-M1 splicing are retained in these constructs. Simi-
larly, the substituted poly(A) sites contain all of the se-
quences required for proper functioning of the cleavage-
polyadenylation mechanism (8). The RNA expressed from
these plasmids was analyzed by both Northern blotting (Fig.
3A and C) and S1 nuclease mapping (Fig. 3B). The Northern
blots were sequentially analyzed with the SV40-neo probe to
detect the p RNA transcripts and with a polyomavirus-
specific probe to monitor transfection efficiency and RNA
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FIG. 3. Expression of the p, poly(A) site substitutions in the plasmacytoma S194 and the pre-B-cell line 3-1. (A) Northern blot analysis
of poly(A)* RNA from S194 cells transfected with the plasmids shown above each lane. The transcripts are labeled as follows: ., denotes
the 2.0-kb p,, mRNA, and p* denotes the ~1.8-kb mRNA cleaved and polyadenylated at the . or substituted poly(A) site. The top panel
was analyzed with a probe specific for SV40-neo sequences; the bottom panel is the same blot reprobed for polyomavirus sequences. The
relative levels of total w transcripts, adjusted for variations in polyomavirus expression and normalized to the wild-type (s-m) value, are 1.0,
0.6, 0.9, 2.0, 0.9, and 1.3 for lanes 1 to 6, respectively. (B) S1 nuclease analysis of RNA from S194 cells transfected with the plasmids shown
above each lane. The S1 probe is diagrammed in Fig. 1D. p, and p, are fragments protected by p, mRNA and p,, RNA, respectively. p*
are the fragments protected by mRNA cleaved and polyadenylated at the substituted poly(A) sites. These fragments are uniformly 297 bp,
which is the extent of homology between the probe and the RNA. (C) Northern blot analysis of poly(A)* RNA from 3-1 cells transfected with
the plasmids shown above each lane. The transcripts are labeled as in panel A. The top panel was analyzed with a probe specific for SV40-neo
sequences; the bottom panel is the same blot reprobed for polyomavirus sequences. The relative levels of w transcripts, adjusted for variations
in polyomavirus expression and normalized to the wild-type value, are 1.0, 1.1, 1.5, 1.2, 0.7, and 0.9 for lanes 1 to 6, respectively. The SVL-m
and SVL-m(A) constructs were not analyzed on Northern blots because the p* transcripts could not be adequately separated from the p,

transcripts on the basis of size.

yield. When the p,, site was substituted for p, in both
plasmacytoma and pre-B cells, this substituted site was used
exclusively, indicating that the p,, site constitutes a very
strong cleavage-polyadenylation signal (Fig. 3A-C, lanes 3).
However, with the intron deletion, which favors the com-
peting p,-processing reaction, the ratio of p* to w,, tran-
scripts was clearly higher in the plasmacytoma cells than in
pre-B cells (Fig. 3C, lane 4, versus Fig. 3A and B, lane 4;
Table 1). Therefore, under these conditions, constructs
containing the p,, poly(A) site substituted for p, could be
regulated. The SV40 late poly(A) site, when substituted for
s, showed an expression pattern similar to that of the p,
poly(A) site (Fig. 3B; compare lanes 7 and 8 with lanes 3 and
4). Regulation was observed both with and without the
intron deletion when the «, site was substituted for p,
although relatively more p,, was produced from these con-
structs than from those containing the ., site (Fig. 3A and B,
lanes 5 and 6, versus Fig. 3C, lanes 5 and 6; Table 1). The
fact that none of the substituted sites abolished the develop-
mental regulation, although each affected the expression

TABLE 1. Effect of substitutions at the p, poly(A) site

we* RNA/p RNA in“: Regulation index

Construct (plasmacytoma/

Pre-B cells Plasmacytoma cells pre-B cell)
s-m (wild type) 1.5+0.2 11 =4 7
m-m >100 >100
o-m 0.22 = 0.06 1.4 +0.1 6
s-m (A) 0.6 = 0.09 1.2 +03 2
m-m (A) 1.7 £ 0.2 17 =3 10
a-m (A) 0.05 = 0.01 0.08 = 0.02 2

% Values are the means * standard deviations of from three to five
independent experiments.

ratio, indicates that no structural feature unique to the p
poly(A) site is required for regulation. Rather, these results
suggest that the relative strength of the p  poly(A) site is the
critical parameter. On the basis of the observed ratios of p,
and p* mRNA, we would order the poly(A) site strengths or
efficiencies as SVL = u, > p, > a,, with a total range of
more than 100-fold.

These results also demonstrate that the proper balancing
of processing reaction efficiencies is critical for this type of
regulatory mechanism. Although the p poly(A) site substi-
tutions did not abolish regulation, the magnitude of the
difference in expression between pre-B and plasmacytoma
cells varied among the different constructs (Table 1). Those
exhibiting the greatest difference were s-m (wild-type), m-
m(A), and o,-m, while the expression difference of s-m(A)
and a,m(A) was only about twofold and could not be
measured for m-m. This indicates that the efficiencies of the
competing processing reactions must be delicately balanced
in order for these reactions to respond effectively to the
developmentally controlled regulatory mechanism(s). For
example, only with the strongest poly(A) site (p,,) substi-
tuted for ., was regulation observed with the intron deletion-
containing constructs. This suggests that the w,, poly(A) site
is optimally balanced with the deletion-enhanced competing
reaction (most likely splicing, as will be discussed below),
while the weaker poly(A) sites (u, and o) are not.

Although the various substitution constructs exhibit strik-
ing differences in the relative production of p* and
mRNA, the total levels of p transcript produced by each
construct were similar (= 30% and * 20% for the plasma-
cytoma and pre-B cells, respectively [Fig. 3]). Thus, an
increase or decrease in pg* expression was usually accom-
panied by a corresponding decrease or increase in p,
expression. Such reciprocity indicates that the poly(A) site
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FIG. 4. Expression of the ., poly(A) site substitutions in the piasmacytoma S194 and the pre-B-cell line 3-1. (A) Northern blot analysis
of poly(A)* RNA from S194 cells transfected with the plasmids shown above each lane. The transcripts are labeled as follows: u, denotes
the 1.8-kb n, mRNA, and p.* denotes the ~2.0-kb mRNA cleaved and polyadenylated at either the p, site or the substituted poly(A) site.
The top panel was analyzed with a probe specific for SV40-neo sequences; the bottom panel is the same blot reprobed for polyomavirus
sequences. The relative levels of u transcripts, calculated as in Fig. 3, are 1.0, 0.7, 1.0, 0.8, 0.3, 0.9, 0.9, and 0.8 for lanes 1 to 8, respectively.
(B) S1 nuclease analysis of RNA from S194 cells transfected with the plasmids shown above each lane. The S1 probe is diagrammed in Fig.
1D; transcripts are labeled as in panel A. (C) Northern blot analysis of poly(A)* RNA from 3-1 cells transfected with the plasmids shown
above each lane. The transcripts are labeled as in panel A. Lanes 1 to 3, lanes 4 and 5, and lanes 6 to 9 are from three separate experiments.
The top panel was analyzed with a probe specific for SV40-neo sequences; the bottom panel is the same blot reprobed for polyomavirus
sequences. The levels of transcripts for s-s, s-a,, and s-SVL corrected for variations in polyomavirus expression and normalized to the values
for s-m are 1.0, 1.0, and 1.2 for p, RNA and 0.4, 0.2, and 1.0 for p,* RNA. The corrected levels of transcripts for s-a,(A) and s-SVL(A)
normalized to s-s(A) are 1.3 and 0.7 for n RNA and 0.6 and 1.6 for p,* RNA. In this experiment, the transcript levels for s-m(A) were too

low for accurate quantitation.

substitutions, as well as the intron delétions, act by shifting
the balance between competing RN A-processing reactions.

Substitutions at the p,, poly(A) site. To determine whether
the p,, poly(A) site is in competition with the p., poly(A) site,
as predicted by the poly(A) site model, we replaced the w,
poly(A) site with each of the poly(A) sites used in the p
substitution experiments (Fig. 2C). These sites differed by
up to 200-fold in their relative strengths when substituted at
the p, poly(A) site position. If the wn,, and p, poly(A) sites
were in direct competition, then replacing p.,, with a weaker
site should decrease the level of transcript cleaved and
polyadenylated at this distal (u,*) site and concomitantly
increase the amount of p, transcript. Contrary to this
prediction, substitutions at the p* poly(A) site had very
little effect on the relative production of p* and b, mMRNA
when these genes were transfected into plasmacytoma cells
(Fig. 4A and B; Table 2). This is most obvious in the
presence of the shortened intron (Fig. 4A and B, lanes 5 to
8); when the a, poly(A) site was substituted for the n, site,
the expression ratio differed by less than twofold. This is in
contrast to the 30- to 200-fold difference seen between these
two poly(A) sites when substituted for the ., site. These
results clearly favor the p. site-splice model over the poly(A)
site model.

The expression of this set of constructs in the pre-B cells
was different from that in plasmacytoma cells. In pre-B cells,
substitutions of weaker poly(A) sites at the p, site caused a
reduction in the level of n,* mRNA, although this reduction
was not accompanied by a compensatory increase in p.g
transcripts, as would be expected if these reactions were in
direct competition (Fig. 4C, lanes 1 to 5; Table 2). A similar
effect was observed with the intron deletions (Fig. 4C, lanes
6 to 9). Instead of alteration of the balance between the two
competing processing reactions, as was seen with the p
substitutions, it seemed that another event related to total
mRNA yield was affected. For example, substitution of the

km poly(A) site with weaker poly(A) sites could lead to
greater transcript wastage if nonpolyadenylated mRNA pre-
cursors were more vulnerable to degradation than their
polyadenylated counterparts. It is noteworthy that this effect
is evident in pre-B cells but not in plasmacytoma cells. This
difference in response to variation of poly(A) site strength
could be explained if the overall cleavage-polyadenylation
efficiency were lower in pre-B cells than in plasmacytoma
cells, in which case the effect of a weaker poly(A) site might
be more dramatic. Alternatively, the degradation process
might be more efficient in the pre-B cells.

5’ Splice site mutation. To test directly the involvement of
the Cpd-to-M1 splice, we constructed a splice junction
mutation that should increase the efficiency of this splicing
reaction. When we compared the 5’ splice junction se-
quences of the Cpd-to-M1 intron from a number of species,
including mouse, human, hamster, chicken, toad, and shark,
with sequences of the analogous splice junctions from the
other mouse heavy-chain isotypes, which also produce
secretory and membrane forms of immunoglobulin, we no-

TABLE 2. Effect of substitution at the ., poly(A) site

s RNA/p,* RNA in?:

Contruct
Pre-B cells Plasmacytoma cells
s-m (wild-type) 2.0 0.6 11
S-S 5+0.5 11
S-ag 10+1 11
s-SVL 2.5*06 11
s-m (A) 0.6 = 0.03 1.2
s-s (A) 0.8 + 0.07 14
s-a (A) 1.8 0.2 2.2
s-SVL (4) 0.4 = 0.03 1.2

“ Pre-B-cell values are means *+ standard deviations of two to four
independent experiments; plasmacytoma cell values are from a single exper-
iment.



732 PETERSON AND PERRY

ticed that there were several striking similarities (Fig. 5).
First, the nucleotide at +5 from the splice junction was
almost always an A and never a G, which is the consensus
nucleotide at this position (Fig. SA, B). In fact, a G at +5
occurs in 82% of splice junctions (46) and is the site of a
B-thalassaemia mutation which decreases correct splicing
while increasing the use of cryptic splice sites (49). Also, in
adenovirus, a double mutation at +5 and +6 severely
impairs proper splicing (48). Although position +5 is part of
the Cpd-to-M1 intron, this nucleotide is also within the
coding region for p. protein, raising the possibility that there
are coding requirements for this sequence. However, the A
at +5 is the third base of the AAA codon for lysine (Fig. 5C);
a G at this position would not change the coding capacity,
since AAG also codes for lysine. These two codons are used
with about equal frequency throughout the p gene, and
therefore the absence of a G at position +5 cannot be
attributed to coding sequence constraints.

A second feature of this 5' splice junction is that the
nucleotide at the —2 position, which is an A in 56% of 5’
splice junctions (46), was never an A in these splice junc-
tions, although all other nucleotides were represented.
Third, the consensus U at the +6 position was present only
in the splice junctions from the vy genes and is a C, A, or G
in the others. The sequences of other 5’ splice junctions
within the p gene were more divergent and did not resemble
this particular 5’ splice junction sequence (Fig. 5B). Finally,
the strong evolutionary conservation of this sequence did
not extend to neighboring sequences (Fig. 5C).

Splice junctions which are more similar to the consensus
sequence and which therefore can base pair more strongly
with Ul small nuclear RNA (Fig. 5B) have been shown to be
stronger, more efficient splice junctions (16, 59). Therefore,
we mutated the 5’ splice junction of the Cn4-to-M1 intron by
using oligonucleotide-directed mutagenesis to create a con-
sensus splice junction (Fig. 6A) and expressed this construct
(5'-SP) in the plasmacytoma cell line S194, in which the
production of p, mRNA is normally greatly favored. The
striking result was that only the spliced p, mRNA was
produced from the 5'-SP construct (Fig. 6B and C), indicat-
ing that splicing of the improved splice junction was com-
pletely dominant over the normally very efficient cleavage-
polyadenylation of the p, poly(A) site. This result
unequivocally demonstrates that splicing of the Cp4-to-M1
intron is in competition with the p cleavage-polyadenylation
reaction.

Analysis of p,, mRNA precursors. The experiments pre-
sented above strongly support a model for regulated produc-
tion of p and p,, mRNA wherein cleavage-polyadenylation
at the p, poly(A) site competes with the splice between the
Cp4 and M1 exons. According to this model, the splicing
efficiency is a major determinant of the p.,,/p, ratio and is not
dependent on prior cleavage-polyadenylation at the
poly(A) site. If this is the case, one would predict that in
pre-B or B cells, in which p,, mRNA is the predominant
species, there might be a significant accumulation of non-
polyadenylated . mRNA precursor that has already under-
gone the Cpd-to-M1 splice. To establish the existence of
such a precursor, we used S1 nuclease protection analysis to
assay the poly(A)~ fraction of nuclear RNA from a B-cell
line, 38C-13, which produces p,, and n, mRNA at a ratio of
about 2:1 (33). S1 mapping across both splice junctions and
both poly(A) sites was done on poly(A)* as well as poly(A)~
nuclear RNA fractions. With the p, p(A)/p,, 5’ splice probe,
the poly(A)* RNA fraction protected two fragments which
corresponded to mature p., and p, mRNA in a ratio of about

MoL. CELL. BioL.

2:1 (Fig. 7A). The poly(A)~ RNA did not contain any RNA
cleaved at the p poly(A) site, as was expected from a clean
poly(A)” RNA fraction not contaminated with poly(A)*
RNA. This fraction, however, did protect a fragment which
corresponded to an unprocessed transcript (RT) as well as a
fragment which corresponded to RNA that has undergone
the Cp4-to-M1 splice. By quantitating the relative amount of
spliced RNA present in the poly(A)* and poly(A)~ RNA
fractions and taking into account the yield of poly(A)* RNA,
we can estimate the abundance of spliced poly(A)~ RNA
relative to spliced poly(A)* RNA (mature p, mRNA)
present in the nucleus. The ratio of spliced poly(A)~ RNA to
spliced poly(A)* RNA, on the basis of multiple determina-
tions of several 38C-13 nuclear RNA preparations, is 0.22 +
0.08.

To verify that the RNA which this probe detected as being
processed at the 5’ splice junction was indeed spliced to the
3’ splice junction and was not simply an incompletely spliced
intermediate or an aberrantly spliced RNA, we analyzed the
same preparation of 38C-13 RNA for transcripts spliced at
the 3’ splice junction of the Cu4-to-M1 intron (Fig. 7B). The
ratio of spliced poly(A)~ to poly(A)* RNA detected with the
m 3’ splice junction probe was similar to that detected with
the 5’ splice probe, indicating that most of these RNA
species were correctly spliced. Using a probe which de-
tected RNA cleaved at the p,, poly(A) site (Fig. 7C), we
found none of this RNA in the poly(A)~ fraction, providing
further evidence that the spliced RNA we detected had not
been previously cleaved and polyadenylated.

Consistent with this spliced, nonpolyadenylated RNA
being a precursor to p,, mRNA, when 38C-13 cells were
treated with actinomycin D under conditions that chase
poly(A)* precursors to product. (43, 54), the level of this
RNA decreased by about half (data not shown). This sug-
gests that at least half of this RNA could be p,, mRNA
precursor and therefore that the ratio of spliced poly(A)~
precursor RNA to mature p,, mRNA is at least 0.11. The
ratio of unspliced poly(A)™ p,, mRNA precursor to mature
pwn, mRNA, judged by a Northern blot analysis of poly(A)*
nuclear RNA similar to that presented by Nelson et al. (33),
is about 0.07. If the steady-state levels of poly(A)~ and
poly(A)* precursors are indicative of the flux through the
possible processing pathways of p,, mRNA, then the path-
way in which splicing of Cu4 to M1 commits the precursor to
becoming a mature ., mRNA is at least as important as one
in which polyadenylation at the p, site precedes the splice
reaction.

Other cell lines were also analyzed for the presence of this
spliced poly(A)~ transcript to ensure that it is a general
feature of the p,, mRNA-processing scheme and not a
peculiarity of the 38C-13 cell line. The B-cell lines WEHI231
arid 70Z/3 both contained this spliced precursor in a clean
poly(A)~ fraction of nuclear RNA (data riot shown).

DISCUSSION

The combined results of the poly(A) site substitution
experiments and the splice junction mutation experiment
prove that p, and p, regulation is achieved by a competition
between cleavage-polyadenylation at the p  poly(A) site and
splicing of the Cp4 and M1 exons. Since the p  poly(A) site
could be substituted without abolishing regulation, no fea-
ture unique to this site is essential for the regulatory mech-
anism. However, the ratio of p,, to p* transcripts was
altered when the p, poly(A) site was substituted; thus, the
intrinsic strength of the w, poly(A) site, e.g., its affinity for
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FIG. 5. Sequence comparison of immunoglobulin 5’ splice junctions. (A) The consensus 5’ splice junction sequence compared with the 5’
splice junction of the mouse Cp4-to-M1 intron. Arrow designates the exon/intron boundary. The numbers give the frequency, in percent, with
which a nucleotide is found at each position, based on an analysis of 1,446 splice junction sequences (46). (B) At the top. the consensus 5’
splice junction is shown base paired with U1 small nuclear RNA (59). In the middle, the S’ regulatory splice junctions from phylogenetically
conserved p genes and other mouse immunoglobulin isotypes are shown. At the bottom, 5’ splice junctions of other introns within the mouse
w gene are shown. A dash signifys identity with the consensus nucleotide. (C) The sequence surrounding the 5’ regulatory splice junctions
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FIG. 6. Structure and expression of the 5'-SP mutation. (A) The
sequence of the 5’ splice junction of the mouse Cp4-to-M1 intron
(s-m) is shown above the sequence of the 5'-SP mutation. The
nucleotide changes are identified with arrows. Symbols are as in Fig.
1B. (B) Northern blot analysis of poly(A)* RNA from S194 cells
transfected with the plasmids shown above each lane; the tran-
scripts are labeled. The blot was analyzed with a probe specific for
SV40-neo sequences. Equal amounts of RNA were loaded in each
lane, as was confirmed by a reprobe of this blot for polyomavirus
expression (data not shown). (C) S1 nuclease analysis of RNA from
S194 cells transfected with the plasmids shown above each lane. The
S1 probe is diagrammed in Fig. 1D; the protected fragments are
labeled. The RNAs in panel B, lanes 1 and 2, and panel C, lanes 2
and 3, are from two independent transfections.

general processing factors, is important in determining the in
vivo p/p,, expression ratio. The poly(A) sites used here
varied in strength: SVL and p,,, were the strongest, p, was
intermediate, and «, was the weakest. Replacement of the
m POly(A) site with this same set of poly(A) sites had no
effect on p, expression, indicating that the ., site is not
involved in a regulatory competition with the . site in either
early- or late-stage B cells. When the 5’ splice junction of the
Cpd-to-M1 intron was mutated to match the consensus
splice junction sequence, the splice reaction dominated over
cleavage-polyadenylation at p,. Therefore, the reaction in
competition with p., cleavage-polyadenylation must be splic-
ing of Cp4 to M1.

The analysis of a 5’ splice junction point mutation that
abolishes splicing of the Cu4-to-M1 intron has been reported
previously (50). Polyadenylation at p, was efficient with this
mutant, and no polyadenylation at n, was detected. This
result was interpreted to favor the . site-splice model over
the poly(A) site model. However, this interpretation is
subject to the caveat that an RNA polyadenylated at ., but
retaining the Cpd4-to-M1 intron might not be stable. Our
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protocol, in which the efficiency of the splicing reaction was
increased rather than decreased, is not subject to such a
caveat.

The effect of the 5'-SP mutation also demonstrated that
the normal 5' splice junction is suboptimal with respect to
splicing efficiency. This suboptimal sequence seems to be
required to establish the proper regulatory balance between
the splice and the competing (suboptimal) p, polyadenyla-
tion reaction. The evolutionary conservation of the subopti-
mal splice sequence is quite striking and strongly supports
the idea that balanced processing reactions are critical to the
regulatory mechanism.

In the context of the p site-splice model, we suppose that
the critical effect of decreasing the length of the Cu4-to-M1
intron is to hasten the formation of the 3’ splice junction and
the commitment to splicing, thereby reducing the time
available for effective cleavage-polyadenylation at the
site. This idea was recently challenged by Galli et al. (19),
who failed to observe an enhancement of p,, mRNA pro-
duction with constructs in which the Cp4-to-M1 intron was
shortened without appreciably altering the distance between
the p, and p,, poly(A) sites. However, the interpretation of
these negative results is equivocal because there were no
controls to demonstrate that the particular deletions and
insertion used in these constructs did not diminish the
splicing efficiency. These investigators also did not observe
an increase in p, mMRNA when they deleted the 3’ splice
junction of the Cpd4-to-M1 intron or the entire M1 exon.
However, the interpretation of this result is complicated
because Cp4-to-M2 splicing occurs under these circum-
stances and could presumably compete effectively with the
1, cleavage-polyadenylation reaction. In fact, when splicing
was totally abolished by deletion of the 5’ splice junction, a
severalfold increase in n, mRNA was actually observed.
Because of these ambiguities, we do not regard this evidence
as being sufficiently compelling to reject the . site-splice
model.

Although some transcriptional termination between the
and p,, poly(A) sites occurs in plasmacytoma cells, several
lines of evidence suggest that it did not contribute signifi-
cantly to the results of our transfection experiments. In
contrast to the experiments of Galli et al. (18), in which
intron deletions resulted in a net gain of p transcripts in a
plasmacytoma cell, the effect we observed with intron dele-
tion constructs was a decrease in j.-terminated RNA, which
balanced the increase in ., expression. This effect was
clearly observed with both the p, and the a, poly(A) sites
(Fig. 1 and 3), indicating that the deletion caused little or no
change in the extent of transcription through this locus.
Furthermore, if transcriptional termination prior to the p.,
poly(A) site were primarily responsible for the p, > .,
phenotype in plasmacytoma cells, then when the p poly(A)
site was replaced with the weaker o, site, no change in p.,
expression would be expected. However, we observed a
substantial increase in p,, expression at the expense of p*
transcripts (Fig. 3A and B). This result could be explained in
terms of transcriptional termination only if the extent of
transcription were dependent on the frequency of processing
at the p poly(A) site. Indeed, processing at poly(A) sites has
been shown to be required for transcriptional termination in
some cases (11, 29, 56), and conceivably the location of the
termination region could be coupled to the frequency of
cleavage-polyadenylation. If this were the case, then the
change in cleavage-polyadenylation frequency would be the
primary level of control and transcriptional termination
would be a secondary response. Clearly, transcription did
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not terminate prior to ., when the 5'-SP construct was
expressed in the plasmacytoma cell, even though the p,
poly(A) site and all downstream sequences remained intact.

On the basis of the idea that cleavage-polyadenylation at
u, competes with splicing of the Cud4-to-M1 exons, we
suggest the processing scheme for . mRNA shown in Fig. 8.
We postulate that an unprocessed precursor, probably a
nascent transcript, can undergo any of three processing
events, and that the frequency with which each pathway is
used determines the final p/p,,, mMRNA ratio. The existence
of Pre-p, (A*) and Pre-p,/n(A"), which are full-length
precursors cleaved and polyadenylated at the p, and p,,
poly(A) sites, respectively (Fig. 8B), has been demonstrated
previously by Northern blot analysis of nuclear poly(A)*
mRNA (33). If the Pre-p,, /i (A™) transcript undergoes the
Cpd-to-M1 splice, it is committed to producing mature .,
mRNA. However, Pre-p,/pn(A™) also retains the p., poly(A)
site, and if it were recleaved and repolyadenylated at this
site, it would then produce n, mMRNA. The predicted product
of such a processing reaction, an amputated transcript which
extends from the p  cleavage site to the ., poly(A) site, has
been detected in some cell lines (25, 33, 39). Since splicing of
the exon containing the variable, diversity, and joining
segments to the Cn.l exon may frequently precede splicing of
the Cp4 and M1 exons (33), it has not been possible to detect

Pre-p.,(A™) transcripts that have undergone splicing only of
the Cpd-to-M1 intron. The transcript Pre-p., (A ™), which has
undergone the Cpd-to-M1 splice prior to any cleavage-
polyadenylation event and is thereby committed to produc-
ing p,, mRNA (Fig. 8B), cannot be detected as a discrete
component by Northern blot analysis because it has a
heterogeneous 3’ end. However, a poly(A)~ precursor tran-
script which has undergone the Cp4-to-M1 splice was clearly
detected by S1 nuclease protection analysis (Fig. 7). This
component constituted a major fraction of the total w,,
mRNA precursor.

Although splicing reactions can occur independent of
polyadenylation (20, 58), it has been assumed that polyade-
nylation generally precedes splicing. Nevins and Darnell (34)
showed that in adenovirus mRNA, polyadenylation is an
early processing event which normally precedes splicing.
Furthermore, for many other genes, including the immuno-
globulin genes, full-length precursor RNAs which have been
polyadenylated but not yet spliced are detected. However,
electron microscopic visualization of transcriptionally active
chromatin has revealed that heterogeneous nuclear ribonu-
cleoprotein particles occur at splice junction sequences and
that they occasionally are seen to coalesce, forming an RNA
loop. On more mature transcripts, these coalesced particles
lose the intervening RNA loop in a process with properties
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FIG. 8. Proposed processing scheme for heavy-chain immuno-
globulin p RNA and diagram of u RNA precursor and product
structures. (A) The diagram in the upper left illustrates the three
processing options to which a p precursor RNA can be subjected.
The arrows in the processing scheme represent the processing
events as labeled; the arrow with no label denotes splicing of
nonregulatory introns. Although the pathway indicated by the
dashed arrow and labeled [p, poly(A)] is known to exist (9, 12, 17),
it is not clear to what extent it is used. The poly(A) symbols A* and
A~ emphasize the 3’ end structures of the individual RNA species.
(B) The structures of p mRNA precursors and products. 1,
Exons common to both p.,, and p, mMRNA; , exons specific to
kn, MRNA; mmm, exons specific to p, mRNA; —, introns; ----,
heterogeneous 3’ termini; @, poly(A) sites; (A), represents cleaved
and polyadenylated 3’ ends; VDJ refers to productively rearranged
immunoglobulin variable, diversity, and joining segments; Cp.1-4
refers to the p constant region exons; S and M refer to the secreted
segment and membrane exons, respectively; and u, and p,, refer to
the secreted and membrane poly(A) sites, respectively.

similar to RNA splicing (6, 7, 36). Some of these heteroge-
neous nuclear ribonucleoprotein particles are bound by
anti-small nuclear ribonucleoprotein antibodies (17), sug-
gesting that they are splicing complexes analogous to the
spliceosome complex (10). Although primary transcripts
polyadenylated at the w,, poly(A) site are present in pre-B
and B cells, these transcripts may already contain a commit-
ted splice complex at the Cp4 and M1 splice junctions. If this
were the case, then the presence of the committed splice
complex itself might be enough to preclude cleavage-polya-
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denylation at p., thus committing the transcript to be spliced
rather than recleaved and repolyadenylated. An example of
this situation appears to occur in the case of calcitonin/
CGRP transcripts, in which a commitment to be spliced
precludes polyadenylation at one of two alternate poly(A)
sites (28). Also, in the production of the adenovirus E3/L4
RNAs, splice site selection, probably by nascent splice
complexes, dominates over poly(A) site selection (1). The
possibility that splicing can occur on growing transcripts can
explain why a full-length precursor of immunoglobulin 3
mRNA, which would contain variable, diversity, and joining
segments and Cp and C3 sequences, has never been de-
tected under conditions that should have revealed such a
precursor if it were present (30). If the 3 precursor normally
undergoes splicing as a growing transcript, then the amount
of full-length precursor would be vanishingly small.

A major question that remains to be answered is whether
the developmental regulation is achieved by increasing the
efficiency of u, cleavage-polyadenylation or decreasing the
efficiency of the Cpd4-to-M1 splice or a combination of both
of these changes. The fact that regulation still occurred when
the p, poly(A) site was replaced with other poly(A) sites
argues against the implication of a factor that specifically
interacts with the w  poly(A) site. Therefore, if there is any
developmental shift in p, cleavage-polyadenylation efficien-
cy,it would presumably involve a change in the concentra-
tion or activity of a more general factor, as suggested in the
‘‘endase’” model of Blattner and Tucker (9). The different
response of pre-B and plasmacytoma cells to substitutions at
the p,, poly(A) site (Fig. 4) is consistent with this idea,
although other interpretations of this result cannot be ex-
cluded. The results of a kinetic analysis of the relative
cleavage-polyadenylation efficiency in cell extracts from B
cells and plasmacytomas were not supportive of this idea;
the efficiency of n, and p, cleavage-polyadenylation in
plasmacytomas appeared to be lower, rather than greater,
than that in the B cells (55). However, the relevance of these
in vitro data to the in vivo situation is unclear because this in
vitro analysis was also unable to detect any difference in
strength or affinity of the w, and p,, poly(A) sites, which is
contrary to our in vivo finding when the . site was replaced
by the p,, site (Fig. 3).

Tsurushita and Korn (50, 51) have presented data which
they interpret to indicate that splicing of Cu4 to M1 is
positively regulated in pre-B cells and inefficient in plasma-
cytoma cells. Our results do not conflict with this interpre-
tation. However, splicing capacity cannot be completely
limiting in plasmacytoma cells, since an increase in the
spliced ., transcript was observed when the weak o
poly(A) site was substituted for the p  poly(A) site in these
cells. In addition, a p,, message is efficiently processed in
plasmacytoma cells when the p. poly(A) site is deleted from
the primary transcript (13, 18, 37, 50). Therefore, if a
positive-acting splice factor is present in B cells, it may act
to stimulate splicing severalfold, but it cannot be absolutely
required for splicing.

The type of regulatory model proposed here does not
require a large change in the overall efficiency of either of the
competing processing reactions as long as the affinities of the
processed sites are appropriately tuned. Indeed, regulation
typical of the wild-type p gene was observed for the a-m
and the m-m(A) constructs but was reduced in the other
constructs. Moreover, all competitions between splice reac-
tions and cleavage-polyadenylation reactions are not regu-
lated in this way in lymphocytes. The human 2’-5'-oligoad-
enylate synthetase gene contains 3'-end-processing options
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identical to those of the p gene (5, 41). Yet when we
compared the expression of this gene in human B and
plasmacytoid cell lines, no difference was observed (unpub-
lished results). The calcitonin/CGRP gene, although not
identical in processing options to the p gene, does contain a
poly(A) site within an intron. When this gene was expressed
in B cells, in contrast to p gene expression, poly(A) site
usage was completely dominant over the splicing reaction
(28). Therefore, the affinity of the Cu4 and M1 splice
junctions for available splicing machinery, the affinity of the
i poly(A) site for available cleavage-polyadenylation ma-
chinery, and the spatial relationships between these sites
must be delicately balanced to enable this gene to respond to
changes which occur during B-cell maturation.
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