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Individual steps in the processing of pre-mRNA, including 5�-end cap formation, splicing, and 3�-end
processing (cleavage and polyadenylation) are highly integrated and can influence one another. In addition,
prior splicing can influence downstream steps in gene expression, including export of mRNA from the nucleus.
However, the factors and mechanisms coordinating these steps in the maturation of pre-mRNA transcripts are
not well understood. In the present study we demonstrate that SRm160 (for serine/arginine repeat-related
nuclear matrix protein of 160 kDa), a coactivator of constitutive and exon enhancer-dependent splicing,
participates in 3�-end formation. Increased levels of SRm160 promoted the 3�-end cleavage of transcripts both
in vivo and in vitro. Remarkably, at high levels in vivo SRm160 activated the 3�-end cleavage and cytoplasmic
accumulation of unspliced pre-mRNAs, thereby uncoupling the requirement for splicing to promote the 3�-end
formation and nuclear release of these transcripts. Consistent with a role in 3�-end formation coupled to
splicing, SRm160 was found to associate specifically with the cleavage polyadenylation specificity factor and to
stimulate the 3�-end cleavage of splicing-active pre-mRNAs more efficiently than that of splicing-inactive
pre-mRNAs in vitro. The results provide evidence for a role for SRm160 in mRNA 3�-end formation and suggest
that the level of this splicing coactivator is important for the proper coordination of pre-mRNA processing
events.

The processing of pre-mRNA to mature mRNA involves the
adding of a 5� m7GpppG cap, splicing, and 3�-end processing
(cleavage and polyadenylation). Although each of these pro-
cessing steps can occur independently, increasing evidence in-
dicates they are, in fact, highly integrated and coordinated with
each other as well as with transcription by RNA polymerase II
(pol II) (reviewed in reference 18). Independent of transcrip-
tion, formation of a 5� cap binding complex facilitates the
recognition of the adjacent, downstream, 5� splice site, thereby
promoting the definition of cap-proximal exons (21, 26). The
cap binding complex can also activate the 3�-end formation of
transcripts lacking introns (13). Splicing of 3�-end-most introns
and 3�-end processing can stimulate each other, and interac-
tions between splicing and polyadenylation factors are impor-
tant for the definition of terminal exons in transcripts (1, 17,
27, 33–35, 43, 47).

Other studies have provided evidence that splicing and 3�-
end formation are also highly coordinated with the nuclear
retention and export of transcripts. Recognition of the AAU
AAA polyadenylation signal by 3�-end cleavage factors is re-
quired for transcription termination as well as for 3�-end for-
mation and therefore is necessary for the release of pol II
transcripts from the nucleus. In addition, intron-containing
transcripts are not normally exported because they are re-
tained in the nucleus by interactions with splicing factors (8, 10,
24, 42). Aside from releasing transcripts from nuclear reten-
tion, it has been reported recently that splicing can promote
the nuclear export of some transcripts, since the corresponding

transcripts derived from intronless constructs were exported
less efficiently (28, 39, 49).

Despite the numerous examples of coupling between differ-
ent steps in mRNA processing and export, the factors and
mechanisms involved are not well understood. Pre-mRNA
splicing involves the step-wise association with transcripts of
snRNPs, including U1, U2, U4/U6, and U5 snRNPs, and
non-snRNP splicing factors, which include SR (serine/arginine
repeat) family and SR-related proteins (reviewed in references
4, 7, 14, 15, 23, and 38). Together these factors form the
spliceosome, which executes splicing catalysis. Formation of
a poly(A) tail, which is specified by the highly conserved
AAUAAA polyadenylation signal and a downstream G- or
G/U-rich element, is catalyzed by multisubunit complexes in
two steps: cleavage and then polyadenylation (reviewed in ref-
erences 9 and 44). Several studies have provided evidence that
different splicing factors can interact with components of the
cleavage and polyadenylation machinery and either stimulate
or inhibit polyadenylation (16, 17, 27, 29, 43, 47).

In previous studies we and others identified SRm160 (the
SR-related nuclear matrix protein of 160 kDa), an SR-related
protein which functions as a coactivator of both constitutive
and exon enhancer-dependent splicing by forming cross-intron
interactions with multiple splicing factors bound directly to
pre-mRNA (3, 5, 12). It has been reported recently that
SRm160, together with several other factors, including the
acute myeloid leukemia-associated protein DEK, the splicing
activator RNPS1, the hnRNP-like shuttling protein Y14, and
the mRNA shuttling and export factor REF/Aly, bind to
mRNAs in a splicing-dependent manner (22, 25, 31, 49). This
finding has suggested that SRm160 might participate in one or
more steps in mRNA metabolism influenced by prior splicing,
including mRNA export.

In the present study we demonstrate that SRm160 can acti-
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vate the 3�-end cleavage of transcripts both in vitro and in vivo.
Consistent with a role in the coupling of splicing and 3�-end
formation, SRm160 was found to interact specifically with the
cleavage polyadenylation specificity factor (CPSF) and to be
more active in promoting the cleavage of splicing-active sub-
strates than of splicing-inactive substrates in vitro. Surprisingly,
a consequence of overexpression of SRm160 in vivo was the
uncoupling of the requirement for splicing to promote the
3�-end cleavage and transport of transcripts to the cytoplasm.
The results provide evidence for a role for SRm160 in 3�-end
processing and demonstrate that the level of this splicing co-
activator is critical for maintaining the coordination of pre-
mRNA processing events.

MATERIALS AND METHODS

Plasmids. Details of reporter and RNase protection-probe plasmids can be
found at http://www.utoronto.ca/intron/supp_info. The predicted sizes for the
various RNase protection products, generated by using the probes shown in Fig.
1A, 2A, and 4B, can also be found at the above website. The pol III-adenovirus-
associated (VA) reporter (pSPVA) and the corresponding RNase protection
probe plasmid have been described previously (48).

Transfections. Human 293 cells were grown in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum to a density of 2 � 106 cells per
150-mm-diameter plate prior to transient transfection using calcium phosphate
precipitation. Transfections were typically performed with 5 �g of reporter
plasmid, 5 to 10 �g of pcDNA3-Flag-SRm160, or the corresponding empty
vector. Each transfection contained 0.5 �g of the pol III-VA RNA reporter as an
internal control for transfection efficiency as well as for recovery of RNA in the
nuclear and cytoplasmic fractions. Following transfection the culture medium
was changed after 16 h and the cells were harvested after 40 h.

RNA preparation and analysis. Nuclear and cytoplasmic RNA fractions from
the transfected cells were prepared as previously described (19, 30). In each
experiment 10% (2 to 5 �g) of the total amount of RNA recovered from each
fraction was analyzed. Proportional amounts of RNA from the nuclear and
cytoplasmic fractions were analyzed. RNase protections were performed using
gel-purified probes, as described by Yankulov et al. (48), except that incubations
with RNase were performed for 1 h. RNase protection products were quantified
by using a Molecular Dynamics PhosphorImager and ImageQuant software.
Each RNA species was quantified, following background subtraction and nor-
malization for VA signal and U content of the protected probe fragment. In
order to compare the relative amounts of RNAs from different experiments, the
corrected signals were further normalized by being adjusted to the level of
spliced or cleaved nuclear RNA (value set to 100). For quantification of splicing
of the dsx pre-mRNA reporters exon 3 was measured, since it has a higher A
content and was easier to visualize than exon 4. Experimental values were
averaged from multiple experiments (n � 3 or 4), and standard deviations were
calculated by using Microsoft Excel.

Antibodies and immunoprecipitation. Immunoprecipitation of SRm160-con-
taining complexes was performed as described by Eldridge et al. (12). Immuno-
precipitation was performed by using a murine monoclonal antibody (MAb)
specific for SRm160 (MAb-B1C8) (6, 45) and a control rabbit anti-mouse anti-
body. Immunoprecipitation with antibodies to CPSF-73, poly(A) polymerase
(PAP), and the 77-kDa subunit of human cleavage stimulation factor (CstF-77)
was performed using 10 �g of affinity-purified antibody (kind gift of D. Bentley)
cross-linked to protein A-Sepharose. Prior to immunoprecipitation, nuclear ex-
tract was preincubated for 15 min at 30°C under splicing conditions, with or
without the addition of an RNase cocktail (7 ng/�l; Boehringer), and in the
presence of phosphatase inhibitors (potassium fluoride, sodium pyrophosphate,
and sodium �-glycerophosphate). RNA isolated (by phenol-chloroform extrac-
tion and precipitation) from aliquots of the nuclear extracts incubated with or
without RNase was separated on a 10% denaturing polyacrylamide gel and
detected by ethidium bromide staining.

In vitro transcription and in vitro cleavage reactions. Transcription of RNase
protection probes and substrates for in vitro splicing assays was performed
essentially as described previously (5). Details of the substrates used for analyz-
ing 3�-end cleavage in vitro can be found at http://www.utoronto.ca/intron/supp
_info. The MXSVL derivatives were transcribed by using SP6 RNA polymerase
from DraI-linearized pMXSVL-WT and pMXSVL-�5� templates, respectively
(35). The cleavage reactions were performed essentially as described previously

by Niwa et al. (35), except that the reaction mixtures were preincubated on ice
for 10 min with or without baculovirus-expressed SRm160 (bSRm160) and then
were preincubated for 2 min at 30°C. Substrates were then added and the
reaction mixtures were incubated for 1 h at 30°C. Each reaction mixture con-
tained 2.2 �l of nuclear extract and 1.5 mM MgCl2 (final concentration) and was
incubated with or without 5�-cordycepin triphosphate. Purified bSRm160 was
added to the reaction mixtures in the amounts described in the legend to Fig. 5.

RESULTS

In order to investigate whether SRm160 influences steps in
mRNA maturation besides splicing, human 293 cells were trans-

FIG. 1. Expression of high levels of SRm160 in vivo results in the
cytoplasmic accumulation of unspliced RNA. (A) Schematic represen-
tation of the RNase protection probe used to analyze splicing of
transcripts from a reporter consisting of h�-glo exons 1 and 2 with the
intervening intron. The predicted RNase protection products are
shown below the probe (for sizes refer to Materials and Methods and
supplementary information located at http://www.utoronto.ca/intron
/supp_info). (B) Human 293 cells were transiently transfected with the
h�-glo pre-mRNA reporter and a pol III reporter (pSPVA) as an
internal control (lanes 1 to 4) together with a control, empty expression
vector (pcDNA3-Flag) (lanes 1 and 2) or an expression vector for Flag
epitope-tagged SRm160 (pcDNA3-fSRm160) (lanes 3 and 4). Propor-
tional amounts of RNA isolated from the nuclear (N) and cytoplasmic
(C) fractions were analyzed by RNase protection using the probe
illustrated in panel A.
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FIG. 2. Increased expression of SRm160 promotes 3�-end cleavage in vivo. (A) Schematic representation of the RNase protection probes used
to analyze splicing and 3�-end cleavage in pre-mRNAs transcribed from reporters derived from exons 3 and 4 of the Drosophila doublesex gene
(dsx). The dsx reporters contained either no ESE (dsx�E) or a six-GAA repeat ESE [dsx(GAA)6]. The predicted RNase protection products are
shown below each probe (for sizes refer to Materials and Methods and supplementary information available at http://www.utoronto.ca/intron/supp
_info). (B and C) Human 293 cells were transiently transfected with the dsx�E (lanes 1 to 4) or dsx(GAA)6 reporter (lanes 5 to 8) together with
a control expression vector containing no insert (pcDNA3-Flag) (lanes 1 and 2 and 5 and 6) or an expression vector for Flag epitope-tagged
SRm160 (pcDNA3-fSRm160) (lanes 3 and 4 and 7 and 8); the pol III reporter (pSPVA) was cotransfected in each case as an internal control.
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fected with plasmids containing different pre-mRNA reporters,
with or without an expression plasmid encoding SRm160 fused
to an N-terminal FLAG epitope (pcDNA3-fSRm160). Each
pre-mRNA reporter contained an upstream promoter derived
from the adenovirus major-late region and a 3�-late poly(A)
signal from simian virus 40 (SV40). Included in all transfec-
tions was an RNA pol III-VA RNA reporter plasmid (pSPVA),
which serves as an internal control for monitoring the relative
transfection efficiency and recovery of RNA between samples.
RNA was isolated from both the nuclear and cytoplasmic frac-
tions of the transfected cells and was analyzed by RNase pro-
tection in order to determine whether increased levels of
SRm160 influence the nuclear-cytoplasmic distribution of tran-
scripts, as well their processing.

Elevated levels of SRm160 in vivo result in the cytoplasmic
accumulation of unspliced pre-mRNA transcripts. The effect
of increased expression of SRm160 was first tested on the
processing of a model substrate derived from exons 1 and 2 of
human �-globin (h�-glo) pre-mRNA (Fig. 1A). Immunoblot-
ting experiments indicated that, in a typical transfection exper-
iment, the level of fSRm160 was approximately 10- to 20-fold
higher than the level of endogenous SRm160 (data not shown).
RNA in the nuclear and cytoplasmic fractions was analyzed by
using the RNase protection probe illustrated in Fig. 1A, which
spans from 99 bases upstream of the start site of transcription
to the 3� end of exon 2. In the control transfection the h�-glo
transcripts were processed and exported efficiently, resulting in
the accumulation of spliced mRNA almost exclusively in the
cytoplasmic fraction (Fig. 1B, lanes 1 and 2). Surprisingly,
however, when fSRm160 was expressed a high level of un-
spliced transcripts accumulated in the cytoplasmic fraction in
addition to spliced mRNA (lanes 3 and 4). The size of the
protected product indicates that these unspliced transcripts are
correctly initiated. In several independent experiments the
level of the VA RNA did not change significantly following
fSRm160 expression (the increase observed between lanes 2
and 4 in Fig. 1B is less than twofold and most likely is due to
variation in transfection efficiency; refer also to data in Fig. 2).
Therefore, the effect of increased fSRm160 expression on pro-
moting the cytoplasmic accumulation of unspliced h�-glo tran-
scripts appears to be specific for pol II transcripts. Thus, in-
creased SRm160 expression appears to prevent or bypass
splicing in addition to uncoupling interactions that normally
would retain unspliced transcripts in the nucleus.

We next determined whether expression of fSRm160 influ-
ences the processing and nuclear-cytoplasmic distribution of
another model transcript, derived from exons 3 and 4 of the
doublesex gene of Drosophila (dsx pre-mRNA) (Fig. 2). The
dsx pre-mRNA contains a suboptimal 3�-splice site–polypyri-
midine tract and requires an exonic splicing enhancer (ESE)

in exon 4 for efficient splicing. Previously it was shown that
SRm160 is required for a mammalian ESE, consisting of
6xGAA repeats, to promote the splicing of this substrate in
vitro (12). In order to investigate whether SRm160 influences
the processing and/or nucleocytoplasmic distribution of this
substrate in vivo, we next compared the effect of its increased
expression on dsx reporters containing or lacking a 6xGAA
repeat ESE in exon 4, designated dsx(GAA)6 and dsx�E, re-
spectively (Fig. 2A).

RNA isolated from the nuclear and cytoplasmic fractions of
cells transfected with the dsx�E and dsx(GAA)6 reporters,
with or without pcDNA3-fSRm160, was analyzed by RNase
protection using the probes illustrated in Fig. 2A. The dsx
splicing probe spans from �99 bases upstream of the start site
of transcription to the 3� end of exon 4, allowing the detection
of unspliced and spliced transcripts as well as readaround tran-
scripts, which can arise by inefficient termination of transcrip-
tion or incorrect initiation at cryptic promoters. In the absence
of fSRm160 expression, insertion of the 6xGAA ESE in exon 4
resulted in an increase in the efficiency of splicing, similar to its
activity observed in vitro (for an example, see reference 12)
(Fig. 2B, compare lanes 1 and 2 with lanes 5 and 6). Consistent
with numerous previous reports demonstrating the nuclear
retention of unprocessed transcripts, the unspliced pre-mRNA
and readaround transcripts from both reporter plasmids were
detected primarily in the nuclear fractions (compare lanes 1
and 5 with lanes 2 and 6), whereas the majority of spliced
transcripts from each reporter were detected in the cytoplas-
mic fractions (compare lanes 2, 4, 6, and 8 with lanes 1, 3, 5,
and 7).

Similar to the results obtained with the h�-glo reporter tran-
scripts shown in Fig. 1, fSRm160 expression resulted in a pro-
nounced increase in the level of unspliced pre-mRNA in the
cytoplasmic fraction for both the dsx�E and dsx(GAA)6 tran-
scripts (compare lanes 2 and 4 and lanes 6 and 8). The ratio of
cytoplasmic to nuclear unspliced dsx�E and dsx(GAA)6 pre-
mRNA transcripts increased eightfold and sevenfold, respec-
tively (average values from four independent experiments),
indicating that the effect is not dependent on the presence of
the ESE (see Fig. 2D; data not shown). As observed for the
h�-glo reporter transcripts, the increase in cytoplasmic un-
spliced pre-mRNA did not coincide with a significant decrease
in the level of pre-mRNA in the nuclear fractions, again indi-
cating that fSRm160 expression results predominantly in the
cytoplasmic accumulation of a population of unspliced tran-
scripts. Also similar to the results with the h�-glo transcripts,
increased expression of fSRm160 did not significantly affect the
levels of the spliced dsx�E or dsx(GAA)6 transcripts in the
nuclear or cytoplasmic fractions (Fig. 2B, compare lanes 3 and
4 with 1 and 2 and lanes 7 and 8 with 5 and 6). In both cases

Proportional amounts of RNA isolated from the nuclear (N) and cytoplasmic (C) fractions of the transfected cells were analyzed by RNase
protection using either the splicing protection probe (B) or the 3�-end protection probe (C). The identity of each RNA species is indicated. Note
that exon 4 of the dsx�E pre-mRNA, migrating near the bottom of the gel in panel B, is less strongly detected by the [32P]UTP-labeled RNase
protection probe due to the low A content of this exon. It was, however, readily detected following a longer exposure of the gel (data not shown).
(D) Quantification of the effect of SRm160 expression on the yields of different RNA species transcribed from the dsx�E reporter. RNA isolated
from transfected cells was analyzed by RNase protection as described above, and the amounts of unspliced, spliced, uncleaved, and cleaved RNAs
from three independent experiments were quantified. The values were normalized for both VA signal and U content. For the purpose of averaging
different experiment values, the nuclear spliced RNA and the nuclear cleaved RNA were normalized to a value of 100.
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it is possible that a population of pre-mRNA transcribed from
these reporters is processed and exported prior to fSRm160
reaching levels which result in the cytoplasmic accumulation of
unspliced transcripts (see Discussion). Thus, the results dem-

onstrate that elevated levels of SRm160 can promote the cy-
toplasmic accumulation of distinct pre-mRNA transcripts.

SRm160 promotes the 3�-end cleavage of transcripts in vivo.
A prerequisite for the nuclear export of unspliced pre-mRNA

FIG. 3. Mutation of the polyadenylation signal, but not deletion of the 5� splice site, prevents cleavage and cytoplasmic accumulation of
unspliced RNA by SRm160. (A) 293 cells were transiently transfected with the dsx�E reporter containing either a wild-type (dsx�E-WT) (lanes
1 and 2) or mutant (dsx�E-MT) (lanes 3 to 6) polyadenylation signal (see the text). The cells were cotransfected with a control, empty expression
vector (pcDNA3-Flag) (lanes 3 and 4) or an expression vector for Flag epitope-tagged SRm160 (pcDNA3-fSRm160) (lanes 1 and 2 and 5 and 6)
and with pSPVA as an internal control. Proportional amounts of RNA isolated from the nuclear (N) and cytoplasmic (C) fractions were analyzed
by RNase protection using the splicing and cleavage probes shown in Fig. 2A. (B) Quantification of the effect of SRm160 expression on the nuclear
and cytoplasmic levels of RNAs transcribed from a splicing-inactive dsx reporter, which lacks a functional 5� splice site (dsx�5�ss), and the dsx�E
reporter. RNA isolated from transfected cells was analyzed by RNase protection as described in the legend to Fig. 2A, and the amounts of the
unspliced, spliced, uncleaved, and cleaved RNAs were quantified as described in the legend to Fig. 2 (refer to supplementary information at the
web site cited above for details of the dsx�5�ss reporter and protection probe).
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is that it is released from nuclear retention factors, which can
include transcribing RNA pol II as well as factors involved in
the formation of splicing complexes (8, 10, 24, 42). Release of
transcripts from pol II involves recognition of the AAUAAA
poly(A) site by 3�-end cleavage factors, which is important for
efficient transcription termination as well as 3�-end cleavage (2,
37). One possibility is that increased SRm160 expression allows
the release of unspliced transcripts from the nucleus by facil-
itating 3�-end formation without the requirement for concom-
itant splicing. To investigate this we asked whether fSRm160
expression influences the 3�-end cleavage of the dsx transcripts.
Accordingly, the same samples shown in Fig. 2B were analyzed
with RNase protection probes designed to monitor 3�-end
cleavage (Fig. 2C; refer to Fig. 2A).

Consistent with an important role for splicing in the promo-
tion of 3�-end processing, in the absence of fSRm160 expres-
sion a significant increase in the ratio of cleaved to uncleaved
transcripts was detected as a result of insertion of the 6xGAA
ESE in exon 4 (Fig. 2C, compare lanes 1 and 2 with lanes 5 and
6). This increase was 9-fold in the nuclear fraction and 14-fold
in the cytoplasmic fraction (data not shown). Moreover, in
agreement with an important role for 3�-end processing in
facilitating the release of transcripts from the nucleus, essen-
tially all of the transcripts detected in the cytoplasmic fractions
were 3�-end cleaved, whereas the uncleaved transcripts were
almost entirely detected in the nuclear fractions (Fig. 2C, com-
pare lanes 1 and 2 and lanes 5 and 6). Significantly, expression
of fSRm160 resulted in a further increase [fourfold for dsx�E
and twofold for dsx(GAA)6, as determined from averaging
values from three independent experiments] in the level of
cleaved transcripts in the cytoplasmic fractions, concurring
with the increased levels of cytoplasmic unspliced transcripts in
these fractions (compare lanes 4 and 8 with 2 and 6 in Fig. 2B
and C; see also Fig. 2D) (data not shown). The consistently
higher level of cleavage-stimulatory activity of fSRm160 ob-
served for the dsx�E transcripts compared to that of the dsx
(GAA)6 transcripts suggests that the level of cleavage pro-
moted by the 6xGAA repeat ESE may already be near satu-
ration. In agreement with the results obtained with the dsx pre-
mRNA reporters and with the results in Fig. 1B, elevated levels
of SRm160 also resulted in the presence of cleaved, unspliced,
h�-glo pre-mRNA transcripts in the cytoplasmic fractions
(data not shown). Thus, elevated levels of SRm160 in vivo
appear to facilitate the nuclear release of different unspliced
transcripts by stimulating 3�-end cleavage.

Promotion of transcript release from the nucleus by
SRm160 requires a wild-type polyadenylation signal. In order
to confirm whether SRm160 acts to promote the nuclear re-
lease of unspliced transcripts by activating 3�-end formation,
we compared its activity on dsx�E transcripts containing ei-
ther a wild-type (AAUAAA, dsx�E-WT) or a mutant, inactive
(AAGAAA, dsx�E-MT), SV40 late poly(A) signal (Fig. 3A).
In agreement with previous experiments indicating that the
AAUAAA signal is required for 3�-end cleavage and for RNA
pol II to terminate (2, 37), mutation of the poly(A) signal
resulted in the accumulation to high levels in the nuclear frac-
tion of uncleaved, readaround transcripts (Fig. 3A, lanes 3 and
5). Although these readaround transcripts probably arise as a
consequence of the loss of efficient termination of transcrip-
tion, we cannot exclude the alternative possibility that they also

arise through incorrect initiation of transcription. However, in
either case the results demonstrate that fSRm160 expression
did not result in the 3�-end cleavage or cytoplasmic accumu-
lation of the dsx�E-MT transcripts. It is noteworthy that co-
expression of fSRm160 did not result in a significant change in
the level of readaround transcripts in the nuclear fraction; the
slight decrease observed in Fig. 3A is probably due to experi-
mental variation, since it was not observed in repeat experi-
ments (lanes 3 and 5) (data not shown). This indicates that the
cytoplasmic accumulation of unspliced transcripts following
fSRm160 expression is not a consequence of increased levels of
transcription from the reporter plasmids. Results similar to
those described above were observed between wild-type and
mutant poly(A) signal derivatives of the dsx(GAA)6 and h�-
glo reporter transcripts (data not shown). These data confirm
that activation of 3�-end cleavage by fSRm160 requires the
presence of the AAUAAA poly(A) signal and also demon-
strate that increased levels of SRm160 do not promote the
nuclear release of transcripts without 3�-end cleavage.

SRm160 can promote the 3�-end cleavage and nuclear re-
lease of transcripts independently of splicing. The results so
far indicate that elevated levels of SRm160 in vivo can promote
the 3�-end cleavage and cytoplasmic accumulation of tran-
scripts without the requirement for concomitant splicing. To
confirm whether this is the case, we next compared the ability
of SRm160 to promote these activities on a splicing-inactive
derivative of the dsx�E reporter, which contains a deletion in
the 5� splice site (dsx�5�ss) (Fig. 3B). RNase protection anal-
ysis with a probe spanning the intron and exon sequences of
this transcript confirmed that it was not spliced (data not
shown). Similar to the results observed for the unspliced dsx�E
transcripts, RNase protection analysis using the dsx�E 3�-end
cleavage probe (refer to Fig. 2A) revealed that elevated levels
of SRm160 resulted in a pronounced increase in the level of
cleavage and cytoplasmic accumulation of the dsx�5�ss tran-
script (Fig. 3B and data not shown). This confirms that the
presence of a functional intron and splicing is not required in
order for SRm160 to promote 3�-end cleavage and nuclear
release of transcripts. As will be expanded on below, although
excess levels of SRm160 can result in the activation of 3�-end
cleavage independently of splicing it may normally only pro-
mote 3�-end cleavage when coupled to splicing.

Specificity of the cleavage-stimulatory and export activities
of SRm160. In order to investigate the specificity of SRm160 in
promoting 3�-end cleavage and cytoplasmic accumulation of
transcripts in vivo, its activity was initially compared alongside
the SRm160-interacting factor DEK, which (like SRm160) as-
sociates with splicing complexes and forms a component of a
splicing-dependent exon junction complex (see the introduc-
tion). Transient transfection and RNase protection assays
were performed as described above using the dsx(GAA)6 pre-
mRNA reporter together with an expression plasmid encoding
DEK (Fig. 4A). Although DEK was efficiently expressed, un-
like SRm160 it did not result in a significant level of stimula-
tion of 3�-end cleavage or accumulation of pre-mRNA in the
cytoplasm (Fig. 4A, compare lanes 3 and 4 with lanes 1 and 2
and lanes 5 and 6) (data not shown).

Several FLAG epitope-tagged deletion derivatives of SRm160
were also tested for their ability to stimulate cleavage and
cytoplasmic accumulation of transcripts. Although these de-

VOL. 22, 2002 COORDINATION OF PRE-mRNA PROCESSING 153



FIG. 4. Specificity of the cleavage-stimulatory and transcript export activities of SRm160. (A) Human 293 cells were transiently transfected with
the dsx(GAA)6 reporter together with a control expression vector containing no insert (pcDNA3-Flag) (lanes 1 and 2), an expression vector for
HA epitope-tagged DEK (pcDNA3-DEK) (lanes 3 and 4), or an expression vector for Flag epitope-tagged SRm160 (pcDNA3-fSRm160) (lanes
5 and 6); the pol III reporter (pSPVA) was cotransfected in each case as an internal control. Proportional amounts of RNA isolated from the
nuclear (N) and cytoplasmic (C) fractions of the transfected cells were analyzed by RNase protection using either a splicing protection probe or
the 3�-end protection probe (refer to the legend to Fig. 2). The identity of each RNA species is indicated. (B) Schematic representation of the short
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letion proteins were expressed as efficiently as wild-type
fSRm160, the majority did not promote 3�-end cleavage or
cytoplasmic–pre-mRNA accumulation of dsx reporter tran-
scripts (data not shown). However, interpretation of the results
was complicated, since many of the inactive deletion deriva-
tives did not localize in the same manner as wild-type SRm160,
raising the possibility that their lack of function could be a
consequence of mislocalization. However, one of the deletions
(fSRm160�N1), which lacks residues 1 to 155 corresponding to
the highly conserved N-terminal domain of SRm160, localized
in the same nuclear speckled pattern as wild-type SRm160 yet
was not active in promoting the 3�-end cleavage and cytoplas-
mic accumulation of transcripts. This is demonstrated in the
RNase protection analysis of dsx�E pre-mRNA splicing and
cleavage shown in Fig. 4C (compare lanes 3 and 4 with lanes 1
and 2 and lanes 5 and 6), in which cleavage was analyzed with
the same probe as that described for Fig. 2A and splicing was
analyzed by using the probe illustrated in Fig. 4B. This latter
probe spans from the start of exon 3 to the middle of the dsx
intron. It is noteworthy that, while inactive, SRm160�N1 re-
tains the arginine/serine (RS) domain and other repeat motifs
that are probably important for its correct localization and
interactions with other pre-mRNA processing factors. This
result indicates that intact SRm160 is important for stimula-
tion of 3�-end cleavage and cytoplasmic accumulation of pre-
mRNA and that both of these activities depend on the pres-
ence of the conserved N-terminal domain of the protein.

SRm160 interacts with the CPSF. The activity of SRm160 in
promoting 3�-end processing in the experiments described
above could result from one or more indirect effects arising
from its increased expression levels or the more interesting
possibility that it participates more directly in promoting 3�-
end cleavage. In order to distinguish between these possibili-
ties we next asked whether SRm160 associates with one or
more components of the 3�-end cleavage machinery.

Immunoprecipitates were collected from HeLa nuclear ex-
tract by using a MAb specific for SRm160 (MAb-B1C8) (6, 45).
MAb-B1C8 has previously been shown to immunoprecipitate
SRm160 in complexes containing SR family proteins, the SR-
related proteins hTra2-beta and Hel117, and the oncoprotein
DEK (12, 31) (our unpublished observations). The MAb-B1C8
immunoprecipitates were immunoblotted with available anti-
sera specific for 3�-end processing factors, including CstF-77
(cleavage stimulation factor 77-kDa subunit), CPSF-160 (cleav-
age polyadenylation specificity factor 160-kDa subunit), and
PAP [poly(A) polymerase]. Although all three of these anti-
bodies detected proteins of the expected sizes in HeLa nu-
clear extract, only CPSF-160 was significantly enriched in the
MAb-B1C8 immunoprecipitates (Fig. 5A, lane 4, and data not
shown). Approximately 2% of CPSF-160 in the nuclear extract

was immunoprecipitated with MAb-B1C8, indicating that only
a low level of this cleavage factor interacts with SRm160 or else
that this interaction is unstable during immunoprecipitation.
Nevertheless, the interaction was specific, since CPSF-160 was
not substantially coimmunoprecipitated with excess amounts
of nonspecific control antibodies (lanes 3 and 5 and data not
shown). Moreover, CPSF-160 was still coimmunoprecipitated
by MAb-B1C8 after extensive pretreatment of the nuclear ex-
tract with RNase (Fig. 5B, compare lanes 1 and 2), indicating
that it probably associates with SRm160 through protein-pro-
tein interactions (Fig. 5A, compare lanes 4 and 6).

In order to confirm whether SRm160 and CPSF associate
specifically, a reciprocal immunoprecipitation experiment was
performed in which immunoprecipitates were collected from
RNase-pretreated HeLa nuclear extract using antisera specific
for the 73-kDa subunit of CPSF (CPSF-73), PAP, and CstF-77
and then were immunoblotted with MAb-B1C8 (Fig. 5C). All
of these antibodies immunoprecipitate their target proteins
efficiently, whereas the anti-CPSF-160 antibody used above
does not and therefore was not included in the analysis (data
not shown). The anti-CPSF-73 antibody resulted in a signifi-
cant level of enrichment of SRm160 (lane 4), whereas little or
no coimmunoprecipitation was observed above the back-
ground level with a control antibody, the anti-PAP antibody, or
the anti-CstF-77 antibody (compare lane 3 with lanes 5 and 6,
respectively). Approximately 2 to 3% of SRm160 was coimmu-
noprecipitated with anti-CPSF-73, again indicating that a rel-
atively low level of SRm160 and CPSF associate specifically in
HeLa nuclear extract.

SRm160 stimulates 3�-end cleavage in vitro. The activity of
SRm160 in promoting 3�-end processing was next investigated
by determining whether it can activate 3�-end cleavage of dif-
ferent RNA substrates with functional polyadenylation sites in
vitro (Fig. 6). To first determine whether SRm160 can promote
cleavage independent of splicing, highly purified baculovirus-
expressed SRm160 (bSRm160) (Fig. 6A) (see reference 3)
was added to 3�-end cleavage reaction mixtures containing a
substrate derived from the 3�-half of exon 4 of the dsx�E pre-
mRNA, fused to either a wild-type [AAUAAA, dsx�-p(A)-
WT] or mutant [AAGAAA, dsx�-p(A)-MT] late poly(A) sig-
nal from SV40 (Fig. 6B). Significantly, increasing amounts of
bSRm160 stimulated, up to approximately threefold, cleavage
of the dsx�-p(A)-WT but not the dsx�-p(A)-MT substrate
(Fig. 6B, compare lanes 1 to 3 with lanes 4 to 6; note that
although these substrates differ only by the U3G substitution
in the AAUAAA sequence, they migrate differently due to a
structural difference conferred by this substitution). The re-
sults demonstrate that SRm160, similar to its activity in vivo,
can promote 3�-end cleavage in vitro. Moreover, its cleavage-

splicing RNase protection probe used to analyze splicing of transcripts from the dsx�E reporter. The predicted RNase protection products are
shown below each probe (for sizes refer to Materials and Methods and supplementary information available at http://www.utoronto.ca/intron/supp
_info). (C) Human 293 cells were transiently transfected with the dsx�E reporter together with a control expression vector containing no insert
(pcDNA3-Flag) (lanes 1 and 2), an expression vector for Flag epitope-tagged SRm160 (pcDNA3-fSRm160) (lanes 3 and 4), or an expression vector
for Flag epitope-tagged SRm160 deleted from amino acids 1 to 155 (pcDNA3-fSRm160�N1) (lanes 5 and 6); the pol III reporter (pSPVA) was
cotransfected in each case as an internal control. Proportional amounts of RNA isolated from the nuclear (N) and cytoplasmic (C) fractions of
the transfected cells were analyzed by RNase protection using either the short splicing protection probe or the 3�-end protection probe. The
identity of each RNA species is indicated.
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stimulatory activity does not depend on the presence of active
splice sites.

Specificity of the cleavage-stimulatory activity of SRm160 in
vitro. In order to investigate the specificity of the 3�-end cleav-
age-stimulatory function of SRm160 in vitro, we compared its
activity with two different baculovirus-expressed SR proteins,
SRp30c and SRp40 (Fig. 6C). Both of these proteins were
purified to near homogeneity and were active in splicing re-
constitution assays performed in HeLa S100 reactions (data
not shown). Titration of equal amounts of these proteins as
SRm160 in 3�-cleavage reaction mixtures containing the dsx�-
p(A)-WT substrate did not significantly influence the ratio of
cleaved to uncleaved substrate, whereas an approximately
fourfold increase was consistently observed for SRm160 (Fig.
6C and data not shown). These differences in cleavage-stimu-
latory activity are not a consequence of differences in the
lengths of the RS domains of these proteins, since SRp40
contains a higher number of consecutive SR/RS repeats than
SRm160 whereas SRp30c contains fewer repeats. Moreover,
we have observed that multiple domains of SRm160 other than
the RS-rich regions of the protein are important for promoting
3�-end cleavage in vivo (see Fig. 4C) (our unpublished obser-
vations). Thus, the results indicate that the activity of SRm160

in stimulating 3�-end processing in vitro is not a general feature
of RS domain proteins and, moreover, does not reflect the
length of the RS domains of these splicing factors.

SRm160 augments the splicing-dependent enhancement of
3�-end cleavage in vitro. The experiments presented so far
demonstrate a cleavage-stimulatory activity of SRm160 that
can function independently of splicing. However, at endoge-
nous levels SRm160 normally associates stably only with tran-
scripts in the context of functional splicing complexes (5, 12)
and may, therefore, provide an important role in 3�-end for-
mation coupled to splicing. To investigate whether the 3�-end
cleavage-stimulatory property of SRm160 is augmented by the
formation of functional splicing complexes, we next compared
its influence on the 3�-end cleavage of splicing-active and -in-
active derivatives of an adenovirus-derived pre-mRNA sub-
strate (MXSVL) (35), each containing the late poly(A) signal
from SV40 (Fig. 6D and E). Importantly, bSRm160 was added
to splicing and cleavage reaction mixtures containing these
substrates at levels that were stimulatory to splicing, thus al-
lowing its activity in 3�-end cleavage to be assessed in the
context of productive splicing complex formation.

Splicing and cleavage reaction mixtures containing wild-type
MXSVL (Fig. 6D) or a splicing-inactive derivative lacking a 5�

FIG. 5. SRm160 associates with the 3�-end cleavage machinery. (A) Immunoprecipitates (IP) were collected from HeLa nuclear extract (NE)
by using the SRm160-specific MAb (MAb-B1C8) (lanes 4 and 6) and excess levels of a control antibody (rabbit anti-mouse immunoglobulin; Ctrl
Ab) (lanes 3 and 5). The immunoprecipitates were separated on a 7.5% sodium dodecyl sulfate–polyacrylamide gel and immunoblotted with an
affinity-purified antibody specific for the 160-kDa subunit of the human CPSF (CPSF-160). Total nuclear extract, separated in lanes 1 and 2,
represents 7% of the amount of extract used in each immunoprecipitation. Nuclear extract was preincubated in the presence (lanes 2, 5, and 6)
or absence (lanes 1, 3, and 4) of RNase prior to immunoprecipitation. (B) Analysis of the RNA content of the nuclear extract used for
immunoprecipitation shown in panel A. RNA isolated from nuclear extract pretreated with (lane 2) or without (lane 1) RNase was analyzed on
a 10% denaturing acrylamide gel stained with ethidium bromide. (C) Immunoprecipitates were collected from RNase-pretreated HeLa nuclear
extract by using rabbit polyclonal antibodies to the 73-kDa subunit of human CPSF (CPSF-73) (lane 4), PAP (lane 5), CstF-77 (lane 6), and a
control antibody (rabbit anti-glutathione S-transferase) (lane 3). The immunoprecipitates were separated on a 7.5% sodium dodecyl sulfate–
polyacrylamide gel and immunoblotted with MAb-B1C8. Total nuclear extract, separated in lane 1, represents 	0.5% of the amount of extract used
in each immunoprecipitation.
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FIG. 6. Highly purified, recombinant SRm160 preferentially stimulates cleavage of spliced substrates in vitro. (A) Analysis of recombinant,
baculovirus-expressed SRm160 (bSRm160) by sodium dodecyl sulfate gel electrophoresis and Coomassie blue staining (see Materials and Methods
for purification details). bSRm160 (4.5 �g) was loaded on the gel shown. (B) bSRm160 stimulates the 3�-end cleavage of a dsx substrate lacking
functional splice sites in vitro. Reactions were performed with substrates derived from the 3� half of dsx exon 4 (no ESE present) containing either
a wild-type SV40 late poly(A) site [dsx�-p(A)-WT] (lanes 1 to 3) or a mutant poly(A) site [dsx�-p(A)-MT] (lanes 4 to 6) in the presence (lanes
2 and 3 and 5 and 6) or absence (lanes 1 and 4) of bSRm160. bSRm160 (165 ng) was added to the reaction shown in lanes 2 and 5, and 330 ng
of bSRm160 was added to the reaction shown in lanes 3 and 6. The reactions were performed with added 5�-cordycepin triphosphate, as described
in Materials and Methods. Duplicate reactions performed in the absence of 5�-cordycepin triphosphate confirmed the identity of the 3�-end cleaved
bands (data not shown). Asterisks indicate a nonspecific degradation product not related to cleavage. (C) Specificity of the 3�-end stimulatory
activity of SRm160. Approximately equal amounts (176 ng) of bSRm160, bSRp30c, and bSRp40, as assessed by Bradford assay, were added to
3�-end cleavage reaction mixtures incubated with the dsx�-p(A)-WT substrate. The reaction products were analyzed by electrophoresis on a
denaturing gel and quantified by using a Molecular Dynamics PhosphorImager and ImageQuant software. (D and E) In vitro splicing and cleavage
reactions containing a wild-type (WT) (D) or a 5�-splice site-deleted (�5�) (E) adenovirus pre-mRNA substrate, with an SV40 late polyadenylation
signal (MSXVL) (35), were performed in the presence (lanes 2 and 3 and 5 and 6) or absence (lanes 1 and 4) of bSRm160. bSRm160 (110 ng)
was added to the reaction shown in lanes 2 and 5, and 220 ng of bSRm160 was added to the reaction shown in lanes 3 and 6. The reactions were
performed with (lanes 1 to 3) or without (lanes 4 to 6) added 5�-cordycepin triphosphate in order to distinguish the 3�-end cleaved products (see
the text).
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splice site MXSVL (�5�) (Fig. 6E) were incubated with or
without the ATP analog 5�-cordycepin triphosphate in order to
distinguish the 3�-end cleaved products. In the presence of
5�-cordycepin triphosphate, polyadenylation is prevented, re-
sulting in the accumulation of 3�-end cleaved products. In the
absence of 5�-cordycepin triphosphate, the 3�-end cleaved
products are polyadenylated and migrate as a smear in the
upper region of the gel (Fig. 6D and E, compare lanes 1 to 3
with lanes 4 to 6). The different products detected in the
reactions with the MXSVL substrates correspond to those
previously characterized in detail (34, 35) and were assigned
accordingly.

Quantification of the reaction intermediates and products
revealed that, at the highest level of bSRm160 addition (220
ng) to reaction mixtures containing the WT-MXSVL substrate,
only minor (less than twofold) changes in the level of unspliced
and cleaved pre-mRNA and spliced and uncleaved transcripts
were observed. However, there was a sevenfold increase in the
level of spliced and cleaved mRNA (Fig. 6D, compare lanes 1
to 3) (data not shown). In contrast, addition of 220 ng of
bSRm160 to reaction mixtures containing the �5�-MXSVL
substrate resulted in an approximately threefold increase in the
level of cleavage of this pre-mRNA (Fig. 6E, compare lanes 1
to 3). Similarly, addition of 220 ng of bSRm160 to an MXSVL
substrate lacking a functional 3� splice site also resulted in an
approximately threefold increase in 3�-end cleavage (data not
shown). Thus, in agreement with the results obtained with the
dsx�-p(A) substrate (Fig. 6B), SRm160 can promote 3�-end
cleavage of the MXSVL substrate independently of splicing.
However, the presence of functional splice sites and splicing of
the MXSVL pre-mRNA appears to augment the activity of
bSRm160 in promoting 3�-end cleavage. These results, taken
together with the data shown in Fig. 5 indicating that SRm160
can associate with CPSF, provide evidence that SRm160 par-
ticipates in the coupling of splicing and 3�-end processing.

DISCUSSION

The results of the present study provide new information on
the coordination of splicing with 3�-end formation and the
nuclear-cytoplasmic transport of transcripts. SRm160, which
previously was shown to promote both constitutive and exon
enhancer-dependent splicing, was found to stimulate 3�-end
cleavage. At elevated levels in vivo, SRm160 increased the
levels of distinct pre-mRNAs, consistent with previous evi-
dence that its specific ratio to other splicing factors is critical
for optimal splicing. Under these conditions, SRm160 acti-
vated the 3�-end cleavage of the unspliced transcripts, thereby
circumventing the normal requirement for splicing to promote
the cleavage of these substrates. A consequence of the activa-
tion of pre-mRNA 3�-end cleavage by SRm160 was the accu-
mulation of the unspliced transcripts in the cytoplasm. Thus,
elevated levels of SRm160 appear to bypass the normal re-
quirement of splicing for the nuclear release of transcripts.
Consistent with a more direct role in activating the 3�-end
formation of transcripts, SRm160 was found to associate with
CPSF and to promote 3�-end cleavage in vitro. Importantly,
although SRm160 promoted 3�-end cleavage independently of
splicing, its cleavage-stimulatory activity was enhanced by the
concomitant splicing of a transcript in vitro. In summary, the

results demonstrate a role for SRm160 in 3�-end cleavage and
provide evidence that the level of this splicing coactivator is
important not only for optimal splicing but also for the coor-
dination of splicing with 3�-end formation and nuclear reten-
tion of incompletely processed transcripts.

Coupling of splicing and 3�-end formation. The mecha-
nism(s) by which the splicing and 3�-end processing machiner-
ies communicate with each other is not well understood. Sev-
eral reports have provided evidence for an important role for
U1 snRNP components in 3�-end formation. Antibodies to Sm
and U1 snRNP proteins were shown to inhibit polyadenylation
in vitro (32). Subsequently, it was shown that U1 snRNA cross-
links to polyadenylation efficiency elements upstream of the
poly(A) site and that the efficiency of this cross-linking corre-
lates with the efficiency of 3�-end formation (47). It was also
reported that the U1 snRNP-A protein can interact with CPSF
and promote increased polyadenylation in vitro (29). Other
studies indicated that the binding of U1 snRNP and the SR
family protein SRp20 to an intronic splicing enhancer se-
quence within the alternatively spliced, calcitonin/calcitonin
gene-related peptide pre-mRNA correlates with increased 3�-
end processing at an adjacent poly(A) site (27). In other con-
texts, both U1 snRNP-A and -70k proteins inhibit polyadenyl-
ation by interacting with poly(A) polymerase, whereas an
interaction between poly(A) polymerase and the U2AF-65kDa
subunit has been shown to increase splicing efficiency (16, 17,
43).

The association of SRm160 with pre-mRNA splicing sub-
strates in vitro is normally strongly dependent on U1 snRNP
and is further promoted by SR family proteins and U2 snRNP.
It is possible that the activity of one or more U1 snRNP
components promoting 3�-end formation described above
could involve interactions mediated by SRm160. Although in
the present study CPSF-160 was found to associate with
SRm160, this interaction could be bridged by one or more
intermediary factors. For example, in previous studies it was
found that SRm160 interacts with several SR family and SR-
related proteins (unpublished observations and references 5
and 12). Moreover, a recent report indicates that CPSF inter-
acts indirectly with the cleavage factor (CF) Im (11), the 68-
kDa subunit of which, like SRm160, is an SR-related protein
(41). Since the alternating RS domains of SR family and SR-
related proteins interact and are important for the formation
of protein-protein interactions, it is possible that the RS do-
main of CF I-68 could interact with one or more SR family
and/or SR-related splicing factors, including SRm160.

A possible role for RS domain proteins (other than SRm160)
in modulating 3�-end cleavage is supported indirectly by pre-
vious observations. A 22-nucleotide element from the histone
H2a gene, which promotes both the 3�-end formation and
export of transcripts, binds to the SR family proteins 9G8 and
SRp20 (20). Although antibodies to these SR family proteins
inhibited mRNA export, it was not determined whether they
also interfered with cleavage. Elevated expression of the SR
family protein SC35 and the SR-related, helicase-like protein
HRH1(hPRP22), like that of SRm160, can result in the cyto-
plasmic accumulation of pre-mRNA, although the mecha-
nism(s) underlying these effects was not investigated (36, 46).
Our results suggest that these factors could facilitate the nu-
clear release of transcripts by stimulating cleavage, perhaps in
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association with SRm160, or through functionally related
yet distinct interactions. However, it is important to note
that the effects we have observed for SRm160 are not general
properties of RS domain proteins. Expression of elevated lev-
els of the SR family protein ASF/SF2 does not result in 3�-end
cleavage or cytoplasmic accumulation of transcripts (46; S.
McCracken and B. J. Blencowe, unpublished observations),
and elevated expression of U1-70K inhibits splicing but pre-
vents the export of transcripts (40). Moreover, in the present
study we have shown that, unlike SRm160, the SR family
proteins SRp30c and SRp40 do not significantly influence 3�-
end cleavage in vitro. Thus, SRm160 may be representative of
a specific subset of SR proteins that can influence 3�-end pro-
cessing and the nuclear-cytoplasmic distribution of transcripts.

SRm160 and the nuclear export of transcripts. In order for
RNA pol II transcripts to be efficiently exported from the
nucleus, they must first be released from nuclear retention
factors. Recognition of splicing signals by factors that function
early in the formation of splicing complexes is important for
the retention of unspliced pre-mRNA in the nucleus (8, 10, 24,
42). Elevated expression levels of SRm160 resulted in the ac-
cumulation of unspliced transcripts in the cytoplasm, suggest-
ing that it can either prevent, or else bypass, splicing complex
formation. Moreover, the accumulation of unspliced tran-
scripts in the cytoplasm suggests that excess SRm160 might
result in the bypass of processes that normally degrade unproc-
essed RNA in the nucleus. In conjunction with these roles, it is
also possible that excess SRm160 prematurely activates an
mRNA export pathway, allowing efficient export of unproc-
essed transcripts (see below). However, regardless of the
mechanism(s) by which increased SRm160 expression results
in the accumulation of unspliced transcripts in the cytoplasm,
the present results demonstrate that SRm160 can facilitate the
release of transcripts from nuclear retention by stimulating
3�-end formation. In particular, increased levels of SRm160 did
not relieve the nuclear retention of unspliced transcripts con-
taining a mutant poly(A) site, indicating that its ability to pro-
mote the nuclear release of unspliced transcripts is, at least in
part, a consequence of its ability to stimulate the 3�-cleavage of
these transcripts.

It is important to note that, although excess levels of
SRm160 could stimulate 3�-end formation independently of
splicing, levels of SRm160 that were not inhibitory to splicing
were more efficient in stimulating the 3�-end cleavage of splic-
ing-active than of splicing-inactive pre-mRNAs in vitro. Taken
together with previous results demonstrating a requirement for
U1 snRNP and SR family proteins for the association of
SRm160 with pre-mRNA (5, 12), these findings suggest that
SRm160 normally promotes 3�-end formation during the for-
mation of productive splicing complexes. Furthermore, recent
work has shown that SRm160 forms part of a splicing-depen-
dent complex, 20 to 24 nucleotides upstream of exon-exon
junctions, that contains several factors, including DEK, Y14,
RNPS1, and the mRNA export factor REF/Aly (25, 49). It is
therefore possible that the association of SRm160 with this
complex at 3�-most exon-exon junctions might facilitate
mRNA export by forging interactions with one or more export
factors, including REF, as well as by promoting 3�-end cleav-
age. Similarly, increased expression of SRm160 could result in
the recruitment of export factors to unspliced transcripts,

thereby facilitating their nuclear release at a step in addition to
3�-end formation.
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