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GENE EXPRESSION

Balanced efficiencies of splicing and cleavage-
polyadenylation are required for us and um
mRNA regulation

Martha L. Peterson

Department of Pathology, University of Kentucky, Lexington, Kentucky

The relative abundance of the RNAs encoding the membrane (um) and secreted (us) forms of
immunoglobulin p heavy chain is regulated during B cell maturation by a change in the mode
of RNA processing. This regulation depends on a competition between two mutually exclusive
RNA processing reactions, cleavage-polyadenylation at the ps poly(A) site and splicing of the Cp4
and M1 exons. Previously, the efficiencies of these two reactions were altered independently. When
an efficient processing signal replaced the normal suboptimal signals of the p gene, a single RNA
product was produced exclusively. In this report, two efficient signals are combined in a single
p transcript 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 competing strong splice and cleavage-polyadenylation reactions
display the expected developmental shift when expressed in B cells and plasma cells. Therefore,
the balance between cleavage-polyadenylation and splicing efficiencies is critical to the develop-
mentally regulated expression of us and pm mRNA. Also shown here is that the entire pm region,
including the M1 and M2 exons and the pm poly(A) site, can be replaced with SV40 splice and
poly(A) sequences. Regulation is maintained in these u genes, indicating that no specific sequences
within the pm region are required.

he mRNAs encoding the membrane-bound

(m) and secreted (s) forms of 1gM heavy
chain (u) are produced from identical primary
transcripts that are alternatively processed at
their 3’ ends. The relative abundance of these
two mRNAs is regulated during B cell matura-
tion by two alternate and mutually exclusive
RNA processing reactions; cleavage-polyadenyla-
tion at the ps poly(A) site to produce us mRNA,
and splicing of the Cu4 and M1 exons to pro-
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 mature plasma cells utilize the
upstream ps poly(A) site predominantly (Alt et
al., 1980; Early et al., 1980).

We previously demonstrated that the Cu4-M1
splice and not the pm poly(A) site was in com-
petition with cleavage-polyadenylation at ps by
improving the efficiency of the Cp4-M1 splice
reaction and showing that, in this case, splicing
dominated over cleavage-polyadenylation at the
us site (Peterson and Perry, 1989). We increased
the efficiency of the Cu4-M1 splice reaction by
mutating the evolutionarily conserved subopti-
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mal Cp4 % 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 more strongly with Ul small nuclear
RNA have been shown to be stronger, more
efficient splice junctions (Eperon et al., 1986;
Zhuang et al., 1987). p precursor RNA contain-
ing the consensus splice junction was totally
spliced, even in plasmacytoma cells that nor-
mally heavily favor cleavage-polyadenylation at
us, thus proving that the splice is in competi-
tion with ps cleavage-polyadenylation. In addi-
tion, contrary to a prediction of a ps vs. um
poly(A) site competition model, the pm poly(A)
site could be substituted with other poly(A) sites
without any effect on cleavage-polyadenylation
at us (Peterson and Perry, 1989).

We have also shown that no unique sequence
feature of the ps poly(A) site is required for
developmentally regulated ps/pm expression
(Peterson and Perry, 1989). p genes with other
poly(A) sites substituted for the ps site showed
aregulatory shift in us/um expression between
B cells and plasmacytoma cells, as long as both
spliced and cleaved-polyadenylated RNA could
be processed from a single precursor transcript.
With the pm poly(A) site substituted for ps,
RNA was totally cleaved and polyadenylated at
this first poly(A) site in both cell types. How-
ever, when the Cu4-MI splice was enhanced by
shortening the intron (Peterson and Perry, 1986;
Galli et al., 1987; Tsurushita and Korn, 1987),
regulation was restored; the pus/um expression
ratio was about 10-fold higher in plasmacytoma
cells than in B cells (Peterson and Perry, 1989).
When the poly(A) site for the secreted form of
a heavy chain (os) replaced ps, the regulatory
shift in expression was also not affected. That
the developmental shift in expression ratios was
observed only when both ps and pm mRNAs
could be processed from the same transcript sug-
gests that the efficiencies of the two competing
processing reactions must be balanced in order
for this gene to respond to developmental
changes that occur during B cell maturation.

The experiments presented here were per-
formed to address the question of whether p
genes containing any combination of balanced
splice and cleavage-polyadenylation signals sub-
stituted for the native u signals could be reg-
ulated between B cells and plasma cells. Spe-
cifically, could a p gene containing the strong
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consensus splice junction in competition 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 p genes. In
addition, the pm 3’ splice junction and poly(A)
site can be functionally replaced with SV40
splice and poly(A) signals, and these p genes
are also regulated. Therefore, there are no spe-
cific sequences required for regulation within
the pm region. These experiments firmly estab-
lish the requirement for balanced efliciencies
of splicing and cleavage-polyadenylation, how-
ever it is achieved, in ps/um regulation. Since
to date no p gene-specific sequences have been
identified to be required for regulation, it is
possible that the processing balance is the criti-
cal requirement for regulation and allows the
p 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, ps, m-m, and
SP have been described in Peterson and Perry
(1986 and 1989). To construct SPus, a 2977 bp
EcoR V fragment containing the pm region was
deleted from SP, as was done for the ps plas-
mid (Peterson and Perry, 1986). The plasmid
SPirplege contains the 900 bp fragment from
an S16 ribosomal protein gene intron used pre-
viously to alter the Cp4-M1 intron size (Peter-
son and Perry, 1986), inserted within the Cp4-
M1 intron at the Kpn I site. SPum and SPrm
were constructed by replacing the ps poly(A)
site region of SP with the pm and SV40 late
poly(A) sites, respectively, as described in Peter-
son and Perry (1989). SP,, and SPL were de-
rived from SPy.m and SPL, by deleting the pm-
containing EcoR V fragment described above.

Cell culture and DNA transfections

The M12 B cell line and the 3-1 Abelson mu-
rine leukemia virus-transformed pre-B cell line
were maintained in RPMI 1640 medium con-
taining 10% fetal bovine serum and 50 pM
2-mercaptoethanol. The plasmacytoma S$194 and
myeloma MPCI1 cell lines were maintained in
Dulbecco modified Eagle medium containing
10% horse serum. The DEAE-dextran transfec-
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tion protocol EGrossche_dI and Baltimore, 1985)
was used for the transient expression assays.

RNA preparation and analysis

Cytoplasmic RNA was preFared 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 of total cytoplasmic RNA was performed as
described previously, using the ps pﬁ\A)/pm )
splice probe, which distinglishes RNA cleaved
at the ps poly&A) site from RNA sgllced from
Cpd to MI'(Peterson and Perry, 1989). The data
from SI nuclease analyses were quantitated by
directly counting the dried polyacrylamide gels
using an Ambis blot analyzer. Northern blot
analysis of p_on(IA)+RNA Was 8oerformed as de-
scribed previously, using the 384 bp SVneo probe
(Peterson and Perry, 1989). The filter was
stripped and rehybridized with an 885 b%
Pst [-BamH | fragment containing the SV4

poly(A) site region from pSV2neo.

Figure 1. Diagram of chimeric :
immunoglobulin genes, Shown ma
at the top is the chimeric SVA40-
neo-Cli gene from the plasmid
[{SVSCns-m éPeterson anﬁi Perry,

980), not drawn to scale. T e
angled lines above the map des-
Ignate the wild-type Cli4-Ml
splice (solid line) and the Cpd-

PLASMID

40 t antigen splice (dashed vildh
line). Opengboxer) |nd|(cate se- " o
quences common to both Jis P
and xm mRNA, filled boxes are
sequences specific to ps and PHs
urn mRNA as marked I|8htly
shaded boxes are SVAQ se-  sPpigoo

quences, medium shaded boxes

are sequences of the neomycin mm wiiciye
resistance gene, hoxes broken
on the angfle Indicate sequences SPmm COBIEE
omitted from_this diagram,
Img_s indicate mttrrc])n%_or no(?- SPLm OBerBLs
coding sequences, the diamonds
ife tﬁe gqlty(A) snkesdThe e Spm kb
striction sites marked are Bg,
Byl iI: RV, EcoR V- and K, Kpnq. Spl T

ote that the neomycin gene
E\sl interrui)ted By C[XSG%I?&
RNAs. Below thé map, the pl

this plasmid series are: (1) the sequence of the
site [the wild-type ps site is left unchanged or repla
junction (the wild-type pm site or, when deleted,
(m_adde_ Iotn%er by 900 bp in SP/rpl%o). The A identi
IS indicated.

I
asmids used in this study
[

ced with either the pm or
the SV40 antigen t5|teg, and (4)hth_e size of the R4-MI intron
fies the pm sequences
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Results

The chimeric 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), Transieént expression assays are ger-
formed using plasmids derived from pSV bneg
which reghcates in mouse cells (Southern and
Berg, 1982). The pSV5-based plasmids have a
6 ko Bgl Il fragment containing most of the Clk
region_Inserted within the neomycin resjstance
gnene. The chimeric p transcript$ are driven by

e SV40 promoter and enhancer and contain
344 nt of the neo %ene fused out-of-frame to the
Chnl exon, This chimeric gene is appropriately
requlated when expressed in pre-B, B, and
plasma cell lines (Peterson and Perry, 1986 and
1989; Peterson et al.,, 1991).

The pm 3 splice junction can be functionally re-

laced by the SV40 t antigen 3' splice junction.
We,prekusly demonstrated that when the evo-
lutionary conserved suboptimal Cp4 5' splice

5'SPLICE POLY(A)
s-m VUH"M:E

SvL

nces at the Bl Il site and the 3' neo sequences are not incorporated into the mature
S are described in tabular form. The parameters varied in

Cpd 5"splice junction (wﬂd-%ae or consensus), (2) the ps i)oly(,A)
(A) 'splice

40 late poly(A) site], (3) the

eleted; the insertion into the Kpn | site
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junction was mutated to a consensus J)hceAunc
tion (Fig. 1constructSP ), only splice Was
exgresse in aII cell types (Peterson and Perry,
1989 ng 2, lane 2)."It was unlikely that this
effect ofthe SP consensus thce mutation was
due to asteric inhibition of cleavage-polyadenyl-
ation at the, ps pon(A srte since onl¥ 15-17
ntsurrounding thes' sp |cegunctrono several
re-mRNA substrates can De protected from
Nase digestion in vitro b?/ the UL snRNP par-
trcle (Mountetal., 1983; Black et al. 19852 and
te s oI AL? site |s about 190 nt downs ream
rom t 5" splice junction in th eggene
However to ensure that the effect of the

Proved efficiency of the splice reaction and not
0 a direct steric inhibition of cleavage-poly-
adenylation at the ps poly(A) site, thé pm 3
Ehce and poly(A) site were removed from SP

|% 1, construct SPps). Previously, this same

EcoR V fra nen containing he on cod-
down-

ing region, 0.6 Ko upstream and”19 k
stream Was deleted rom the unmutated ﬁ gene
to construct the ps plasmid (Fig. 1 ) by
ern and SI nuclease analyses Fl_rs plasmid
made only ps mRNA (Peterson and Perry, 1986;

Fig. 2A, lane 3). This su
rnd the 3" splice site and eliminating the com-
peting splice reaction, cleavage- polyaden)ilatron
at the'jiis polkl(A) site was the only possit
cessrn% reaction. Similar results were expected
with the SPps plasmid. As seen by SI nuclease
anaI?/srs of RNA from SPps transiently expressed
In plasmacytoma ceIIs removing thé pm region
from SP activates cleavage-polyadenylation at
the ps poh{(A) site, albeit at a low leve ‘Fr A
compare 1anes 2 and 4), The fact that the ns
poly(A) site can he used indicates that splicing
complexes formed at the consensus 5" splice
do not completely interfere with cleavage-
Bolyadenylatron at'this site. This is confirmed
y experiments described later,

It was surprrsrng that the mRNA expressed

from the ps and S

ent. UnIrke the ps plasmid, very little ps mRNA
is made from SPps; Instead. mostly spliced
RNA is produced. The SI nuclease probe used
here protects RNA spliced at the Cj#4 5' splice
junction, but does not provide any information
regardrng the 3' splice junction. To identify
th e nature of the spliced RNA from SPps,

SE }+ RNA was analyzed by Northern blot-
19

ure 2B clearly shiows that SPps produces

Pcon-
Sensus sp ice site mutation was due to the im-

orth-
gested that bzlhrem ov-

e pro-

s plasmids were s0 differ-

Peterson
Xst

~P(A)

--splice

SVneo
probe

SVpA
probe

Figure 2, MRNA Expression patterns from improved
p%rce site-containing genes In_ plasmacytoma S194
ceIIs A. Sl nuclease analysis of RNA from S194 plas-
macytoma cells transfected with the constrycts shown
above each lane. The probe has heen described previ-
ously (Peterson and Perry, 1989) and differentiates RNA
ceaved at the Iy(A)site (pA) and RNA spliced from
& s ce B Nort ern blot of [) Iy( 2+
RNA f rom 8194 plasmacytoma cells transfected with
the constructs shown above each lane. The panel on
the Ieft Was hﬁbrrdrzed With aBrobe specific to the SVneo
5'end of the RNA (SVneo prone); the panel on therroht
I the same blot h brrdrzed with a prope_specific Tor
the 3'end of the SV40 RNA (SVpA probe). The position
ofpsand urn mRNA are indicated; * is the RNA spliced
from Cp4 to SVAQ t. A darker exposure of the SVneo
probe panel reveals a low level of ns RNA in the SPps
gﬂglygls/rplgoo lanes, consistent with the SI nuclease

atranscript that is Ion?er than either the ps or
prm transcripts (identified by * in that figure).

his transcript is the size predicted for an"RNA
spliced to the SV40 t antigen 3 splrcejunctron
located downstream fromi the neo gene (Fig. 2).
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|fthis S_\/40tantigien 3'splice site isbeing used,
then this longer transcript should

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' sRhce unction
can be fun_cthnallkl_ replaced by t

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 Cpd-MI intron has been shown to affect the
Ps/pm expression ratio; the smaller the intron,

he more spliced gm MRNA produced (YPeter-

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,

987)I. This effect is most likely due to the time
the cleavage-polyadenylation machmerg has to
acton the primary transcript before the 3'splice
junction istranscribed. Since a stable committed
splice complex requires both a 5" splicejunction
and abranch point sequence, generally located
near the 3' splice junction (Sharp, 1987), the
splice reaction cannot compete with cleavage-
polyadenylation until the 3 end of the intron
IS transcribed. In an attempt to decrease the
efficiency of SP spllcm%and thereby increase
lis MRNA expression, the Cp4-MI intron was
engthened by 900 nt in the SP/rpIrqoo plasmid
(Fig- 1). This construct was transiently expressed

In plasmacytoma cells, and the RNA was ana-
lyzed by both SI nuclease protection and North-

ern blot analyses (Fl(%\s/i 2A:; lang 5 and 2B).
Lengthening the Cp4- |
vates a low [evel of cleavage-polyadenylatlon at
the %s oly(A) site (Fig. 2A; compare lanes 2
and 5). The psipm expression ratios of SPrplgoo
and SP[tis are similar (Fig. 2A, lanes 4 and ™).
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-
tg@)e Cli4-M1 intron is 1863 nt, while the Cp4-

f%%ot a?tlgen Intron is 2783 nt—an Increase
0 nt.

The more efficient poly(A) sites compete with the
consensus _splice junction. T_he pm and SVL
poly(A sltes,_wflen substituted for the ps
poly(A) site, directed the expression of 100%
cledved and polyadenylated RNA in both B cells
and plasmacytoma cells (Peterson and Perry,

_ contain se-
quences from the SV40 splice and poly(A) re-

e SVA40 t anti-

5 )
| intron by 900 nt acti-
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Figure 3. Balanced RNA processing efficiencies. SI nu-
clease analysis of RNA from S194 plasmacytoma cells
transfected with the constructs shown above each |ane.
The_probe is the same as used in Fjgure 2, which, in
addition to distinguishing ps RNA (fop pA) from pm
RNA (splice), also identifies RNA that has been cleaved
and polyadenylated at substituted EJO|¥(A) sites (hottom
PA).These bands represent the extent ofhomology be-
ween the probe and the mRNA. The double band Seen

with the SPrmand SPI is a result oftﬁ)arnal homolo%y
hetween the P_robe and the substituted sequences at the
cIonngunc ion; both of these hands are from RNA
cleaved at the SV40 late poly(A) site.

1989; Fig. 1, construct m-m, and Fgg. 3, lane 3%.
This ,su?gests that these Roly(A) sifes are pref-
erentially used because they are stronger. Con-
versely, when the Cp4 5' splicejunction was mu-
tated"to a consensus 5' splicé junction, 100%
thced RNA was produced_in“hoth cell t){pes
(Peterson and Perry, 1989: Fig. 1, construct SP,
and Fig, 3, lane 2)."In hoth cases, the stronger
processing signals abolished the shift in ps/pm
exloressmn normally observed during B cell de-
velopment. To determine whether a processing
balance could he achieved if the stronger Pm
and SVL poly(A) sites were paired with the
strong consensus 5 splicejunction, these strong
P_roce_ssmg, reactions were p[laced in competi-
jon in a Single transcript. Two p genes, SPmm
and SPLm Werelg)repared by replacing the ps
p_on(A'\:), site of SP with the pm or SVL pol¥( )
sﬂesé I0. 1). The transient expression of SPmm
and SPLm In plasmacytoma cells was assayed
by SI nuclease protection and compared to the
expression of the W|Id-t¥pe (s-m), SP, and m-m
constructs (FI?. 3 lanes -53. In contrast to the
expression pattern observed when a strong pro-
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cessing signal was in competition with the na-
tive wéak signal (SP and m-m), both spliced and
cleaved-polyadenylated mRNA were produced
from the g genes Containing competing strong
Processmg reactions, This result also confirms
hat cleavage-gol adenylation at a poly(A) site
located 160to 210'nt downstream from'the Cgé
consensus 5' splice junction can occur and’is
not k%_locked by SnRNP interactions at the splice
unction.
J_ As shown above, when the gm 3' splicejunc-
tion and poly(A) site were removed from the
0 gene containing the consensus Cg4 5' splice
junction, spllcm%between_ this_consensus 5'
splice and the SVA40 t antigen 3' splice junc-
tion was observed. A lowlevel of cleavage-
POl adenylation at the 93 poly(A) site was Ue-
ected, su%gestlng that the splicing efficiency
had heen decreased. To explore the effect that
decreasing the splice efficiency—by deletln? the
m region —would have on the processing from
e genes with both a strong 5’ splice junction
and a strong poly(A) site, the plasmids SPmand
SPrwere produced from SPmmand SPIm SPm
and SP1 are missing the same gm fragment as
the gs and SPgs constructs éFlg. 1). The strong
poly{A) sites in SPmand SPI were found t0
compete effectively with Cgd-SV4Q t antigen
spll,cmag, as indicated hy the expression of both
spliced’and cleaved-palyadenylated RNA from
these constructs in plasmacyfoma cells (Fig. 3,
lanes 6, 7). In fact, the pol}/(A){/s lice expression
ratio was. higher than tor SPmm and SPLm>
which splice Cg4 to MI, This is consistent with
Cgd-SVAQ t antigen, splicing being less efficient
than Cgd-MI splicing.

Expression from all g genes with balanced splice
and cleavage-polyadenylation reactions is regulated.
To address whether exp_ressmn from " the g
genes containing competing strong splice an

cleavagie-polyaden lation reactions is develop-
mental” regulated, SPm» _SP1. SPm and SPI
were expressed in hoth B cells and plasma-
cytoma cells. The SI analysis of RNA from trans-
fected B cell and plasmacytoma cells in Fig. 4
shows that in gvery case, the pon(Ai vs. spliced
RNA expression pattern was requlated. That
is, more spliced “gm” mRNA was produced in
the B cells than in the plasma cells. A quanti-
tative assessment of these data (Table 1) indi-
cates that these constructs with balanced Strong
processing signals are regulated, in most cases,

Peterson

4
£

1 2 3 4 5 6 7 8

Figure 4. Regulated productjon of RNA from n(ienes
contal_nm? balanced processing reactions. S| nuclease
analysis oT RNA from S194 plasmacytoma cells (PC) or
M12'B cells (B) transfected with thé constructs shown
above each lang. The protected bands are labeled: RNA
cleaved and Folyadenylated at the substituted site (pA)
and RNA spliced at the Cgd 5 splice junction (splice).

as well as the wild-type construct. The shift in
the polyadenylated fo spliced RNA [p(A)/spllceé
ex[[)re53|on ratio between plasma cells and
cells is 7-fold for the W|Id-t¥pe gene (s-m) and
varies, between 4- and 13-old tor the g genes
containing competing strong processm%_rea_c-
tions, To “show that “this réqulatory shift in
piA)/spllce expression ratios bétween B cells and
P asma cells observed here is not specific to the
wo cell lines used, the SPLmand SP1 con-
structs were expressed in two additional cell
lines. The Abelson pre-B cell line 3-1 produced
more spliced RNA than did the myeloma cell
line MPC11 (data not shown), thus confirming
the generality of this result, _
A“summary of each construct with respect
to its 5" splicejunction, pon%A?\sne, and 3'splice
junction; a quantitation 0f the p(A[)/spllce ex-
pression ratio in plasmacytoma cells; and an
assessment of its ahility 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 Wwhen the sites are within
the g gene (Peterson and Perry, 1989): the wild-
t%pe gs pol (SA) site is considered weak, while
the gm and SVL poly(A) sites are strong. The
5" splice site is the main determinant of splice
strength in this system: wild-type is weak, and
consensus is strong. The g gené contains a weak
_pon&_A) site in competition 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 $1 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-mP 1.5 + 0.2 11 +4 7
SPLm 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 22 +04 11
SPm 0.08 + 0.04 1.0 + 0.1 13

2 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 plasma cells. The combination of two
strong processing reactions results in expres-
sion ratios varying between 2:1 and 1:5. Al-
though these ratios are considerably less than
the wild-type ratio, they nevertheless fall within
arange amenable to regulation between B cells
and plasma cells.

Discussion

The experiments presented here demonstrate
that the regulated production of pus and pm
mRNA during B cell development depends on
the finely tuned efficiencies of the competing
us cleavage-polyadenylation and Cp4-M1 splice
reactions. The native p gene has balanced sub-
optimal cleavage-polyadenylation and splice sig-
nals. Experimentally, the cleavage-polyadenyl-
ation efficiency could be improved by changing
the sequence of the poly(A) site. Likewise, the
splice efficiency could be improved by chang-
ing the sequence of the 5 splice junction and
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either improved or diminished by changing the
size of the intron. When a strong processing
signal was placed in competition with either
of the suboptimal processing signals found in
the native p gene, the processing balance and
developmental regulation was lost. However,
when a strong splice and a strong cleavage-
polyadenylation reaction were combined, the
processing reactions were balanced, and reg-
ulation was restored. Suboptimal processing
signals are found in a number of genes that are
regulated by alternative RNA processing, and
their suboptimal nature has been shown to be
an important part of the regulatory mechanism
in several cases (Mullen et al., 1991; Hoshijima
et al., 1991). Although the p gene has compet-
ing suboptimal processing signals, they are not
required; as long as a balance is maintained,
expression of us/lum-type RNAs is regulated be-
tween B cells and plasma cells.

To date, no p gene-specific sequences have
been shown to be required for the develop-
mental shift in us/um expression. Sequences
surrounding the us poly(A) site, the pm 3’ splice
junction, and the pm poly(A) site and the se-
quence of the conserved suboptimal Cp4 5
splice junction can be altered without spe-
cifically interfering with regulation. Although
a stem-loop structure at the 3’ M1 splice junc-
tion was reported to inhibit in vitro splicing
(Watakabe et al., 1989), this region can be sub-
stituted with the SV40 t antigen 3’ splice junc-
tion and therefore is not required for regula-
tion. This structure could, however, contribute
to the overall efficiency of the Cu4-M1 splice.
Expression from the SPn and SPL plasmids,
which contain the least amount of p gene se-
quence of any u genes constructed, is regulated.
If p-specific sequences are required in any way
for this regulation, they must be within 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 $1 nuclease-
protected fragments in gels (see Table 1). Data for SVL-m are reported in Peterson and Perry (1989).

Strength ratio Expression
Construct 5 splice Poly(A) 3 splice p(A)/splice p(A)/splice Regulated
m-m wild-type pm wild-type strong/weak >100/1 -
SVL-m wild-type SVL wild-type strong/weak >100/1 -
s-m wild-type us wild-type weak/weak 1A +
SPL consensus SVL SV40 t strong/strong 21 +
SPm consensus pum SV40 t strong/strong 11 +
SPLm consensus SVL wild-type strong/strong 1/3 +
SPm-m consensus pm wild-type strong/strong 1/5 +
sp consensus us wild-type weak/strong <1/100 -
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sequences surrounding or upstream from the
Cu4 5 splice junction, as these are the only p
sequences remaining in the SPy, and SPL con-
structs. It seems more likely that there are no
specific cis-acting sites within the p gene that
regulate mRNA processing. Rather, the balance
of the two competing reactions may be the crit-
ical parameter that allows this gene to respond
to subtle changes in general processing effi-
ciencies during B cell maturation. It is inter-
esting that all of the genes encoding the other
immunoglobulin isotypes, except 8, produce
regulated secreted and membrane forms of
mRNA and have a 3' end structure similar to
the p gene (Word et al., 1983; Brown and Mor-
rison, 1989). The introns analogous to Cu4-M1
vary in size from 1360 to 2350 nt, and each has
a poly(A) site in a position similar to the ps
poly(A) site. The competing processing reactions
of these other immunoglobulin genes may also
be balanced to respond to the same cellular
changes during B cell maturation as the n gene.

The difference between the processing en-
vironment 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 p genes that contain tandem
weak and strong poly(A) sites without a com-
peting splice reaction in B cells and plasma cells,
we demonstrated previously a 50 to 100% in-
crease in general cleavage-polyadenylation effi-
ciency in plasma cells as compared to B cells
(Peterson et al., 1991). This most likely con-
tributes to the regulation of ps and pm mRNA
and may reflect a change in concentration of
a cleavage-polyadenylation machinery compo-
nent (Takagaki et al., 1989; Gilmartin and Nevins,
1989). In contrast, we were unable to detect
differences in splicing efficiency between B cells
and plasma cells using both a 1 gene and an
E1A gene that contain tandem weak and strong
5' splice junctions, in the absence of a compet-
ing cleavage-polyadenylation reaction. However,
the existence of such differences have not been
conclusively ruled out. Indeed, in other systems,
the concentration of general splice factors and
the relative strengths of splice sites have been
implicated in the regulation of alternative splic-
ing. For example, the concentration of the gen-
eral splice factor ASFISF2 affects the processing
of competing splice reactions (Ge and Manley,
1990; Krainer et al., 1990). This factor is prob-
ably not involved in the regulation of ps/um pro-
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cessing, since 293 cells— the cell line shown to
have a higher level of ASF activity (Ge and Man-
ley, 1990)—processes p mRNA with a ps/pm
ratio similar to plasma cells, which favor the
cleaved and polyadenylated ps mRNA (M. Peter-
son, unpublished). Neurons produce a c-src
mRNA containing an extra neuron-specific in-
tron. The preferred model to explain the
specific inclusion of this intron is based on the
relative strengths of two splice reactions that
may be sensitive to subtle differences in gen-
eral splicing factor concentrations between
neurons and other cells (Black, 1991).

The ultimate proof that regulation is depen-
dent on changes in general processing factors
to which the p 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 plasma cells. This is not a trivial
task, as few natural genes exist with a 3’ end
structure similar to the p gene. Such experiments
are in progress (M. Peterson, unpublished).

The p gene, with competing splice and
cleavage-polyadenylation reactions, provides a
sensitive assay for parameters affecting the effi-
ciency of both of these events. Based on the
p(A)isplice ratios of the set of p constructs
presented here (Tables 1 and 2), the poly(A) site
strengths could be ordered SVL > pm > ps, the
difference between SVL and um being only
two-fold. It is not obvious from the sequence
of the SVL and pm poly(A) sites why SVL is
stronger; both poly(A) sites contain the con-
served AAUAAA hexanucleotide and have sev-
eral Trich and GT-rich downstream sequences.
Yet the p gene, with the competing 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
among poly(A) sites.

Parameters affecting splice efficiency have
also been identified by studying the processing
of altered p genes. A 5’ splice junction sequence
that is closer to the consensus sequence is a
stronger splice junction (Eperon et al., 1986;
Zhuang et al., 1987). We confirmed this using
the p gene (Peterson and Perry, 1989). The pro-
cessing of altered p genes has also shown that
the intron size affects splice efficiency. When
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). Con-
versely, when the intron is lengthened, the splice
efficiency decreases, whether in the presence
of 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
of 50%, splicing of the consensus Cp4 5’ splice
junction to M1 was reduced sufficiently to ac-
tivate a low level of cleavage-polyadenylation
at the suboptimal wild-type us poly(A) site. It
is perhaps surprising that a 50% increase in
intron length has such a minor effect on splic-
ing in the presence of the consensus 5 splice
junction. This seems to suggest that the intron
size plays a minor role, as compared to the 5
splice junction sequence, in determining the
overall splice efficiency. A similar low level of
us mRNA expression was observed when the
pwm region was deleted from SP; SPus has an
intron length similar to the expanded intron
of SPirplego but has the SV40 t antigen 3’ splice
junction instead of the pm 3’ splice. This might
imply that these two 3’ splice junctions are of
similar strength, or alternatively that the 3’ splice
junction also plays a minor role in determin-
ing overall splice efficiency in the presence of
a consensus 5’ splice junction.
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