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Pre-mRNA splicing is among the last known nuclear events before
export of mature mRNA to the cytoplasm. At present, it is not
known whether splicing and mRNA export are biochemically cou-
pled processes. In this study, we have injected pre-mRNAs con-
taining a single intron or the same mRNAs lacking an intron
(Ai-mRNAs) into Xenopus oocyte nuclei. We find that the spliced
mRNAs are exported much more rapidly and efficiently than the
identical Ai-mRNAs. Moreover, competition studies using excess
Ai-mRNA indicate that different factor(s) are involved in the
inefficient export of Ai-mRNA vs. the efficient export of spliced
mRNA. Consistent with this conclusion, spliced mRNA and Ai-
mRNA, though identical in sequence, are assembled into different
messenger ribonucleoprotein particles (mRNP) in vitro. Strikingly,
the mRNA in the spliced mRNP, but not in the Ai-mRNP, is exported
rapidly and efficiently. We conclude that splicing generates a
specific nucleoprotein complex that targets mRNA for export. Our
results, revealing a link between splicing and efficient mRNA
export, may explain the reports that an intron is required for
efficient expression of many protein-coding genes in metazoans.

Expression of protein-coding genes in eukaryotes requires
synthesis and processing of pre-mRNA in the nucleus fol-
lowed by transport of the mature mRNA to the cytoplasm for
translation. The steps in pre-mRNA processing include capping
at the 5’ end, removal of introns by splicing, and cleavage and
polyadenylation at the 3’ end. In contrast to the other events in
gene expression, little is known about how mRNA is packaged
and exported to the cytoplasm.

Cellular and viral mRNAs that naturally lack introns contain
specific cis-acting elements that may promote export (refs. 1-3
and references therein). However, the vast majority of metazoan
mRNAs, which are derived from genes containing introns, do
not appear to contain specific export sequence elements. The
presence of introns retains unspliced pre-mRNAs in the nucleus
because of an association with spliceosomal components (4-6).
This selective retention is thought to prevent the accumulation
of potentially deleterious unspliced pre-mRNAs in the cyto-
plasm. An exception occurs with RNA viruses, in which intron-
containing RNAs are exported during the viral life cycle. In
complex retroviruses, such as HIV-1, the virally encoded protein
Rev binds to a specific sequence element (RRE) and mediates
export of the intron-containing RNA (7, 8). In simpler retrovi-
ruses, such as simian virus type D, a cellular factor (TAP) binds
to a specific cis-acting element (CTE) in the viral RNA to
mediate its export (9-13).

Although significant progress has been made in understanding
viral mRNA export, much less is known about the export of
cellular mRNAs, especially in metazoans. The prevailing model
for this process envisions that shuttling heterogeneous nuclear
ribonucleoprotein (hnRNP) proteins bind to mRNAs in the
nucleus and mediate their export (for reviews, see refs. 14—17).
However, given that an export complex containing mRNA has
yet to be identified and characterized biochemically, it remains
to be established whether hnRNP proteins are critical compo-
nents of the export machinery.

Genetic studies in yeast have identified several proteins,
including Mex67p, Glelp, Gle2p, and an RNA helicase, Dbp5p,

that are specifically required for mRNA export (12, 18-24).
Significantly, TAP is the metazoan counterpart of Mex67p,
consistent with studies indicating that TAP is a cellular mRNA
export factor in metazoans (12, 13, 25). Glelp and Gle2p also
have metazoan counterparts involved in mRNA export (hGlelp
and hRAE], respectively) (26—28). Finally, specific nucleoporins
that function in mRNA export have been identified in yeast as
well as metazoans (21, 28-31).

Although splicing is among the last known steps that precedes
mRNA export, the possibility that splicing is biochemically
coupled to mRNA export has not been investigated. Indeed,
mRNA export in metazoans is routinely studied by using RNA
transcripts of cDNAs that are derived from genes that normally
contain introns (9, 10, 32-37). Thus, the potential involvement
of splicing in export was not addressed in these studies. Here, we
provide direct evidence that splicing and mRNA export are
functionally coupled. In addition, we show that the mechanistic
basis for this coupling is the formation of a specific nucleoprotein
complex that targets the spliced mRNA for rapid and efficient
export.

Materials and Methods

Plasmids. Plasmids encoding AdML (adenovirus major late)
pre-mRNA, Ftz (Fushi tarazu) pre-mRNA, AdMLAS’, and
AdMLAS5'A3" were described (38—41). Plasmids encoding the
corresponding Ai-mRNAs were constructed by exact deletion of
the intron for each pre-mRNA. pUC19-U6 plasmid was a gift
from M. Moore (42).

In Vitro Splicing. Pre-mRNAs or Ai-mRNAs (50 ng) were incu-
bated for 1 hr in standard splicing reaction mixtures (25 ul)
containing 30% HeLa cell nuclear extract (43) and 12% Xenopus
nuclear extract (44). Data similar to that shown in Figs. 3 and 4
were obtained in HeLa nuclear extracts alone, except that the
splicing is more rapid and efficient in the HeLa/Xenopus extract
than in HeLa extract alone. For native gel analysis, samples were
mixed with glycerol loading dye (without heparin) and fraction-
ated on a 1.5% low-melting-point agarose gel in 0.5X TBE (90
mM Tris/90 mM boric acid/2.5 mM EDTA, pH 8.3; 6 V/cm at
4°C). Gel slices containing each complex were excised from a
parallel lane, and total RNA was analyzed on a denaturing 15%
polyacrylamide gel. Complexes were isolated by gel filtration as
described (38).

Xenopus Oocyte Microinjection and RNA Analysis. Injection of Xe-
nopus laevis oocytes was performed as described (6). 32P-labeled
RNAs, complexes, or aliquots of in vitro splicing reactions were
mixed in a buffer containing 50 mM NaCl, 10 mM Tris-HCI (pH
7.5), 0.6 mM DTT, and 0.5 unit/ul RNAsin and microinjected
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Fig. 1.

Splicing is required for efficient mRNA export. Equal molar amounts of the indicated pre-mRNAs or the corresponding Ai-mRNAs were mixed with U6

snRNA and injected into oocyte nuclei. After incubation at 18°C for the times indicated, oocytes were dissected, and the nucleocytoplasmic distribution of total
RNAwas analyzed. Data were quantitated by Phosphorimager. The percent mRNA exported was determined by calculating the fraction of MRNA in the cytoplasm
relative to the total mMRNA at the zero time point (for Ai-mRNAs) or to the total mRNA at the earliest time point when maximal spliced mRNA is present (the 90-min
time point for AdML and 60-min time point for Ftz). Note that the graphs for both the Ai-mRNA and the spliced mRNA are plotted beginning with the actual
zero time point shown on the gels. Thus, the kinetics of spliced mRNA export are actually faster than indicated in the graphs because the pre-mRNA is spliced

before export.

into nuclei. Oocytes were incubated at 18°C. After dissection, the
nucleocytoplasmic distributions of the RNAs were analyzed on
denaturing 8% polyacrylamide gels. Blue dextran and U6 small
nuclear RNA (snRNA), both of which cannot be exported (45,
46), were used as controls for the accuracy of injection and
oocyte dissection.

Results

To determine whether splicing affects mRNA export, we syn-
thesized 3?P-labeled AAML pre-mRNA containing a single
intron and the corresponding Ai-mRNA lacking this intron (see
Fig. 14). These RNAs were injected into Xenopus oocyte nuclei
and incubated for the times indicated (Fig. 1B). The nucleocy-
toplasmic distributions of the Ai-mRNA and in vivo spliced
mRNA were compared. As expected from previous studies,
AdML pre-mRNA was mostly spliced by ~60 min (6). Strikingly,

14938 | www.pnas.org

the spliced mRNA was exported both much more rapidly and
efficiently than the identical Ai-mRNA. Specifically, a low level
(<5%) of Ai-mRNA was detected in the cytoplasm by 1 hr after
injection, and the levels did not increase significantly over time.
In contrast, the levels of spliced mRNA detected in the cyto-
plasm continued to increase linearly throughout the time course.
Similar results were obtained comparing Ftz pre-mRNA and
Ai-mRNA (Fig. 1C) as well as two other pre-mRNA/Ai-mRNA
pairs (dihydrofolate reductase and B-globin, data not shown).
On the basis of these observations, we conclude that splicing
targets mRNA for rapid and efficient export. Moreover, the
effect of splicing on export appears to be general because
efficient export was observed with multiple pre-mRNAs.

Evidence That Export of Spliced mRNAs Requires Distinct Factors.

Given the observation that most metazoan mRNAs are gener-
ated by splicing and our observation that Ai-mRNAs are ex-
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with the indicated amounts of Ftz Ai-mRNA competitor. Oocytes were incubated at 18°C for 1 hr, and the nucleocytoplasmic distribution of the spliced vs.

Ai-mRNA was analyzed.

ported inefficiently relative to spliced mRNAs, the biological
significance of Ai-mRNA export is not clear. Nevertheless, it is
possible that the inefficient export of Ai-mRNAs involves the
same factors and occurs by the same mechanism used for the
export of spliced mRNAs. Several distinct pathways of RNA
export have been defined by using different classes of RNAs as
competitors, including tRNA, snRNAs, and Ai-mRNAs (9, 33,
35). To determine whether different factors are involved in the
export of Ai-mRNAs vs. spliced mRNAs, we first carried out an
export assay with excess unlabeled Ftz Ai-mRNA as a compet-
itor. (We note that pre-mRNAs cannot be used as competitors
because they inhibit splicing.) As shown in Fig. 2 and consistent
with previous work (9, 33, 35), increasing levels of cold Ftz
Ai-mRNA competitively inhibit export of the labeled Ftz Ai-
mRNA in a dose-dependent manner. Thus, a factor(s) involved
in export of Ftz Ai-mRNA is titrated by the competitor. In the
case of Ftz pre-mRNA, increasing levels of the Ftz Ai-mRNA
competitor decrease the efficiency of splicing in a dose-
dependent manner, as indicated by the accumulation of pre-
mRNA in the nucleus (Fig. 2). However, the spliced mRNA is
exported about as efficiently as it is in the absence of competitor
(Fig. 2). We conclude that Ai-mRNA competitively inhibits
export of Ai-mRNA, but not export of the identical mRNA
generated by splicing. Thus, export of the spliced mRNA re-
quires distinct factors that cannot be titrated by Ai-mRNA. These
factors may account for the rapid and efficient export of spliced
mRNA that is not observed with Ai-mRNA.

Splicing Promotes Export by Generating a Specific Nucleoprotein
Complex. To further address whether Ai-mRNA and spliced
mRNA export involve distinct factors, we analyzed complex
assembly on these RNAs. To do this, Ftz pre-mRNA (Fig. 34,
lane 1) was incubated in nuclear extract to generate spliced
mRNA and the lariat intron (Fig. 34, lane 2), and an aliquot of
this reaction mixture was fractionated on a native gel. As shown
in Fig. 3B, two main complexes were detected (lane 1). The faster
mobility complex contained the lariat intron, whereas the slower
mobility complex contained the spliced mRNA (Fig. 34, lanes 3
and 4). When Ftz Ai-mRNA was incubated in nuclear extract
under identical conditions, a complex with very different mo-
bility than the spliced mRNP was detected on the native gel (Fig.
3B, compare lanes 1 and 2). We conclude that mRNA generated
by splicing in vitro is assembled into a complex distinct from that
assembled on the identical Ai-mRNA. Similar results were
obtained with three other pre-mRNA/Ai-mRNA pairs (e.g.,
AdML, Fig. 3 C and D, and data not shown), indicating that
formation of these complexes is general. Note that both the
spliced mRNA and the intron are released from the spliceosome
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that migrates just above the spliced mRNP (Fig. 3D, lane 1, and
see legend).

We next asked whether the differences in the spliced mRNP
and the Ai-mRNP affect the export behavior of the RNAs in
these complexes. The pre-mRNA or the corresponding Ai-
mRNA was incubated in nuclear extract, and then an aliquot of
each reaction containing either the spliced mRNP or the Ai-
mRNP was injected into Xenopus oocyte nuclei (Fig. 4A4).
Significantly, the mRNA in the spliced mRNP was exported
more rapidly and efficiently than the identical mRNA in the
Ai-mRNP.

To determine whether the complexes could be isolated from
the nuclear extract and still retain their export behaviors, the
complexes were partially purified by gel filtration (47). Consis-
tent with the native gel pattern (Fig. 3), the spliced mRNP and
the intron complex were detected in two discrete peaks, with the
spliced mRNP eluting as a larger particle than the intron
complex (Fig. 4B). The spliced mRNP eluted between the
spliceosome and the hnRNP complex (H) (data not shown),
consistent with the conclusion that the spliced mRNP is a specific
nucleoprotein complex released from the spliceosome. As ex-
pected from the native gel analysis, the Ai-mRNP eluted as a
single peak (Fig. 4B).

The gel filtration-isolated spliced mRNP and Ai-mRNP then
were injected into oocyte nuclei, and the export efficiencies of
the mRNA in these complexes were compared. Importantly,
export from the partially purified spliced mRNP is still signifi-
cantly more efficient than that from the isolated Ai-mRNP (Fig.
4C). Moreover, the spliced mRNP retains similar export effi-
ciency before and after gel filtration (compare Fig. 4 A and C),
indicating that the features of this complex critical for export
remain intact. The spliced mRNP may contain specific factors
that promote export, and/or splicing may prevent the binding of
factors that retain the mRNA in the nucleus. Similarly, the
Ai-mRNP may contain specific retention factors or lack factors
that promote export. Export from the Ai-mRNP is slightly more
efficient after, compared with before, partial purification (com-
pare Fig. 4 A and C). It is possible that retention factors
dissociate during isolation of this complex.

Together, our data indicate that splicing generates a specific,
isolable complex that promotes rapid and efficient mRNA
export. This complex is either an “exportosome” or a functional
precursor to such an export complex. Because most mRNAs in
metazoans are generated by splicing, and splicing promotes
export, we conclude that the spliced mRNP, and not the Ai-mRNP,
is the biologically relevant export substrate in metazoans.

Discussion

In this study, we provide direct evidence that splicing and mRNA
export are biochemically coupled processes. Specifically, we have
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Distinct complexes assemble on spliced mRNA vs. the identical Ai-mRNA. (A) Ftz pre-mRNA was incubated under splicing conditions for 1 hr, and then

total RNA was fractionated on a 15% denaturing gel (lane 2). Pre-mRNA run as a marker is shown in lane 1. In lanes 3-5, total RNA was extracted from the spliced
mMRNP (s), intron complex (i), or Ai-mRNP (A) indicated in Band fractionated on the denaturing gel. The asterisk indicates a breakdown product of the lariat intron.
(B) Ftz pre-mRNA (lane 1) or Ai-mRNA (lane 2) was incubated under splicing conditions as in A and fractionated on a native gel. (C and D) The same as A and
Bexcept using AdML pre-mRNA and Ai-mRNA. Note that the AdML intron complex is faint because the intron degrades. RNA analysis showed that the band above
the spliced mRNP is the spliccosome (D, lane 1). Note that Ftz pre-mRNA is spliced so efficiently that the Ftz spliccosome is almost undetectable on the native
gel (B, lane 1). As expected, the spliceosome is detected at higher levels when splicing reactions are incubated for shorter times (data not shown).

shown that mRNA generated by splicing in vivo is exported
rapidly and efficiently compared with the corresponding mRNA
lacking an intron. The effect of splicing on export is general as
it was observed with multiple RNAs. Moreover, the effect is
direct because the export substrates that we used contained a
single intron, lacked a polyadenylation site, and were transcribed
in vitro. Thus, the enhanced export is not due to indirect effects
such as stimulation of splicing of other introns, stimulation of
polyadenylation, or release of mRNA from the site of transcrip-
tion.

Studies over the past 20 years have revealed numerous exam-
ples of recombinant proteins whose expression in mammalian
cells requires the presence of an intron (e.g., refs. 48-56).
Specifically, mRNAs that are transcribed from cDNAs are
expressed poorly relative to the same mRNAs transcribed from
a gene containing introns. Indeed, many commercially available
expression vectors contain an intron for this reason. It is possible
that our data, linking splicing to export, explains the intron
requirement. Some recently developed expression vectors, how-
ever, do not contain an intron. For example, many cDNAs can
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be expressed from vectors containing the cytomegalovirus
(CMV) promoter. However, this expression relies on the pres-
ence of a strong simian virus 40 poly(A) site (R. Davis, personal
communication). Thus, it is possible that polyadenylation targets
the Ai-mRNA for efficient export. Finally, even though not
strictly required, insertion of an intron into CMV expression
cassettes does significantly increase gene expression in the cases
that have been examined (e.g., refs. 57-60).

Our in vitro studies revealed that the mechanistic basis for the
link between splicing and export is the formation of a specific
nucleoprotein complex that targets the mRNA for rapid and
efficient export. This complex does not assemble on the identical
Ai-mRNA, indicating that specific factors that potentiate export
may be recruited to the mRNA during splicing. Among possible
candidates are members of the SR family of splicing factors
(reviewed in refs. 61 and 62). SR proteins are specifically bound
to the pre-mRNA during splicing and remain bound to the
mRNA after splicing is completed (reviewed in refs. 61-63).
Significantly, some members of the SR family recently were
shown to shuttle between the nucleus and cytoplasm (64). In

Luo and Reed
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The spliced mRNP assembled in vitro targets mRNA for export. (A) Ftz pre-mRNA or Ai-mRNA was incubated under splicing conditions, and aliquots of

these reactions were mixed with U6 snRNA and then injected into oocyte nuclei. Oocytes were incubated at 18°C for the indicated times and dissected, and total
RNA was prepared from the nucleus (N) or cytoplasm (C). RNAs were analyzed on an 8% denaturing polyacrylamide gel. Breakdown products of the pre-mRNA
or mRNA are indicated by the asterisks. Bands were quantitated by phosphorimager analysis, and the percent input mRNA exported was plotted (mMRNA in
cytoplasm/mRNA in the input lane). (B) Ftz pre-mRNA or Ai-mRNA was incubated under splicing conditions. Each reaction mixture then was fractionated on a
Sephacryl-S 500 column. The positions of the spliced mRNP, Ai-mRNP, intron complex (i), and void volume (v) are indicated. (C) Same as A, except that the injected

complexes first were partially purified by gel filtration (see B).

addition to specific factors that may bind to the mRNA during
splicing, it is also possible that proteins are selectively modified
during the splicing reaction, and this modification may target the
mRNA for export. Purification of the spliced mRNP and analysis
of its protein components should lead to important insights into
how the complex promotes export.
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