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We have investigated how the upstream sequence element (USE) of the lamin B2 poly(A) signal mediates
efficient 3*-end formation. In vitro analysis demonstrates that this USE increases both the efficiency of 3*-end
cleavage and the processivity of poly(A) addition. Cross-linking using selectively labeled synthetic RNAs
confirms that cleavage stimulation factor interacts with the sequences downstream of the cleavage site, while
electrophoresis mobility shift assays demonstrate that the USE directly stabilizes the binding of the cleavage
and polyadenylation specificity factor to the poly(A) signal. Thus in common with other poly(A) signals, the
lamin B2 USE directly enhances the binding of basal poly(A) factors. In addition, a novel 55-kDa protein binds
to the USE and the core poly(A) signal and appears to inhibit cleavage. The binding activity of this factor
appears to change during the cell cycle, being greatest in S phase, when the lamin B2 gene is transcribed.

The 39 ends of mRNAs transcribed by RNA polymerase II
are generated by cleavage of the nascent transcript. Predomi-
nantly, this cleavage event occurs at a polyadenylation
[poly(A)] site and is followed by the template-independent
addition of a ;250-nucleotide (nt) poly(A) tail (for a recent
review, see reference 56). The poly(A) tail appears to be re-
quired for efficient export to the cytoplasm (25), efficient trans-
lation, and mRNA stability (reviewed in reference 48). The
minimal mammalian poly(A) signal comprises a highly con-
served AAUAAA element (44, 59) 8 to 31 nt upstream of the
site of transcript cleavage (9) and a poorly conserved GU- or
U-rich element downstream. These downstream sequence el-
ements (DSEs) were first shown to be important for processing
of the rabbit b globin (20) and adenovirus E2A (33) poly(A)
signals and are now known to be a general requirement for
both efficient and accurate 39-end formation. Cleavage usually
occurs after an A residue, with a preference for a CA dinucle-
otide (50).

Sequences upstream of the AAUAAA element are also im-
portant for the efficiency of certain poly(A) signals. Early ex-
amples of these upstream sequence elements (USEs) were
found in the poly(A) signals of viral genes, such as the human
immunodeficiency virus type 1 (HIV-1) (10, 22), simian virus
40 (SV40) late (8), and adenovirus L1 (15), L3 (42, 43), and L4
(51) poly(A) signals. Recently we have also identified USEs in
the poly(A) signals of the human complement C2 (36, 37) and
lamin B2 (7) genes.

Despite the apparent simplicity of the 39-end formation re-
actions, a considerable number of proteins are required for
cleavage and poly(A) addition (reviewed in reference 14), per-
haps reflecting the importance of this process in the regulation
of gene expression (45). The cleavage and polyadenylation
specificity factor (CPSF) is a tetrameric factor comprising sub-
units of 160, 100, 73, and 30 kDa (5, 27) that is required for
both steps of 39-end formation. CPSF binds specifically to the

AAUAAA element (3), via the 160-kDa subunit (27). The
trimeric cleavage stimulation factor (CstF, comprising 77-, 64-,
and 50-kDa subunits [53]) is normally required only for effi-
cient cleavage and binds to the DSE (21, 31) via its 64-kDa
subunit. CPSF and CstF bind to RNA cooperatively (21, 38),
with the 77-kDa subunit of CstF contacting the 160-kDa com-
ponent of CPSF (39). Two additional factors, CFIm and CFIIm,
are also required only for the cleavage reaction (52); one or
both of these are believed to be the endonucleases responsible
for cleaving the RNA. CFIIm has yet to be fully characterized,
while four CFIm subunits (of 72, 68, 59, and 25 kDa) have been
purified (46, 47). Preliminary evidence suggests that CFIm
forms three dimers, all sharing the 25-kDa subunit. The final
factor required for cleavage is poly(A) polymerase (PAP),
which interacts with CPSF (also via the 160-kDa subunit) and
stabilizes its binding to RNA (6, 39). The involvement of PAP
in the cleavage reaction effects the tight coupling of cleavage
and polyadenylation in vivo.

Addition of the poly(A) tail proceeds in a biphasic reaction
(49, 54): initial addition of adenylate residues is slow and
distributive, becoming rapid and processive when a critical
length of approximately 10 residues is reached. The 49-kDa
poly(A) binding protein II (PABII) binds to the growing
poly(A) tail and increases the stability and processivity of the
PAP-CPSF complex (6). Addition of poly(A) to precursors
with tails of around 200 nt is very slow (49), implying both a
return to distributive addition and the existence of a mecha-
nism to regulate the length of the added tail (6, 55). It is not yet
clear how this length control manifests, although the confor-
mation of the poly(A) tail–PABII complex may be important
(28).

Surprisingly, it appears that different USEs influence 39-end
formation in different ways. The simplest mechanism is that the
USE mediates additional interactions with the basal poly(A)
factors, as is seen with the HIV-1 (23) and equine infectious
anemia virus (24) USEs, which enhance the binding of CPSF.
Alternatively, a trans-acting factor bound to the USE may
recruit the basal poly(A) factors. For example, the USE of the
SV40 late poly(A) signal has been found to interact with the
U1A protein of U1 snRNP, which may contact CPSF and so
stabilize its binding (30). Finally, USEs can act by a combina-
tion of these mechanisms. Previously we have shown that the
binding of the polypyrimidine tract binding protein (PTB) to
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the USE of the human complement C2 gene activates cleav-
age, while interaction of CstF with the USE is also required for
the efficiency of both cleavage and polyadenylation (37). We
have now turned our attention to the USE of the human lamin
B2 poly(A) signal (7). This USE (which overlaps an origin of
replication [see Fig. 1A]) is required for efficient cleavage and
poly(A) addition. Several proteins cross-link to this poly(A)
signal in nuclear extract, including CstF, hnRNP C, and an
unidentified protein of ;55 kDa. Interestingly, the 55-kDa
protein inhibits cleavage in vitro, and its binding activity ap-
pears to be regulated by the cell cycle. Finally, we demonstrate
that recruitment of CPSF is the main function of the lamin B2
USE and the cause of enhanced 39-end formation.

MATERIALS AND METHODS

Plasmid constructions. All lamin B2 constructs used were based on pGEM4
(Promega), with poly(A) signal fragments inserted at the HincII site. The wild-
type (wt) lamin B2 RNA is transcribed from plasmid pG4Lwt, which carries a
199-bp poly(A) signal fragment, and PCR was used to introduce the various
changes to this sequence (Fig. 1B). Templates were generated using EcoRI,
except for the 59 ligation fragment template, which was linearized upstream of
the AATAAA with RsaI, and those for the precleaved RNAs [linearized at the
poly(A) addition site using a FokI site engineered downstream]. The template for
the Sp RNA contains a 90-bp fragment of lacZ sequence inserted at the HindIII
site upstream of a 109-bp RsaI-BstYI poly(A) signal fragment. pG4USE1 con-
tains a 100-bp PCR fragment containing the sequence from upstream of the
AAUAAA.

In vitro transcription. RNAs were transcribed and purified as previously
described (37), except for the 39 fragments used for RNA ligations. These were
primed with 500 mM ApC (Sigma) (phosphorylated using T4 polynucleotide
kinase) in the presence of a reduced concentration of ATP (50 mM). Because AC
corresponds to the first two incorporated nucleotides, this priming does not
introduce an additional base at the 59 end of the RNA.

In vitro cleavage and poly(A) addition reactions, UV cross-linking, and im-
munoprecipitations were all performed as described previously (37), with the
following alterations: samples were UV irradiated on ice in a Stratalinker 1800,
and protein G (rather than protein A)-Sepharose was used in the immunopre-
cipitations. Twenty microliters of polyclonal (rabbit) anti-PTB serum, 100 ml of
anti-CstF/64kDa hybridoma medium (53), and 5 ml of anti-hnRNP C ascites fluid
(12) were used.

RNA electrophoresis mobility shifts. Reaction mixtures (25 ml) contained 83
mM KCl, 0.5 mg of tRNA, 1% (wt/vol) polyvinyl alcohol, 0.016% (vol/vol) Igepal
CA-630, 16.5 mM HEPES (pH 7.9), 8.3% (vol/vol) glycerol, 0.17 mM EDTA,
0.08 mM dithiothreitol, 45 ng of purified CPSF, and 150 fmol of synthetic
precleaved RNA. Reaction mixtures were incubated at 30°C for 10 min and a
5-ml aliquot was removed for the zero time point. Forty picomoles of unlabeled
precleaved wt (pre-wt) RNA was added to the remainder of the reaction mixture,
and 5.2-ml aliquots were removed at various times. All aliquots were placed on
ice and treated with 10 mg of tRNA. For the oligonucleotide competitions, a
30-ml reaction mixture was assembled and 5-ml aliquots were added to 100 pmol
of the oligonucleotide. These reaction mixtures were incubated at 30°C for 10
min and then treated as described above. Samples were run on 3% native
polyacrylamide gels (acrylamide-bis-acrylamide, 37.5:1) at 200 V for 2 h at 4°C in
0.253 Tris-borate-EDTA.

Oligonucleotide-mediated ligation of RNA. Ten-microliter annealing reaction
mixtures in 13 ligase buffer containing the DNA bridging oligonucleotide (AC
CTAAAATCAAAATGTTTATTGGAGTGTTGTACAAAAAAGTTTCCAG
TCATAAAATGTATATT) and the two RNA fragments (final concentration for
each, 2 mM) were held at 70°C for 5 min and then allowed to cool to 30°C over
the course of an hour. The reaction volume was increased to 20 ml with the
addition of 4,000 cohesive-end units of T4 DNA ligase (New England Biolabs),
50 U of human placental RNase inhibitor (Amersham), and ATP (to a concen-
tration of 2 mM), and incubation at 30°C continued for 16 h. The ligated RNA
was gel purified following extraction against acidic phenol-chloroform and pre-
cipitation with 2.5 volumes of ethanol (in the presence of ammonium acetate).

Cell culture and nuclear run-on analysis. Growth and synchronization of
NT2/D1 cells and nuclear run-on analysis were all carried out as previously
described (7). Adherent HeLa cells were synchronized as follows. Thymidine was
added at a concentration of 2.5 mM for 24 h in order to accumulate cells at the
G1/S-phase border. Cells were released by three washes with fresh medium and
were allowed to recover for 4 h in the presence of 50 mM deoxycytidine before
being exposed to nocodazole (1 mg/ml for 8 to 16 h). Mitotic cells were recovered
by “shake-off” and either used for extract preparation or allowed to recover for
either 3 h (and then harvested as G1 cells) or 6 h (and then arrested with
aphidicolin for 2 to 6 h). Cells were released as before and allowed to recover for
either 2 h (and then harvested as S-phase cells) or 12 h (and then harvested as
G2 cells). Whole-cell extracts were prepared by the method of Naka and Brown-
lee (40).

RESULTS

The sequences of the lamin B2 poly(A) signal, and the var-
ious synthetic RNAs used to characterize the lamin B2 USE
are shown in Fig. 1B.

The lamin B2 USE is required for efficient in vitro cleavage.
Cleavage assays were performed in nuclear extract in the pres-
ence of 39 dATP to block poly(A) addition (Fig. 2A). Approx-
imately 8% of the wt RNA (Fig. 2A, lanes 2 to 5) is cleaved in
60 min. As expected, mutation of the AAUAAA sequence
prevents appearance of the cleaved fragment, confirming that
the products observed are genuine (data not shown). Replace-
ment of all but the last 10 nt of the upstream sequence with
unrelated sequence (Sp; Fig. 2A, lanes 6 to 9) results in only
1% of the RNA being cleaved. Thus, the upstream sequence is
required for efficient cleavage at the lamin B2 poly(A) signal in
vitro. Previously, we characterized a number of mutations in
the U tracts of the USE which resulted in reduced use of the
lamin B2 poly(A) signal in vivo (7). To investigate these mu-
tations in vitro, we used the USEmt RNA (Fig. 2A, lanes 10 to
13), which contains 10 point mutations. Surprisingly, the effects
of these changes in vitro were small and somewhat variable. In
the experiment for which results are shown in Fig. 2A, cleavage
of the USEmt and wt RNAs was equivalent, although in other
batches of extract a twofold reduction in cleavage of USEmt
has been observed. The reason for this variable effect will be
discussed below.

U-rich sequences between the AAUAAA and the cleavage
site enhance the processing of the adenovirus L3 (43) and
complement C2 (36) poly(A) signals. For the lamin B2 poly(A)
signal, however, mutation of the U-rich internal sequence
(ISEmt) resulted in a threefold increase in the efficiency of
cleavage compared to that of the wt RNA (Fig. 2A, lanes 14 to
17). This suggests that the wild-type sequence represents a
suboptimal environment for the AAUAAA, a phenomenon
previously reported for the adenovirus L1 (43) and HIV-1 (23)
poly(A) signals. Using in vivo poly(A) signal competition as-
says, however, we observed no difference between the wild-
type and ISEmt poly(A) signals (unpublished data). The rea-
son for the discrepancy between these in vivo and in vitro
results will be addressed below.

The lamin B2 USE is required for efficient polyadenylation.
Incubation of synthetic “precleaved” RNA in nuclear extract in
the presence of ATP allows addition of a poly(A) tail, resulting
in conversion of the RNA from a discrete band to a slower-
migrating heterogeneous population. For the pre-wt RNA,
;75% of the input material is polyadenylated after 60 min
(Fig. 2B, lanes 2 to 5), with the majority of the RNA receiving
a tail of ;200 nt. Replacement of most of the USE by the
spacer sequence (pre-Sp; Fig. 2B, lanes 6 to 9) does not reduce
the proportion of the input RNA polyadenylated (;80% of
input RNA is modified in lane 9). In contrast to pre-wt RNA,
however, the poly(A)1 pre-Sp RNA runs as a much broader
band, reflecting a larger variation in the length of the poly(A)
tail added (Fig. 2C). A similar effect is seen with a pre-USEmt
mutation (data not shown), implying that this is a specific
consequence of altering the USE, rather than an artifact of the
spacer used. Thus, the USE is not required for the overall level
of polyadenylation but is required for the production of full-
length tails.

Polyadenylation of the pre-mt RNA (in which the AAU
AAA has been mutated) (Fig. 2B, lanes 10 to 13) is signifi-
cantly less efficient than that seen for the wt RNA, although it
is greater than the level of nonspecific polyadenylation seen
with the extract used. Thus, an RNA lacking any poly(A) signal
sequences (D1 RNA) gives no detectable poly(A) addition
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under identical conditions (Fig. 2B, lanes 15 to 18). This sug-
gests that the USE of the lamin B2 poly(A) signal is able to
partially compensate for the AAUAAA sequence during the
polyadenylation reaction, although it is absolutely required for
cleavage.

A number of proteins can be cross-linked to the lamin B2
poly(A) signal. We used UV cross-linking (34) to investigate
the proteins binding to the lamin B2 RNA. For the wt RNA,
four main cross-linked species, of approximately 75, 64, 55, and
40 kDa, are produced in nuclear extract (Fig. 3A, lane 1). The
40-kDa species represents hnRNP C1 or C2 (both of which
preferentially cross-link to U-rich RNA [18]), as shown by the
fact that this band can be immunoprecipitated from the cross-
linking reactions using the anti-hnRNP C 4F4 antibody (Fig.
3B, lane 3). The 64-kDa protein can be precipitated from the
nuclear extract (Fig. 3B, lane 2) using antibodies specific for
the RNA binding subunit of CstF. Consistent with this, muta-
tion of the hexanucleotide (Fig. 3A, lane 4) virtually abolishes
the 64-kDa cross-linking signal. The undiminished cross-link-
ing of the other proteins to this RNA suggests that they are
able to bind to RNA in the absence of a functional poly(A)
signal. Replacement of the USE with the spacer sequence (Fig.
3A, lane 2) results in a relative decrease in the intensity of the
55-kDa protein, suggesting that this protein binds to the USE.
Given the extremely poor cleavage of this RNA in nuclear
extract, the undiminished cross-linking of the 64-kDa subunit
of CstF to this RNA presumably reflects the nonquantitative
nature of this assay. Interestingly, the cross-linking profile of

the pre-wt RNA (Fig. 3A, lane 3) is very similar to that of the
wt RNA. This is somewhat surprising given that the presumed
binding site for CstF lies downstream of the cleavage site, a
region absent from this RNA. The final RNA tested in these
cross-linking reactions (Fig. 3A, lane 5) contains only the 100
nt of the USE. This RNA also gives 55-kDa and hnRNP C
signals, confirming that these proteins cross-link to the USE.

We have previously reported that PTB, an abundant nuclear
protein of approximately 55 kDa, cross-links to the USE of the
human complement C2 gene (37). The 55-kDa protein that
cross-links to the lamin B2 poly(A) signal protein is not pre-
cipitated with polyclonal serum raised against PTB (Fig. 3B,
lane 4), while this antiserum efficiently precipitates PTB cross-
linked to domain 1 of the encephalomyocarditis virus internal
ribosome entry site (26) (Fig. 3B, lanes 5 and 6). We conclude
that the 55-kDa protein observed here is not PTB.

Direct mapping of CstF binding. We have observed that the
64-kDa subunit of CstF cross-links efficiently to pre-wt RNA,
suggesting that CstF interacts with the USE of the lamin B2
poly(A) signal. To map the binding site of CstF, we used
selectively labeled synthetic RNAs produced by the oligonu-
cleotide-mediated ligation of RNA segments with T4 DNA
ligase (35). Figure 4A shows the extent of labeling in the two
selectively labeled RNAs (59* and 39*), as well as in uniformly
labeled wt RNA (U*). The cross-linking of identical amounts
of these RNAs in both nuclear extract and highly purified CstF
and CPSF is shown in Fig. 4B. As before, strong signals are
seen for the 64-kDa subunit of CstF, hnRNP C, and the 55-

FIG. 1. Location and sequence of the lamin B2 poly(A) signal. (A) Schematic representation of the short intergenic region separating the 39 UTR of the lamin B2
gene from the start of the downstream gene (ppv1). The open arrow indicates the lamin B2 poly(A) site, and the two filled arrows denote the two clusters of start sites
mapped for ppv1 (7). The positions of transcription factor binding sites, and the location of the origin overlapping with the 39 UTR of the lamin B2 gene, are also shown
(4, 17). (B) Sequence of the wild-type 199-bp lamin B2 poly(A) signal fragment, showing the AAUAAA (underlined) and the U tracts in the USE (boldfaced). The
mtRNA contains three point mutations that inactivate the AAUAAA, the USEmt RNA contains point mutations in two U tracts, and the ISEmt RNA contains changes
in the sequence between the AAUAAA and the cleavage site. The other RNAs are as follows. Sp has the first 90 nt of the USE replaced by spacer sequence; USE
contains the 100 nt of the USE; and the three precleaved RNAs (pre-wt, pre-mt, and pre-Sp) are identical to the full-length wt, mt, and Sp RNAs, respectively, except
that they end at the normal cleavage site.
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kDa protein when the full-length labeled RNA is used in nu-
clear extract (Fig. 4B, lane 5). In contrast, when label is re-
stricted to the USE (Fig. 4B, lane 1), cross-linking of the
64-kDa subunit of CstF is no longer seen, although both the
55-kDa protein and hnRNP C give clear signals. Cross-linking
of the CstF 64-kDa subunit is still observed when label is

restricted to the “core” poly(A) signal (Fig. 4B, lane 3), al-
though the hnRNP C and 55-kDa signals (both resulting from
the labeled U-rich internal sequence) are greatly reduced. The
results obtained when the cross-linking is performed in puri-
fied CstF and CPSF are consistent with this: both the uniformly
labeled (Fig. 4B, lane 6) and 39-labeled (lane 4) RNAs give

FIG. 2. The lamin B2 USE is required for efficient cleavage and poly(A) addition in vitro. (A) Cleavage assays were performed in nuclear extract using wt, Sp,
USEmt, or ISEmt RNAs. The positions of the input RNAs (solid- and -open box) and the 59 cleavage products (solid box) are indicated to the right of the gel. Note
that for the Sp RNA (lanes 6 to 9), both the input and the 59 fragment are slightly longer than those for the other RNAs. (B) Poly(A) addition reactions in nuclear
extract using the pre-wt, pre-Sp, pre-mt, and D1 RNAs. [The D1 RNA has no poly(A) signal sequences.] The positions of the input and poly(A)1 RNAs are indicated.
(C) Poly(A) addition is qualitatively different for the pre-wt and pre-Sp substrates. The graphs represent quantitation of lanes 5 and 9 of panel B—the 60-min time
points. Arrows indicate the positions of the input RNA, and brackets show the extent of the heterogeneous poly(A)1 band.
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very strong CstF 64-kDa cross-linking signals, while the signal
seen with the 59 label is greatly reduced (lane 2). These results
strongly suggest that the predominant CstF binding site lies
downstream of the AAUAAA.

The stability of the CPSF-RNA complex is enhanced by the
USE. Since the above data show that the USE does not bind
CstF, we investigated whether the USE interacts with CPSF.
As we have never observed cross-linking of CPSF to the lamin
B2 poly(A) signal, we used electrophoretic mobility shift assays
to examine the stability of CPSF binding to the pre-wt and
pre-Sp RNAs. Purified CPSF was incubated with the RNAs at
30°C for 10 min, and then aliquots were withdrawn at time
zero. Excess cold pre-wt RNA was added to the remainder of
the reaction mixture, incubation was continued, and aliquots
were withdrawn at the times indicated. RNA-protein com-
plexes were resolved on 3% native polyacrylamide gels. It can
be seen that for the zero time points (Fig. 4C, lanes 1 and 6)
significantly more complex is formed with pre-wt than with
pre-Sp RNA. Following the addition of the unlabeled compet-
itor RNA, both the pre-wt and pre-Sp complexes dissociate
rapidly, confirming that these are genuine complexes formed
with CPSF. Thus, we conclude that the USE directly stabilizes
the binding of CPSF to the lamin B2 poly(A) signal.

It should be noted that although pre-Sp differs substantially
from pre-wt RNA, replacement of the USE (rather than spe-
cific mutation) is required to overcome the redundancy seen
when mutations are made to this sequence (7). Thus, the pre-
USEmt RNA (the precleaved version of the USEmt RNA) and
the pre-wt RNA give similar amounts of complex (Fig. 4D;
compare lanes 1 and 4). In contrast, no stable complex is
formed between CPSF and the pre-mt RNA containing the
mutation to the AAUAAA (Fig. 4D, lane 3), despite some

specific polyadenylation of this RNA in nuclear extract (see
Fig. 2).

Cross-linking in the presence of competitor oligonucleo-
tides. We previously found that sense DNA oligonucleotides
can be used as specific competitors in UV cross-linking reac-
tions, to determine protein binding sites (37). We now used
such oligonucleotides to investigate the binding of the various
proteins observed in the cross-linkings. Figure 5A shows the
sequence of the lamin B2 USE and the positions of the five
sense oligonucleotides used, while the effects of increasing
amounts of each oligonucleotide (0, 1, 10, 50, and 100 pmol) on
the cross-linking profile of the wt RNA are shown in Fig. 5B.
It should be noted that the changes in cross-linking profiles
observed in these experiments do not result from RNase H-
mediated cleavage; RNA recovered from these reactions prior
to cross-linking is no more degraded than RNA incubated in
extract alone (data not shown).

Oligonucleotides 3 (AATATACATTTTAT) and 5 (GTAC
AACACTCC), which both lie in the 39 half of the USE, appear
to have no significant effects on protein cross-linking at any
concentration. Oligonucleotides 1 (GGTTTTTAAGAAGA)
and 4 (CTGGAAACTTTTTT) are similar to each other in
their effects, significantly reducing the amount of hnRNP C
cross-linking (beginning at 10 and 50 pmol, respectively) and
slightly reducing the cross-linking of the 55-kDa protein at the
highest concentrations used. The most striking effects, how-
ever, are seen with oligonucleotide 2 (TTCTTTTTTTTTTCC).
One picomole of this oligonucleotide virtually abolishes the
cross-linking of hnRNP C, while in the presence of 50 to 100
pmol, cross-linking of the 55-kDa protein also disappears. This
confirms that hnRNP C and the 55-kDa protein are binding to
the U tracts in the poly(A) signal, either in the USE or in the
sequence between the hexanucleotide and the cleavage site.
Interestingly, there appears to be an increase in the cross-
linking of the 64-kDa subunit of CstF to the RNA as the
binding of the 55-kDa protein and hnRNP C are reduced. This
suggests that the 55-kDa protein and/or hnRNP C bind to the
USE at the expense of CPSF, thereby reducing the cross-
linking of CstF. We have also examined the effects of these
competitor oligonucleotides on the binding of CPSF. As shown
in Fig. 4E, only oligonucleotide 2 (lane 3) had any significant
effect on the amount of complex formed (although it should be
noted that this lane is slightly underloaded). This is consistent
with CPSF interacting with the U-rich sequences in the USE.

Inhibition of the lamin B2 poly(A) signal. The competition
experiments described above suggest that the binding of the
55-kDa protein and/or hnRNP C to the USE prevents the
binding of the 39-end formation machinery. Therefore, we have
investigated the effects of the oligonucleotide 2 competitor on
cleavage of the lamin B2 poly(A) signal in nuclear extract. As
shown in Fig. 5C, enhanced cleavage of the wt RNA is seen
after 60 min when the oligonucleotide is present (lanes 6 to 9)
compared with the standard processing conditions (lanes 2 to
5). Thus, one or more of the proteins removed from the RNA
by this competitor reduces the efficiency of cleavage of this
poly(A) signal in nuclear extract. Importantly, the use of non-
specific DNA oligonucleotides does not affect the cleavage of
the wt RNA, confirming that this is a specific effect of the
competitor used (for example, Fig. 5C, lane 10, shows cleavage
after 60 min in the presence of oligonucleotide 5, which had
little effect on the cross-linking of proteins).

The presence of competitor oligonucleotide 2 also results in
equal cleavage (;30% of input) of the wt (Fig. 5D, lanes 2 and
3) and ISEmt (lanes 8 and 9) RNAs. Presumably, under equi-
librium conditions, mutation of the U-rich internal sequence
disrupts some of the binding of the inhibitory factor, relieving

FIG. 3. UV cross-linking of proteins to the lamin B2 poly(A) signal. (A)
Cross-linking of wt, Sp, pre-wt, mt, and USE1. The migration of prestained
molecular weight markers is indicated to the left. (B) Immunoprecipitation of
cross-linked proteins using antibodies specific for the 64-kDa RNA-binding sub-
unit of CstF (lane 2), hnRNP C (lane 3), and PTB (lane 4). Lane 1 shows half of
the input material used in each case. Lane 6 shows precipitation of PTB cross-
linked to the D1 RNA, with half of the input material shown in lane 5.
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the repressive effect and allowing more-efficient cleavage of
this RNA compared to that of the wt. In addition, the USEmt
RNA (Fig. 5D, lanes 6 and 7) is consistently cleaved threefold
less efficiently than the wt RNA in the presence of the com-
petitor. In the absence of the competitor, mutation of the
U-rich USE will have two effects: (i) removal of some of the

binding sites for the inhibitory factor, which will increase the
efficiency of processing, and (ii) disruption of the USE, which
will decrease the efficiency of processing. Differences in the
level of the 55-kDa protein between independent preparations
of nuclear extract presumably account for the variable effects
of the USEmt mutation in the absence of the competitor.

FIG. 4. Interaction of CstF and CPSF with the lamin B2 poly(A) signal. (A) Schematic of the distribution of label in the 59* and 39* selectively labeled RNAs and
the uniformly labeled (U*) wt RNA. Solid box, AAUAAA element; arrow, cleavage site; dots, individual labeled U residues; dashes, labeled U tracts. (B) Cross-linking
of the uniformly and selectively labeled RNAs in nuclear extract (Nuc. Ext.; lanes 1, 3, and 5) or purified CPSF and CstF (lanes 2, 4, and 6). (C) Stability of CPSF
interacting with the pre-wt (lanes 1 to 5) and pre-Sp (lanes 6 to 10) RNAs. The CPSF-RNA complexes were separated from the free RNA following the addition of
an excess of unlabeled pre-wt RNA. (D) Electrophoresis mobility shift assay using purified CPSF and pre-USEmt (lane 1), pre-Sp (lane 2), pre-mt (lane 3), and pre-wt
(lane 4) RNAs. (E) Effects of DNA oligonucleotide competitors (Oligo) on the binding of CPSF to the pre-wt RNA.
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Finally, as expected, processing of the Sp RNA (Fig. 5D, lanes
4 and 5) is still very inefficient, with only 3% of the input RNA
cleaved in the assay shown.

Using monoclonal antibody 4F4, we have managed to par-
tially deplete nuclear extract of hnRNP C (Fig. 6A). Although
not a complete depletion, we note that this decrease in con-
centration is sufficient to significantly reduce the amount of
hnRNP C cross-linking to the lamin B2 poly(A) signal in the
depleted (DC) extract (Fig. 6B, lane 3). Furthermore, we ob-
serve no difference between the depleted and mock-depleted

extracts when cleavage of either the lamin B2 wt RNA or an
adenovirus L3 poly(A) signal RNA is assayed (Fig. 6C). (Note
that the depletion protocol has resulted in a slight decrease in
the efficiency of lamin B2 cleavage in both the mock and DC
extracts compared with that in Fig. 2A.) Additionally, oligonu-
cleotide competitors 1 and 4 (which both significantly reduced
the cross-linking only of hnRNP C and not of the 55-kDa
protein [Fig. 5B]) activate cleavage of the wt lamin B2 RNA to
a lesser degree than oligonucleotide 2 (data not shown). Taken
together, these results suggest that inhibition of lamin B2 pro-

FIG. 5. A negative factor binds to the lamin B2 poly(A) signal and inhibits cleavage in nuclear extract. (A) Sequence of the USE showing the locations of the five
DNA oligonucleotides used as competitors in the cross-linking and cleavage reactions. (B) Cross-linking of wt RNA in nuclear extract in the presence of increasing
amounts (0, 1, 10, 50, and 100 pmol) of the different DNA oligonucleotides. (C) Effects of the oligonucleotide competitors on cleavage of wt RNA. Time courses of
cleavage in the absence (lanes 2 to 5) or presence (lanes 6 to 9) of 100 pmol of oligonucleotide 2 are shown, as is cleavage at 60 min in the presence of oligonucleotide
5 (lane 10). (D) Cleavage of the wt (lanes 2 and 3), Sp (lanes 4 and 5), USEmt (lanes 6 and 7), and ISEmt (lanes 8 and 9) RNAs in nuclear extract, all in the presence
of 100 pmol of oligonucleotide 2.
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cessing is not caused by the binding of hnRNP C. This is
consistent with previous studies that failed to find a role for
hnRNP C in 39-end formation (13). Although we cannot rule
out the possibility that inhibition is due to a protein not de-
tected by cross-linking, it seems most likely that the inhibitory
effect is due to the binding of the 55-kDa protein.

A role for the cell cycle in lamin B2 3*-end formation? It has
previously been reported that the lamin B2 gene is expressed
only in S phase (4). Transcription of the lamin B2 gene as
assessed by nuclear run-on analysis is approximately 2.5-fold
higher (relative to the 5S rRNA control probe) for cells in S
phase than for an asynchronous population (Fig. 7A). We were
interested, therefore, to determine if the inhibitory effect of the
55-kDa protein could play a role in the regulation of the
expression of the lamin B2 gene. To this end, we prepared
whole-cell extracts from adherent HeLa cells in different stages
of the cell cycle and used cross-linking to examine the amount
of 55-kDa protein present. Cells in M, G1, S, and G2 were
obtained by sequential treatment with thymidine, nocodazole,
and aphidicolin, as described in Materials and Methods. Al-
though complex, this protocol was used to minimize any dif-
ferences that may be caused by the exposure to the different
inhibitors, rather than as a result of progression through the
cell cycle.

As with the nuclear extracts, three main cross-linking signals
are seen with the wt RNA in the unsynchronized extract (Fig.
7B, lane 1): the 64-kDa subunit of CstF, the 55-kDa protein,
and hnRNP C (although the intensities of these cross-linking
signals are much more equal than those seen previously in
nuclear extract). Extracts from M phase give an altered cross-
linking profile, with increased levels of hnRNP C and the
appearance of additional bands representing the M-phase-spe-
cific phosphorylated forms of hnRNP C (the so-called CS pro-
teins [41]). G1 extracts also appear to contain further increased
levels of hnRNP C and reduced levels of the 55-kDa protein.
Interestingly, in S phase, cross-linking of the 55-kDa protein is
greatly increased, while that of hnRNP C is greatly reduced. By
G2, the level of 55-kDa protein cross-linking has decreased,

and the relative signals for both CstF and hnRNP C have
increased. Thus, it would appear that the amount and/or bind-
ing activity of the 55-kDa protein is at a maximum in S phase,
when the lamin B2 gene is being transcribed. We note that the
G2 extract also shows increased cross-linking of a protein of
approximately 32 kDa that is also faintly detectable in the
other whole-cell extracts. Cross-linking of this species is occa-
sionally seen in nuclear extract (data not shown) but varies to
the extent that it is not even consistently seen in different
batches of the same extract.

DISCUSSION

We have investigated the mechanism of activation of mRNA
39-end formation by the USE of the lamin B2 poly(A) signal.
We find that the USE enhances cleavage and is required for
the processivity of poly(A) polymerase. The results presented
in Fig. 4C show that the USE stabilizes the binding of CPSF,
which accounts for the observed effects on cleavage and
poly(A) addition. The reduced poly(A) tail lengths observed
when the USE is replaced is likely to result from dissociation of
a less-stable CPSF-poly(A) polymerase complex from the
pre-Sp RNA prior to completion of a full-length poly(A) tail.
The fact that we do not observe a quantitative effect of the
USE on the overall amount of polyadenylated RNA produced
(Fig. 2B) may reflect the different kinetics of the two uncou-
pled steps in vitro. Specifically, since poly(A) addition requires
significantly fewer factors than cleavage, it may be expected
that the lag between initiation of complex assembly and pro-
cessing will be longer for cleavage. Therefore, instability of
CPSF may have a greater effect on cleavage. The role of the
USE in stabilizing CPSF binding is also consistent with the
relatively high polyadenylation efficiency of the pre-mt RNA
(which lacks the AAUAAA) compared with the control D1
RNA [which lacks any recognizable poly(A) signal elements].

FIG. 6. hnRNP C does not inhibit the lamin B2 poly(A) signal. (A) Western
blot of 1-ml (lanes 1 and 3) and 0.2-ml (lanes 2 and 4) equivalents of mock- and
hnRNP C-depleted (DC) nuclear extracts (NE). (B) Cross-linking of the wt RNA
in untreated (UT; lane 1), mock-depleted (lane 2), or hnRNP C-depleted (DC;
lane 3) extracts. (C) Quantitation of cleavage of the wt lamin B2 RNA and an
adenovirus L3 poly(A) signal RNA in the mock-depleted and DC extracts. Error
bars indicate standard deviations for three assays.

FIG. 7. Cell cycle-dependent changes in the proteins cross-linking to the
lamin B2 poly(A) signal. (A) Nuclear run-on analysis of the lamin B2 gene using
asynchronous (top) and S-phase (bottom) cells. The probes used detect RNA
from histone H4 (his), 5S rRNA (5S), and the lamin B2 gene (B and ED). Probe
BG controls for background hybridization. (B) Cross-linking of the wt RNA in
whole-cell extracts prepared from asynchronous (A; lane 1) or synchronized
(lanes 2 to 5) cells.
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Thus, it would appear that the USE can at least partially
compensate for mutation of the hexanucleotide during poly(A)
addition, but not during cleavage. This may reflect a potentially
shorter lag period with the poly(A) addition complex, or per-
haps stricter conformational limits imposed by the larger cleav-
age complex. Given the observed polyadenylation, however, it
is somewhat surprising that we are unable to detect any stable
binding of CPSF to the pre-mt RNA in the electrophoretic
mobility shift assays.

Activation of processing by upstream sequences. Although
all of the USEs reported to date are U rich, they apparently
use different mechanisms to enhance 39-end formation. It is
striking, however, that a number of splicing factors have been
implicated in USE function. For example, the USE of the
SV40 late poly(A) signal has been shown to interact with U1
snRNP by base pairing (57) and through the binding of the
U1A protein (29). Additionally, we have previously shown that
PTB binds to the USE of the human complement C2 gene and
activates cleavage (37). Initially, we predicted that the 55-kDa
protein cross-linking to the lamin B2 poly(A) signal was PTB
and that the two human USEs would function in the same way.
However, the work reported here demonstrates that the com-
plement C2 and lamin B2 USEs employ different mechanisms,
presumably reflecting the different architectures of the two
poly(A) signals. Thus, while the lamin B2 poly(A) signal pos-
sesses both upstream and downstream sequence elements (7),
the complement C2 poly(A) signal lacks the conventional DSE
(36). The absence of a conventional CstF binding site in the C2
poly(A) signal appears to have resulted in evolution of the
USE as a novel CstF binding site, allowing efficient 39-end
formation. Although our initial cross-linking results hinted that
CstF might also bind to the lamin B2 USE (see Fig. 3), we have
demonstrated, using selectively labeled synthetic RNAs, that
CstF cross-links to the DSE of this poly(A) signal. Thus, the
cross-linking of CstF to the pre-wt RNA is an artifact, perhaps
resulting from the stabilization of CPSF by the USE allowing
aberrant binding of CstF to the U-rich sequences immediately
downstream of the AAUAAA.

The work reported here is consistent with studies on the
USEs of both the HIV-1 (23) and EIAV (24) poly(A) signals,
which also act by stabilizing the binding of CPSF. These ret-
roviral USEs are required to allow differential use of the
poly(A) signals in the duplicated 59 and 39 long terminal re-
peats (LTRs). As the USE lies upstream of the transcription
start site, it will be included in the poly(A) signal only in the 39
LTR, allowing for efficient utilization of this signal. Inefficient
use of the poly(A) signal of the 59 LTR results from proximity
to the promoter (11), absence of the USE (16), and inhibition
by the major splice donor site (1). Although no such regulation
appears to be in operation for the lamin B2 gene, we note that
transcription of this gene is very low. Indeed, the amount of
nascent RNA hybridizing to probe ED in Fig. 7A is signifi-
cantly smaller than that hybridizing to the control probes (hi-
stone H4 and 5S rRNA), despite the fact that ED is approxi-
mately threefold longer than these probes. Nascent RNA from
the lamin B2 gene will, therefore, represent only a tiny fraction
of the total nascent RNA in the nucleus. Given that the effi-
ciency of a poly(A) signal correlates with the resulting levels of
cytoplasmic mRNA (58), it is likely that the presence of the
USE in the lamin B2 poly(A) signal is essential to ensure
optimal expression of this gene.

The observation that the unrelated retroviral and lamin B2
USEs use a common mechanism suggests that CPSF recruit-
ment has evolved as a general strategy to enhance 39-end
formation, and it will be of interest to determine if this mech-
anism is also used by the other known USEs. In addition, it

remains to be determined exactly how the CPSF interacts with
the RNA upstream of its classical binding site. Consistent with
its binding to the U-rich USE, CPSF has previously been pu-
rified over a poly(U) column (38). Furthermore, the 30-kDa
subunit can be cross-linked to RNA (27) and shows a distinct
preference for poly(U) RNA in vitro (2), suggesting that it may
be the USE-binding subunit.

Cell cycle changes in RNA binding. The results in Fig. 7B
demonstrate that the activities of both hnRNP C and the 55-
kDa protein change during the cell cycle, although the mech-
anisms driving these changes are unknown. Cell cycle-depen-
dent phosphorylation of hnRNP C has been reported
previously (41), but this is apparently distinct from the phos-
phorylation that has been reported to affect RNA binding
activity (32). At the moment we do not know the significance of
the altered cross-linking profiles we observed, but it is striking
that hnRNP C cross-linking peaks in G1, while the binding of
the 55-kDa protein appears to be maximal in S phase. This
reciprocal behavior may be driven by competition between the
two proteins for the same sequences on the RNA and raises
the possibility that the binding of only one may be directly
affected, with a “knock-on” effect on the binding of the other.
The fact that we do observe efficient cross-linking of both
hnRNP C and the 55-kDa protein in both asynchronous whole-
cell and nuclear extracts, however, suggests that this is unlikely.

The 55-kDa protein and the inhibition of lamin B2 3*-end
formation. Inhibition of processing caused by the 55-kDa pro-
tein presumably results from masking of the poly(A) signal
when the RNA is bound by this factor. It should be emphasized
that the 55-kDa protein binds not only to the USE but also to
the U-rich internal sequences and so would be predicted to
interfere with the interaction of CPSF with both the USE and
the AAUAAA. At present we do not know the significance of
this inhibition. However, it has been reported that the mouse
lamin B2 homologue is alternatively polyadenylated (19). Al-
though the complete structure of the human lamin B2 gene has
yet to be described, a possible role of the 55-kDa protein could
be occluding one poly(A) signal, allowing efficient use of an
alternative signal. The apparent cell cycle regulation of the
binding activity of the 55-kDa protein provides a second link
between this USE and S phase: as discussed in the introduc-
tion, this poly(A) signal overlaps with a replication origin, and
it is tempting to speculate that the two may in some way be
connected. Work is under way to identify the 55-kDa protein
and to determine the significance of the cell cycle variation in
the binding activity of this factor.
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