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The secretory-specific poly(A) signal (�s) of the immunoglobulin � gene plays a central role in regulating
alternative RNA processing to produce RNAs that encode membrane-associated and secreted immunoglobu-
lins. This poly(A) signal is in direct competition with a splice reaction, and regulation requires that these two
reaction efficiencies be balanced. The �s poly(A) signal has several unique sequence features that may
contribute to its strength and regulation. Site-directed mutations and small internal deletions made in the
intact � gene show that an extensive AU/A-rich sequence surrounding AAUAAA enhances signal use and that,
of the two potential downstream GU-rich elements, both of which appear suboptimally located, only the
proximal GU-rich sequence contributes substantially to use of this signal. A GU-rich sequence placed at a more
standard location did not improve �s poly(A) signal use. All � genes tested that contained modified �s poly(A)
signals were developmentally regulated, indicating that the GU-rich sequences, the sequences between them
previously identified as suboptimal U1A binding sites, and an upstream suboptimal U1A site do not contribute
to � mRNA processing regulation. Expression of wild-type and modified � genes in HeLa cells overexpressing
U1A also failed to demonstrate that U1A contributes to �s poly(A) signal regulation.

Cleavage-polyadenylation signals, conserved sequences at
the ends of eukaryotic genes, are transcribed and then recog-
nized in the nascent RNA by components of the cleavage-
polyadenylation machinery. These components recognize and
cleave the nascent RNA and then add a poly(A) tail, thus
creating the 3� end of the mRNA molecule. The cleavage-
polyadenylation signals of mammalian genes consist of several
conserved sequences, including an AAUAAA or closely re-
lated sequence located 11 to 23 nucleotides (nt) upstream from
the cleavage site and GU-rich and/or U-rich sequences down-
stream from the cleavage site. The AAUAAA core upstream
element is recognized by the four-subunit cleavage-polyadeny-
lation specificity factor, and the downstream sequence is rec-
ognized by the three-subunit cleavage stimulatory factor
(CstF). These complexes costabilize each other on the nascent
RNA and, in combination with cleavage factor I, cleavage
factor II, and poly(A) polymerase, carry out the cleavage-
polyadenylation reaction (reviewed in references 5, 47, and
49). This process is coupled to transcription, since components
of the cleavage-polyadenylation machinery have been shown to
associate with elongating RNA polymerase II (Pol II) (6), the
C-terminal domain of RNA Pol II is required for in vitro
cleavage-polyadenylation reactions (15), and a functional
cleavage-polyadenylation signal is required for RNA Pol II
termination (reviewed in reference 37).

The sequences required for cleavage-polyadenylation have
been characterized extensively using several model viral and
cellular cleavage-polyadenylation signals. These studies have

shown that the AAUAAA core upstream element is relatively
invariant; for example, few positions in the simian virus 40
(SV40) late poly(A) signal could be modified without dramat-
ically decreasing its use (41). The GU-rich and/or U-rich se-
quences downstream from the cleavage site are not as highly
conserved. Although one study showed that a sequence ele-
ment containing 4 out of 5 nt of U residues was sufficient to
restore full function to the SV40 late poly(A) signal with a
deleted downstream sequence (4), GU sequences are also fre-
quently found in the downstream regions of poly(A) signals
and have been shown in several cases to be required for full
function (10, 23). The site of pre-mRNA cleavage occurs most
often following a CA dinucleotide, but this does not seem to be
an absolute requirement, since other nucleotides can substitute
for CA (2, 19). The spacing between these sequence elements
appears to be critical for poly(A) signal function; while there is
some flexibility, optimal distances and distance limits beyond
which the sequences no longer function in specific poly(A)
signals have been identified (2, 4, 10, 14, 22, 23). Compilations
of known poly(A) signal sequences confirm that the locations
of the individual sequence elements match the experimentally
deduced optimal distances and also reveal the potential diver-
sity of sequences within these regions (11, 16, 44). The spatial
arrangement of the required poly(A) signal sequence elements
is summarized in Fig. 1C.

The secretory-specific poly(A) signal from the immunoglob-
ulin M (IgM) gene [�s poly(A) signal] has a central role in the
regulation of alternative RNA processing to produce RNAs
encoding the membrane-associated (�m mRNA) and secreted
(�s mRNA) Ig proteins from a single pre-mRNA (Fig. 1A)
(reviewed in references 8, 28, and 49). During B-lymphocyte
maturation, the ratio of the two RNAs changes from being
roughly equal in B cells to heavily favoring �s mRNA in
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plasma cells. Cleavage-polyadenylation at the �s poly(A) site is
in direct competition with splicing between the C�4 and M1
exons, and the efficiencies of these two reactions must be
balanced for proper regulation (26, 31). Processing regulation
does not require � gene-specific sequences, since a non-Ig
gene modified to contain competing cleavage-polyadenylation
and splicing reactions was regulated in lymphoid cell lines and
in transgenic mice (27, 40). Changes in both general cleavage-
polyadenylation and RNA splicing activity have been impli-
cated in controlling this complex regulatory event as B cells
mature to plasma cells (1, 7, 43, 46). Therefore, the �s poly(A)
signal must have features that allow it to be balanced with the
splice reaction in B cells but enable it to be activated and
efficiently used in plasma cells. Compared to other poly(A)
signals, the �s signal appears to have several unique features
that may contribute to its specialized role in �s/�m mRNA
regulation (Fig. 1B). First, the AAUAAA core upstream ele-
ment is embedded in an A-rich sequence. It also has two
downstream GU/U-rich sequences that appear to be subopti-
mally located compared to most other poly(A) signals (Fig.
1C); the proximal and distal GU-rich sequences begin 1 nt and

38 nt, respectively, from the cleavage site (Fig. 1B). Finally, an
RNA Pol II pause site that enhances use of the �s poly(A)
signal in B-cell, plasma cell, and nonlymphoid cell lines (29)
has been identified 50 to 200 nt downstream from the �s
cleavage site.

While the �s poly(A) signal is the best-studied regulated
poly(A) signal, the features required for its regulation are not
well understood. A recent compilation of poly(A) signals has
estimated that as many as 54% of human genes and 32% of
mouse genes contain multiple poly(A) signals and thus are
potentially subject to regulation through the use of alternative
poly(A) signals (44). Therefore, it is important to understand
features of poly(A) signals that make them responsive to reg-
ulation. Also, a better understanding of the features that con-
tribute to the use of the �s poly(A) signal may illuminate
details of its regulation during B-lymphocyte development. To
investigate the potential role that the unusual features of the
�s poly(A) signal may play in the overall use of this signal, we
made a series of �s poly(A) signal modifications in the context
of the intact � gene. Importantly, this allows us to evaluate
these modifications in competition with the C�4-M1 splice
reaction and in the local sequence context of the poly(A)
signal. By making both small deletions and site-specific muta-
tions, we demonstrate that the AU/A-rich sequences surround-
ing the AAUAAA core upstream element contribute to �s
poly(A) signal use, both in the presence and in the absence of
AAUAAA. By specifically mutating the GU-rich downstream
sequences individually and together, we find that the proximal
sequence is important for �s poly(A) signal usage while the
distal GU-rich sequence contributes minimally. Creating a
GU-rich sequence at a more consensus distance from the
cleavage site did not substantially improve use of the �s
poly(A) signal, suggesting that the location of the proximal
downstream element is not suboptimal. Importantly, none of
the GU-rich sequence mutations disrupted the �s/�m expres-
sion switch between B cells and plasma cells, indicating these
elements are not specifically required for regulation. We found
that the pause site also contributes to the overall use of the
modified �s poly(A) signals. Since several of our mutations
altered what have been suggested to be suboptimal U1A bind-
ing sites (33, 35), we used HeLa cells that stably overexpress
U1A as an additional test of the model that U1A represses the
�s poly(A) signal through these specific sequences. However,
we found little difference in expression of mutant and wild-type
�s poly(A) signals in the presence or absence of excess U1A.
Overall, our results demonstrate that the �s poly(A) signal is a
complex element and that the efficiency with which it is recog-
nized is influenced by multiple sequence elements within and
adjacent to the canonical conserved poly(A) signal sequences.

MATERIALS AND METHODS

Plasmid construction. The �s poly(A) signal deletion pA11 (an 11-nt deletion
of the �s core upstream element) was made using a gapped-heteroduplex mu-
tagenesis protocol and the oligonucleotide 5� GCATTTTATAAAAATTAGAT
CCATTCAAACGTC 3� (17). pA21 was made using a megaprimer mutagenesis
protocol (38) and the oligonucleotides 5� GAGATGTTGCATTTTAGATCCA
TTCAAACGTC 3� and 5� ATATGTGCCTGAATGCTGCC 3�. Both of these
deletions were constructed in a subclone that contained the 2,318-bp PstI frag-
ment from the C� gene subcloned into pUC9. The 1,500-bp ApaI-KpnI frag-
ments containing the mutations were used to replace this same fragment in the
wild-type pSV2C� gene (32) to generate the constructs that were then trans-

FIG. 1. Structure of the immunoglobulin � gene 3� end, the �s
poly(A) signal sequence, and poly(A) signal spacing. (A) The 3� end of
the Ig � gene contains two cleavage-polyadenylation signals (�s pA
and �m pA); the upstream �s poly(A) signal is in competition with the
splice reaction between the C�4 and M1 exons (shown above the
diagram). Filled boxes, constant-region exons; open box, �s-specific
exon; light gray boxes, �m-specific exons. Restriction sites used in the
cloning procedures are shown (P, PstI; A, ApaI; H, HindIII; K, KpnI).
The S1 nuclease probe and the fragments protected by �s mRNA
cleaved and polyadenylated at the �s poly(A) signal (pA) and �m
mRNA that is spliced between C�4 and M1 exons (splice) are shown.
(B) Sequence surrounding the �s poly(A) signal. The AAUAAA and
two downstream GU/U-rich elements are shown in uppercase letters;
the arrow indicates the cleavage site. The distances between AA
UAAA and the cleavage site and the cleavage site and downstream
elements are shown. The sequences suggested to match the consensus
Oct1/2 binding site (9) and to contain a suboptimal U1A binding site
(33) are underlined with a dashed line. (C) Standard spacing of the
essential poly(A) signal sequence elements, as determined by compar-
ison of poly(A) signal sequences and functional analyses as summa-
rized in the text.
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fected into HepG2 cells. The 6-kb BglII fragment was cloned into pSV5neo as
described previously (32) for transient transfections into B-cell and plasma cell
lines.

The �s poly(A) signal AU/A-rich mutations were made by cloning double-
stranded oligonucleotides that had BglII-compatible ends into the pA21 �s
poly(A) signal deletion that was modified at one nucleotide position to contain
a BglII site. For pA1, the oligonucleotide 5� GATCAATTAGAAATAAAAAA
3� and its complement were used, and for pA2, the oligonucleotide 5� GATCC
TCCTAGAATAAACTC 3� and its complement were used. The sequence sur-
rounding AAUAAA in this oligonucleotide matches that of the secretory-specific
signal from the mouse IgA gene. These mutations were cloned back into the
pSV2C� gene as described above.

The �s poly(A) signal downstream mutations were made using a megaprimer
mutagenesis protocol (38), starting with the pUC9 2,318-bp PstI C� subclone
that contained either the wild type or the �U mutation (29). The upstream
primer that mutated the proximal GU-rich sequence to make �U1 and �U2 was
5� AAACGTCACTGGCATGCATTATACAATGC 3�; the primer that added a
new GU-rich sequence to make GU3, �UGU, �U1GU, and �U2GU was 5�
TTTGATTATACCATGTTTTTGGCTGCTGAGACAG 3�. The downstream
primer for each of these was 5� ATATGTGCCTGAATGCTGCC 3�. Because
the mutagenic oligonucleotides overlapped, the new GU-rich elements in
�U1GU and �U2ptGU have only four U’s instead of five U’s. The resulting
megaprimer was used in combination with the upstream primer 5� TATGTGA
CCAGTGCCCCGAT 3�. The final PCR product was digested with ApaI and
HindIII and cloned into the pUC9 2,318-bp PstI subclone that had been digested
with the same enzymes. These mutations were cloned back into the pSV2C�
gene as described above. The DNA substrate used to make the �U2GU con-
struct contained a PCR-generated point mutation (see Fig. 4) and is thus named
�U2ptGU. We found another �U2 clone that did not have this point mutation to
compare its expression to that of �U2pt. This set of mutations was cloned into the
intact � gene of the pR-SP6 plasmid as described previously (31) to stably
transfect B-cell and plasma cell lines.

The RNA polymerase pause site that is present just downstream from the �s
poly(A) signal was deleted from �U2, �UGU, and �U2ptGU by digesting each
with NotI, which was introduced by the �U mutation, and HindIII as described
previously (29) to create �U2�NH, �UGU�NH, and �U2ptGU�NH, respec-
tively.

The OCTA mutation was made using the megaprimer mutagenesis protocol as
described above, with the same upstream and downstream primers; the muta-
genic oligonucleotide was 5� ATGGTGACCGGTGATACACAGAGCAACTG
GACACC 3�.

All of the constructs were confirmed by sequence analysis. Table 1 summarizes
the modified � genes used in this study.

Cell culture and transfection. HepG2 human hepatoma cells were maintained
in Dulbecco’s modified Eagle’s medium-F12 medium (1:1) supplemented with
10% heat-inactivated fetal bovine serum and 10 �g/ml insulin. The mouse plas-

macytoma line S194 was maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% horse serum. The mouse B-cell line M12 was main-
tained in RPMI medium supplemented with 10% fetal bovine serum and 50 �M
2-mercaptoethanol. HepG2 cells were transfected using a calcium phosphate
procedure (42), and S194 and M12 cells were transiently transfected using a
DEAE-dextran procedure (12). S194 and M12 cells were stably transfected with
linear plasmid by electroporation followed by selection in G418 at 500 �g/ml or
300 �g/ml, respectively. RNA was prepared from the HepG2 cells 48 h after
transfection by use of a hot phenol procedure (42). Cytoplasmic RNA was
prepared from S194 and M12 cells 40 h after transfection (39). Trizol (Invitro-
gen) was used to prepare RNA from the stable cell lines. HeLa cells stably
transfected with tandem affinity purification (TAP)-tagged U1A or the empty
TAP-tagged vector were obtained from Carol Lutz (20) and were maintained in
RPMI supplemented with 10% fetal bovine serum and 10 �g/ml puromycin.
They were transiently transfected with Lipofectamine (Invitrogen) following the
manufacturer’s instructions; RNA was prepared using Trizol.

RNA analysis. RNA was analyzed by S1 nuclease protection assays using an
end-labeled probe (Fig. 1A) that distinguishes spliced �m mRNA from RNA
cleaved and polyadenylated at the �s poly(A) signal, following a protocol de-
scribed previously (31). The protected fragments were visualized and quantitated
by phosphorimager analysis. To map the precise 3� ends of the pA11 and pA21
RNAs that were cleaved at the mutated poly(A) signal, gene-specific S1 probes
were used in the assay and separated on a longer gel with multiple size markers.

RESULTS

Poly(A) signal activity has been studied previously by placing
a poly(A) signal in a chimeric context driving a reporter gene
as well as by in vitro analyses (34, 36, 41, 48). However, we have
chosen to analyze the efficiency of modified �s poly(A) signals
in vivo in the context of the intact �s/�m regulatory region. In
this context, the �s poly(A) signal remains in competition with
the C�4-M1 splice (Fig. 1A); a cis-competing reaction provides
a sensitive measure of changes in poly(A) signal activity in
mutated constructs as a change in the �s/�m (pA/splice)
mRNA ratio. Furthermore, the native local sequence context is
maintained. HepG2 human hepatoma cells were used for many
of these experiments because they have a high transfection
efficiency and express transfected � genes with a pattern sim-
ilar to that of plasma cells (27, 29). To test whether any of the
mutations influence the developmental changes in �s poly(A)

TABLE 1. List of constructs used in this study

Construct
name Description Reference or

source

C� Wild-type gene 32
pA11 11 nt surrounding AAUAAA are deleted This work
pA21 21 nt surrounding AAUAAA are deleted This work
pA1 5 nt surrounding AAUAAA are mutated This work
pA2 19 nt surrounding AAUAAA are mutated away from AU richness This work
�U Distal GU-rich element is mutated 29
�U1 Proximal GU-rich element is mutated This work
�U2 Both GU-rich elements are mutated This work
�U2pt Same as �U2, but with a spurious point mutation This work
GU3 New GU-rich element inserted between the two natural GU-rich elements This work
�UGU New GU-rich element inserted into �U This work
�U1GU New GU-rich element inserted into �U1 This work
�U2ptGU New GU-rich element inserted into �U2pt This work
�NH NotI-HindIII fragment containing the pause site deleted 29
�U2�NH Pause site deleted from �U2 This work
�UGU�NH Pause site deleted from �UGU This work
�U2ptGU�NH pause site deleted from �U2ptGU This work
OCTA 7 nt located 40 nt upstream from AAUAAA are mutated This work
�s-m �s poly(A) signal replaced with �s poly(A) signal 31
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signal use, many of the constructs were also analyzed in B cells
and plasma cells.

The �s poly(A) signal is difficult to inactivate. U-to-G
changes in the AAUAAA core upstream element are found
rarely in natural poly(A) signals and have been shown to in-
activate use of the SV40 late poly(A) signal (41, 44, 48). Thus,
it was surprising that a U-to-G mutation in the �s poly(A)
signal did not inactivate its use in plasma cells (45). One pos-
sible explanation is that the �s AAUAAA core upstream ele-
ment is embedded in an AU/A-rich sequence (97% A or U
over 29 nt [Fig. 2A]) that may have compensated for loss of the
original AAUAAA. This AU richness is not a common feature
of poly(A) signals, as a compilation of mRNA 3�-end se-
quences from more than 10,000 mouse and human cDNAs,
aligned for the AAUAAA core upstream element, did not
show extensive AU-rich sequences adjacent to the hexanucle-
otide (11). Another bioinformatic analysis comparing strong
and weak poly(A) signals proposed a U-rich sequence just
downstream of AAUAAA to be a novel cis-acting element
enriched in strong poly(A) signals, but a general AU richness
was not evident (16). However, this AU richness is an evolu-
tionarily conserved feature among mammalian �s poly(A) sig-
nals; the sequences of mouse, human, hamster, cow, and sheep
mRNAs all are �91% A or U over 22 nt surrounding AA
UAAA (data not shown).

Previously, three U’s in the 11 nt upstream from AAUAAA
in the �s poly(A) signal were changed to G’s (36). This mod-
ification had no effect on poly(A) signal use when the AA
UAAA core upstream element was intact but further de-

creased use of the signal when these core sequences were
mutated or deleted. Therefore, when we wanted to inactivate
the �s poly(A) signal with as minor a modification as possible,
as a control for nuclear run-on experiments (29), we deleted 11
or 21 nt that removed the core upstream element and various
amounts of the AU/A-rich sequence (Fig. 2A). To determine if
either of these deletions would inactivate the �s poly(A) signal,
constructs containing them were transiently expressed in B
cells and plasma cells. Deleting 11 nt decreased the pA/splice
mRNA ratio 20- to 25-fold, but RNA cleaved and polyadeny-
lated at the �s poly(A) site was still detectable (Fig. 2B, lanes
1 and 4, and C). When 21 nt were deleted, which removes most
of the AU-rich sequences, the pA/splice ratio decreased an-
other three- to fivefold, but transcripts cleaved and polyade-
nylated in this region were still detected (Fig. 2B, lanes 2 and
5, and C). A construct-specific S1 nuclease probe showed that
pA11 is cleaved at the normal site, even in the absence of a
clear core upstream element. A potential element, UAUAAA,
remains in pA11 (Fig. 2A); this sequence is found in about 4%
of mouse and human poly(A) signals (44). The cleavage site for
pA21 is shifted into downstream sequences and occurs just
upstream of the more distal GU-rich region (Fig. 2A). There is
an AU-rich sequence, AUUAUA, within 30 nt upstream from
the cleavage site that may fulfill the core upstream element
role. These results suggest that in the absence of the authentic
core upstream element, the surrounding AU/A-rich sequences
can, at a lower efficiency, fulfill the role of this required ele-
ment. Thus, the �s poly(A) signal is difficult to totally inacti-
vate; even pA21, with a poor core upstream element, is still

FIG. 2. Deletions within the �s poly(A) signal reduce but do not eliminate its use. (A) Sequence of the �s poly(A) signal (C�) and the 11-nt
deletion (pA11) and 21-nt deletion (pA21) encompassing the AAUAAA core upstream element; the sequences deleted from pA11 and pA21 are
bracketed below the C� sequence. The cleavage sites for C�, pA11, and pA21 were identified using construct-specific S1 nuclease probes and are
shown by the arrowheads above each sequence. The core upstream elements or sequences that may fulfill the role of this element in each construct
are underlined; the downstream GU-rich sequences are shown in uppercase letters. (B) S1 nuclease analysis of RNA from M12 B cells (B) and
S194 plasmacytoma cells (PC) transiently transfected with the constructs shown above each lane. The probe used was from the wild-type sequence,
and the bands protected by the pA11 and pA21 RNA are smaller because the sequence of the RNA diverges from the probe at the site of the
deletion. (C) Summary of the �s mRNA-to-�m mRNA expression ratios (pA/splice) for these constructs, compiled from at least two S1 nuclease
analyses of two independent transfections.
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able to direct a low level of cleavage-polyadenylation. This
suggests that additional positive-acting elements, such as the
RNA polymerase pause site (29), contribute to use of the �s
poly(A) signal. Also, since the pA/splice ratio is higher in
plasma cells than in B cells, the core upstream element and
surrounding AU-rich sequences are not specifically required
for the developmental changes in RNA processing patterns.

The AU/A-rich sequence surrounding AAUAAA contributes
to �s poly(A) signal use. While the AU/A-rich sequences sur-
rounding the �s poly(A) signal core upstream element could
partially compensate for the loss of the conserved hexanucle-
otide in pA11, it was not clear if these sequences contributed
to the �s poly(A) signal use in the presence of the intact
AAUAAA core upstream element. To test this, we altered the
sequences surrounding AAUAAA by first making a single
point mutation in the pA21 �s poly(A) signal deletion to create
a BglII site and then inserting double-stranded oligonucleo-
tides to replace the �s poly(A) signal. The pA1 construct,
which was slightly less AU rich than the wild-type �s poly(A)
signal, had a slightly reduced pA/splice ratio in HepG2 cells
(Fig. 3). However, when we inserted an AAUAAA that was
not embedded in an AU-rich sequence (pA2), the pA/splice
ratio was reduced threefold relative to that of the wild-type
gene (Fig. 3). Thus, the AU/A-rich sequences surrounding
AAUAAA do enhance the use of the �s poly(A) signal.

The proximal GU-rich element is required for full poly(A)
signal activity and is not suboptimally located. The �s poly(A)
signal has two GU-rich sequences that each have four sequen-
tial U’s (Fig. 1B and 4). However, they are located 1 nt and 38
nt from the cleavage site and thus fall outside the previously
defined optimal spacing range of 10 to 30 nt (Fig. 1C). Because
of this, they have been called suboptimal (35). Dual subopti-
mally spaced GU-rich elements are not a conserved feature of
mammalian �s poly(A) signals (data not shown). To determine
whether either of these sequences contributed to �s poly(A)
signal use and whether they are in fact suboptimal, these two
elements were mutated by site-directed mutagenesis, individ-
ually and in combination, and a more optimally placed GU-
rich element was inserted (Fig. 4A). Sequence changes were
minimized to better detect the effect of the targeted sequences
and to not change the spacing of other elements within the
poly(A) signal. Each of the GU-inactivating mutations re-
moves most of the U’s and all of the UU dinucleotides, which
have been suggested to be important for tight CstF binding
(25). These constructs were transiently transfected into HepG2
cells, and the RNA was analyzed by S1 nuclease protection. As
we found previously (29), mutating the distal GU-rich se-

quence to a GC-rich sequence (�U) had no effect on use of the
poly(A) signal (Fig. 4A and B, lane 2 compared to lane 1). In
contrast, when the proximal GU-rich sequence was mutated
(�U1), the pA/splice mRNA ratio decreased roughly ninefold
(Fig. 4A and B, lane 3). When the two mutations were com-
bined in �U2, which has no obvious GU-rich sequence, the
pA/splice mRNA ratio decreased only slightly compared to
that of �U1 (Fig. 4A and B, lane 4). This suggests that the
distal GU, even when it is the only GU element, does not
contribute much to �s poly(A) signal recognition. In construct-
ing additional mutations, we found a PCR-generated mutation
in �U2 9 nt upstream from the cleavage site, which we named
�U2pt; this single nucleotide change has a very minor effect on
expression (Fig. 4). Overall, these results indicate that the
proximal GU-rich element contributes substantially to use of
the �s poly(A) signal, whereas we find little evidence for ac-
tivity contributed by the distal GU-rich element.

To determine whether use of the �s poly(A) signal could be
improved by a more optimally placed downstream element, we
mutated the sequence 18 nt downstream of the �s cleavage site
to a GU/U-rich sequence that contained four to five U’s,
flanked by GU and GG sequences. This mutation was intro-
duced into the wild-type �s poly(A) signal (GU3) and the �s
poly(A) signals that lacked one or both of the natural GU-rich
sequences (�UGU, �U1GU, and �U2ptGU) (Fig. 4A). We
found that the added, optimally spaced GU/U-rich sequence
had a modest effect at best on poly(A) signal usage. When the
proximal GU-rich element was intact, the new GU-rich se-
quences did not improve use of the signal (Fig. 4A and B,
compare C� to GU3 and �U to �UGU, lanes 1 and 6 and
lanes 2 and 7). In the absence of the proximal GU-rich ele-
ment, the new GU-rich sequence only slightly improved use of
the poly(A) signal (Fig. 4A and B, compare �U1 to �U1GU,
lanes 3 and 8). The added GU-rich sequence was able to
improve the poly(A) signal most in �U2ptGU, where the new
sequence was the only GU-rich sequence in the downstream
region; the pA/splice ratio increased about fourfold compared
to that of �U2pt (Fig. 4A and B, lanes 5 and 9). Thus, the
inserted GU-rich sequence could function as a weak down-
stream element but it did not function nearly as well as the
natural proximal GU-rich element.

RNA polymerase pause site deletions further decrease mu-
tated �s poly(A) signal use. We were surprised that the opti-
mally placed GU-rich sequences did not improve poly(A) sig-
nal usage very much. One reason for this may be that some of
the �s poly(A) signals were already being used at their maxi-
mum potential. We showed previously that an RNA polymer-

FIG. 3. AU/A-rich sequences surrounding the core upstream element contribute to the strength of the �s poly(A) signal. The AAUAAA core
upstream element and proximal downstream GU/U-rich element are shown in uppercase letters, and the CA cleavage site is shown in bold. The
nucleotides that are changed from the wild-type sequence are underlined. In pA1, the changes are due to the restriction site used for cloning. In
pA2, the entire sequence surrounding AAUAAA has been changed. The pA/splice expression ratios are compiled from at least two S1 nuclease
analyses of two independent transfections in HepG2 cells.
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ase pause site, located �50 to 200 nt downstream of the �s
cleavage site, contributes greatly to use of the �s poly(A) signal
(29); its removal decreased the pA/splice ratio about sevenfold
(Fig. 5, compare �U to �NH). To decrease use of the �s
poly(A) signal, which would potentially allow us to detect a
larger effect of the added, optimally placed GU-rich element,
we deleted the downstream pause site from �UGU, �U2, and
�U2ptGU (Fig. 5). In HepG2 cells, the pA/splice expression
ratio of each was reduced by loss of the pause site (compare
expression data in Fig. 4 and 5). However, the effect of the new
GU-rich element was still rather modest. The new GU se-
quence improved use of the �s poly(A) signal about twofold in
the presence of the proximal GU element (Fig. 5, compare
�NH to �UGU�NH). When both of the natural GU-rich
sequences were mutated, as described before, the inserted
GU-rich sequence increased the pA/splice ratio about fourfold
(Fig. 5, compare �U2�NH and �U2ptGU�NH). Nevertheless,
the poly(A) signal containing only the native proximal GU-rich

FIG. 4. Sequence and expression of the �s poly(A) signals with modified downstream elements. (A) The sequences of the proximal and distal
GU-rich downstream elements are labeled and highlighted in gray; the G’s and U’s in these regions are shown in uppercase letters. The newly
inserted GU-rich sequence is labeled (GU), and the G’s and U’s are also shown in uppercase letters. A dash indicates identity with the C�
sequence. The AAUAAA sequence is underlined, and the CA cleavage site is shown in bold. During construction of these mutations, a point
mutation was introduced between AAUAAA and the cleavage site in the �U2 construct, shown as the “u” in �U2pt and �U2ptGU. The two dotted
lines above the C� sequence identify the two suboptimal U1A binding sites identified previously; the U1A consensus sequence is AUUGCAC (35).
The pA/splice expression ratios are compiled from at least two S1 nuclease analyses of at least three independent transfections. (B) S1 nuclease
analysis of � genes containing the modified downstream elements. RNA from HepG2 cells transiently transfected with the construct shown above
each lane was analyzed using the probe diagrammed in Fig. 1A; the probe and protected bands are labeled on the right. This figure was assembled
from nonadjacent lanes of three separate gels.

FIG. 5. Deleting the RNA polymerase pause site further reduces
recognition of the modified �s poly(A) signals. The �U mutation
introduces a NotI restriction site in place of the distal GU-rich ele-
ment; when the NotI-HindIII fragment containing an RNA Pol II
pause site is deleted (�NH), the pA/splice ratio decreases (29). The
pause site deletion was combined with several of the downstream
element mutations that had the NotI restriction site, as shown. “X”
indicates that the GU-rich element is mutated; the added GU se-
quence is indicated in those constructs where present. These constructs
were transfected into HepG2 cells, and RNA levels were quantitated
by S1 nuclease analysis.
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element (�NH) is still used about twofold more efficiently than
the �s poly(A) signal that contained only the newly inserted
GU-rich element (�U2ptGU�NH). Therefore, the optimally
placed GU-rich element is not able to replace the activity of
the natural proximal GU-rich element and the proximal GU-
rich element should not be considered to be suboptimal be-
cause of its location.

Modified �s poly(A) signals are still regulated in B cells and
plasma cells. Several recent reports have implicated the down-
stream sequences of the �s poly(A) signal in the regulated use
of this signal during B-lymphocyte maturation. These se-
quences were suggested to be important for hnRNP H, H�, and
F competition with binding of the 64-kDa subunit of CstF
(CstF-64); B cells were shown to express higher levels of
hnRNP F than plasma cells, and this was suggested to contrib-
ute to the lower use of the �s poly(A) signal in the B cells (46).
Also, two suboptimal U1A binding sites were found between
the two downstream GU-rich sequences and were suggested to
down-regulate this signal in B cells where U1A expression is
higher (21, 35). The constructs we have generated provide an
in vivo system to test the roles these downstream sequence
elements may play in the developmentally regulated �s/�m
mRNA processing switch. If the downstream GU-rich se-
quences were bound by hnRNP F so as to block CstF-64
binding, then one would predict that at least some of the
mutations in these GU-rich sequences should disrupt the B-
cell–plasma cell regulation. Furthermore, the mutation we cre-
ated to add a GU-rich sequence at a more optimally placed
distance from the cleavage site also disrupted both U1A-like
sites between the GU-rich sequences (Fig. 4A). If, in fact, U1A
bound these sites to decrease use of the �s poly(A) signal in B
cells but not plasma cells, then all of the constructs containing
the added GU-rich element should be impaired for regulation
and have a higher pA/splice ratio in B cells than the corre-
sponding constructs without the added GU-rich sequence.

To test these predictions, we cloned the downstream
poly(A) signal mutations into a � gene that includes normal �
promoter and enhancer elements and these constructs were
stably transfected into the M12 B-cell and S194 plasma cell
lines. RNA was isolated from pools of stable clones, and the
pA/splice RNA was measured by S1 nuclease analysis (Table 2).
Comparing the different constructs within the same cell line,
we found that the pA/splice expression trends among the
poly(A) signal mutations were similar to those seen when they
were transiently expressed in HepG2 cells. The distal GU-rich
sequence contributes minimally to use of this signal (Table 2,
compare C� to �U), while the proximal GU-rich sequences
are most important (Table 2, �U1 and �U2). Also, the newly
inserted GU-rich sequences do not improve the use of the �s
poly(A) signal (Table 2, compare C� to GU3, �U1 to �U1GU,
and �U2 to �U2ptGU). In fact, in plasma cells, the new GU-
rich sequence in �U1GU caused a slight decrease in use of the
modified signal. Importantly, when the expression of each con-
struct was compared between B cells and plasma cells, we
found that all of the constructs were regulated; the pA/splice
ratio was always higher in plasma cells than in B cells. There-
fore, the normal GU-rich sequences are not specifically re-
quired for �s/�m developmental regulation; even �U2, which
has no obvious GU-rich element, is still regulated between B
cells and plasma cells. Thus, while the hnRNP F/H ratio

changes during B-cell development (46), the �s poly(A) signal
GU-rich elements must not be the cis-acting targets of these
factors. Also, since the GU-rich mutation that both added the
GU-rich sequence and eliminated the potential inhibitory U1A
binding sites had little effect on expression or regulation, it is
not likely that these elements play a significant role in �s/�m
processing regulation in the intact � gene.

No evidence for �s poly(A) signal regulation by U1A. Over
the past several years, the U1A protein has been proposed to
play a significant role in the regulation of �s/�m mRNA abun-
dance during lymphocyte development. This conclusion is
based mainly on in vitro experiments and in vivo assays of a �s
poly(A) signal fragment located downstream of the luciferase
gene (33, 35). Suboptimal U1A sites were identified both up-
stream and downstream of the �s poly(A) signal and proposed
to specifically repress use of this signal in B cells but not plasma
cells. However, our results with the inserted GU-rich se-
quence, which also removes the two downstream U1A sites, do
not support a role for these sequences in �s/�m regulation.

To further test the model that U1A affects use of the �s
poly(A) signal, we obtained (from Carol Lutz) HeLa cells that
stably overexpressed TAP-tagged U1A at a level similar to that
of the endogenous protein and HeLa cells containing the
empty TAP-tagged vector. These cells were used previously to
purify U1A-interacting proteins (20). Also, when a construct
containing tandem poly(A) signals was expressed in these two
cell lines, there was a change in the relative usages of the two
sites, indicating that these HeLa cell lines contain biologically
significant differences in U1A protein levels (C. Lutz, personal
communication). If U1A represses the �s poly(A) signal
through the previously identified upstream or downstream el-
ements, less �s RNA should be detected when the � gene is
transfected into HeLa cells overproducing U1A (HeLa�U1A
cells) than when it is transfected into control HeLa cells. Fur-
thermore, this U1A-mediated repression should be relieved
when the sites are mutated. To test this, we cotransfected the
wild-type or mutated � genes, along with the major histocom-
patibility complex class I Dd gene as a control for variations in
transfection efficiency, into HeLa or HeLa�U1A cells. We
quantitated both � and Dd mRNA levels by S1 nuclease map-
ping, corrected � expression for Dd expression, and then de-
termined the corrected �s ratio between the HeLa and
HeLa�U1A cells. If the �s poly(A) signal is repressed by
U1A, the HeLa/HeLa�U1A cell ratio should be �1, and if it
is unaffected by U1A, this ratio should be �1. The wild-type �s

TABLE 2. Expression of C� poly(A) signal mutations in stable
B-cell and plasma cell lines

Construct
pA/splice ratio (avg � SD)a

Ratio of PC/B
regulationB cell PC

C� 3.9 � 0.2 44 � 3 11
�U 3.7 � 0.5 39 � 5 11
�U1 0.51 � 0.04 6.7 � 0.3 13
�U2 0.34 � 0.02 5.1 � 0.5 15
�U1GU 0.61 � 0.04 2.7 � 0.2 4
�U2ptGU 0.50 � 0.07 4.6 � 0.3 9
GU3 3.7 � 0.2 43 � 4 12

a The expression ratios were compiled from at least three independent S1
analyses of RNA from stably transfected cell lines.
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poly(A) signal was present in both the C� and �NH pause site
deletion constructs, and the suboptimal U1A sites were re-
moved from the GU3 construct. As a control, we transfected
the � gene containing the �s poly(A) signal substituted for the
�s poly(A) signal (�s-m [31]) and measured both the pA (�s-m
sec) and spliced (�s-m mem) RNAs; we expected that this
construct should not respond to U1A levels. The data from
four to eight independent transfections are compiled in Table
3. The HeLa/HeLa�U1A cell ratios of �s-m, C�, and �NH
were all very close to 1 and were not significantly different from
each other as judged by Student’s t test (all pairwise compar-
isons showed P values of �0.05). When the GU3 mutation was
tested, it also was not significantly different from these wild-
type and control constructs. This analysis indicates that dou-
bling U1A protein levels had no effect on processing of the �s
poly(A) signal in an intact � gene. Also, by this measure, we
detected no effect of the mutation that disrupts potential U1A
binding sites downstream of the �s poly(A) signal. Overall,
these data fail to support a model in which U1A regulates �s
poly(A) signal usage.

Another mutation we made previously, for other reasons,
also addresses the potential regulation of the �s poly(A) signal
by U1A. We made the OCTA mutation to test whether the
sequence resembling an Oct1/2 binding site upstream of the �s
poly(A) signal affected �s/�m expression (9); this mutation
also disrupts one of the suboptimal U1A sites upstream from
the �s poly(A) signal, the “8s” site (33). We found that the
pA/splice ratio was increased about threefold by this mutation
compared to that of the wild type in both B cells and plasma
cells (Fig. 6). This suggests that a negative-acting element had
been disrupted, which is consistent with the effect of the “8s”
mutation (33). However, in contrast to the interpretations of
Phillips et al. (33), we conclude that this element does not
contribute directly to �s/�m regulation because the OCTA
mutation affected the pA/splice expression ratio similarly in B
cells and plasma cells (Fig. 6).

DISCUSSION

The �s poly(A) signal is a central element in the � pre-
mRNA alternative processing regulation because it is in direct
competition with the C�4-M1 splice reaction. The efficiencies
of these two reactions are balanced, and this is critical for
proper regulation (26, 31). The �s poly(A) signal has been
shown in vivo to be weaker than both the �m and SV40 late

poly(A) signals but stronger than the IgA secretory-specific
poly(A) signal (26, 30, 31). Also, the �s poly(A) signal has a
lower affinity for CstF-64K and is processed less efficiently than
the �m poly(A) signal in vitro (43). In this study, we have
identified multiple sequence features that contribute to the
overall strength of the �s poly(A) signal. We have shown that
the proximal, but not the distal, GU/U-rich element contrib-
utes substantially to use of the �s poly(A) signal. If the prox-
imal GU/U-rich element were truly suboptimally located rela-
tive to the cleavage site in the �s poly(A) signal, as has been
suggested previously (35), we would have expected to improve
use of the signal by introducing a GU/U-rich sequence in a
more consensus location. However, this was not the case, as
introducing a GU/U-rich element 18 nt beyond the cleavage
site did not improve use of the �s poly(A) signals that still
contained the proximal GU/U-rich element. Also, when the
newly inserted GU-rich element was the only GU-rich se-
quence, the poly(A) signal was not as strong as when the
proximal GU-rich sequence was the only GU-rich sequence.
Thus, the GU-rich sequences of the �s poly(A) signal do not
appear to be suboptimal. For the �s poly(A) signal, perhaps
the distance between the AAUAAA core upstream element
and the GU/U-rich element (10, 14) is of greater importance
than that between the cleavage site and the GU-rich se-
quences.

It was shown previously that the AU-rich sequence upstream
from the �s poly(A) signal could partially compensate for a
mutation in the AAUAAA core upstream element (36). Here
we show that an evolutionarily conserved AU-rich sequence
surrounding AAUAAA also affects the �s poly(A) signal ac-
tivity in the presence of intact AAUAAA; an extensive muta-
tion of the AU/A-rich sequence (pA2) decreased the pA/splice

FIG. 6. The OCTA mutation upstream of the �s poly(A) signal
increases poly(A) signal use but does not affect B-cell–plasma cell
regulation. The AAUAAA core upstream element is shown in upper-
case letters and is underlined. The sequence 38 nt upstream from this
core element is shown (see also Fig. 1B). The upstream sequence that
matches the consensus Oct1/2 protein binding site is shown below
(octamer) (9), and the nucleotide changes made in the OCTA muta-
tion are shown. Above the C� sequence are the consensus U1A bind-
ing site (U1A) and the nucleotide changes in the “8s” mutation (33).
The matches between the C� sequence and that of the consensus
octamer and U1A sequences are indicated by vertical lines. The pA/
splice expression ratios for the C� and OCTA constructs transiently
expressed in the M12 B-cell and S194 plasma cell lines were obtained
by S1 nuclease analysis of at least three transfections analyzed multiple
times.

TABLE 3. Expression levels of wild-type and modified C� genes in
HeLa cells stably overexpressing TAP-tagged U1A or

the empty vector

Construct Ratio of HeLa/HeLa�U1A
expression (avg � SD)a

C� ...................................................................................1.16 � 0.22
�NH ...............................................................................1.08 � 0.11
�s-m sec .........................................................................0.98 � 0.08
�s-m mem......................................................................0.98 � 0.23
GU3................................................................................1.12 � 0.30

a C� and Dd constructs were coexpressed in the two cell lines, C� mRNA
levels were corrected for Dd mRNA levels, and then the corrected C� levels in
the two cell lines were compared. The results are compiled from four to eight
independent experiments.
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ratio threefold. This indicates that, even in the presence of the
core upstream element, the additional AU/A-rich sequences
enhance use of the �s poly(A) signal. While the sequence
alteration in pA2 may have changed the poly(A) signal so that
AAUAAA was no longer unstructured (3, 13), we believe that
this is unlikely since both the �s and pA2 sequences are pre-
dicted by an RNA-folding program (http://www.bioinfo.rpi.edu
/�zukerm/) to have AAUAAA and cleavage site in unpaired
regions rather than stems of the folded RNA.

While our results have identified a number of sequence
features that affect the overall strength of the �s poly(A) sig-
nal, none of the mutations we made differentially affected the
use of the �s poly(A) signal in B cells and plasma cells. Thus,
none of these sequences are significant targets for the devel-
opmentally regulated RNA processing switch. During the past
several years, it has been proposed that the U1A protein plays
a significant role in the regulation of �s/�m mRNA abundance
during lymphocyte development (21, 33, 35). Evidence in sup-
port of a role for U1A in �s/�m regulation includes the find-
ings (i) of multiple “suboptimal” U1A binding sites upstream
and downstream of the �s poly(A) signal that bound purified
recombinant U1A, (ii) that recombinant U1A inhibited in vitro
polyadenylation of a �s substrate, and (iii) that when the three
postulated upstream sites were mutated, use of the �s poly(A)
signal increased up to twofold in vivo, as measured by lucifer-
ase activity in transfected cells (33, 35). This model proposes
that in B cells U1A levels are higher and interfere with poly-
adenylation of the �s poly(A) signal, whereas U1A levels and
its inhibitory activity decline as B cells differentiate to plasma
cells. Although we did not make mutations to directly test the
role of U1A in �s/�m regulation, several of our modified �s
poly(A) signals fortuitously mutated sites identified to be sub-
optimal U1A binding sites. In contrast to earlier studies, we
found no evidence that these potential U1A sites had an effect
on �s/�m regulation in our in vivo assays using the intact �
regulatory region. We did find that sequences upstream of the
�s poly(A) signal affected use of the �s poly(A) signal, but they
had the same effect in both B cells and plasma cells, indicating
they are not involved in �s/�m regulation. When the down-
stream suboptimal U1A sites were mutated, there was little
effect on either expression or B-cell–plasma cell regulation.
While one previous experiment in which an intact � gene was
transiently cotransfected with increasing levels of a U1A ex-
pression vector into M12 B cells claimed to show that U1A
repressed the �s poly(A) signal (33), these data were difficult
to evaluate because there were no controls for transfection
efficiency. The significance of these data is also questioned by
the fact that both the �s and �m poly(A) signals were re-
pressed, although �s was repressed to a greater extent.

We also addressed the hypothesis that the �s poly(A) signal
is affected by U1A by comparing the activities of � genes
containing mutant and wild-type �s poly(A) signals in HeLa
cells that do or do not overexpress U1A. In the overexpressing
cell line, U1A protein levels are approximately double that
seen in control cells, which is within the range of changes in
U1A measured between B cells and plasma cells (21, 24).
However, we found little expression difference between the
two HeLa cell lines. This again suggests that, in the context of
the intact �s/�m regulatory region, U1A protein levels have
little effect on use of the �s poly(A) signal. This brings into

question the biological relevance of the previous studies, which
relied heavily on in vitro assays to measure interactions be-
tween �s RNA segments and recombinant U1A protein.

The most striking and perhaps unexpected finding of our
work is that the �s poly(A) signal, while not being particularly
robust, is very difficult to inactivate. For example, the pA11 and
�U2 poly(A) signals each lack one of the critical components
of standard poly(A) signals, the AAUAAA core upstream el-
ement and the downstream GU-rich sequences, respectively.
Yet, the pA/splice ratio for pA11 was 0.4 and that for �U2 was
0.94, which means that nearly 30% and 50% of the transcripts,
respectively, are cleaved and polyadenylated at the mutant
poly(A) signal. Use of the �U2 poly(A) signal decreased an
additional four- to fivefold when the pause site also was de-
leted (�U2�NH). These results demonstrate that the �s poly(A)
signal is a complex element, containing multiple sequences in
addition to the standard poly(A) signal core sequences that con-
tribute to its use, such as the AU-rich sequences around the
AAUAAA core upstream element and the downstream RNA
polymerase II pause site. There are also likely to be upstream
elements that contribute to the recognition of the �s poly(A)
signal, since scanning mutagenesis of the region upstream of the
�s poly(A) signal revealed the presence of both positive- and
negative-acting sequences (33). Large-scale comparisons of se-
quences surrounding poly(A) signals have identified numerous
motifs that may contribute to poly(A) signal recognition (11, 16,
18, 44). While U-rich sequences have been found near AAUAAA
(16), AU richness in this area has not been identified as a general
element. However, in light of our results, it will be interesting to
see how many poly(A) signals have such sequences and whether
they have any shared characteristics, such as being regulated
poly(A) signals. As so few poly(A) signals have been mutationally
dissected, it will be important to combine bioinformatics and
biochemical approaches to better understand the complexities of
poly(A) signal sequences.
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