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Splicing enhances translation
in mammalian cells: an additional
tunction of the exon junction complex

Ajit Nott, Hervé Le Hir,' and Melissa J. Moore”
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In mammalian cells, spliced mRNAs yield greater quantities of protein per mRNA molecule than do
otherwise identical mRNAs not made by splicing. This increased translational yield correlates with enhanced
cytoplasmic polysome association of spliced mRNAs, and is attributable to deposition of exon junction
complexes (EJCs). Translational stimulation can be replicated by tethering the EJC proteins Y14, Magoh, and
RNPS1 or the nonsense-mediated decay (NMD) factors Upfl, Upf2, and Upf3b to an intronless reporter
mRNA. Thus, in addition to its previously characterized role in NMD, the EJC also promotes mRNA
polysome association. Furthermore, the ability to stimulate translation when bound inside an open reading
frame appears to be a general feature of factors required for NMD.
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An essential step in eukaryotic gene expression is the
removal of introns from nascent transcripts by pre-
mRNA splicing. Although much has been learned about
splicing by studying it in isolation, it is now clear that in
cells numerous interconnections exist between splicing
and other steps in gene expression (Maniatis and Reed
2002; Orphanides and Reinberg 2002; Le Hir et al. 2003).
Some of these connections occur between cotemporane-
ous processes, such as splicing, transcription, and poly-
adenylation (Proudfoot et al. 2002). However, the act of
pre-mRNA splicing can also affect downstream mRNA
metabolic events that do not occur until well after splic-
ing is complete. Examples of such downstream processes
are mRNA export to the cytoplasm and mRNA turnover.

The effect of pre-mRNA splicing on mRNA export has
been best documented in Xenopus oocytes, where some
spliced RNAs are exported to the cytoplasm more rap-
idly than identical RNAs not produced by splicing (Luo
and Reed 1999; Zhou et al. 2000; Le Hir et al. 2001). In a
few cases, it has also been observed that an intron can
alter the nucleocytoplasmic distribution of a particular
mRNA in mammalian tissue culture cells (Ryu and
Mertz 1989; Rafiq et al. 1997). However, more recent
experiments indicate that splicing may not be crucial for
the export of most mRNAs (Gatfield and Izaurralde
2002; Lu and Cullen 2003; Nott et al. 2003). Another
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effect of splicing on downstream mRNA metabolism is
its role in nonsense-mediated decay (NMD). NMD is the
process by which aberrant mRNAs containing prema-
ture termination codons are targeted for accelerated deg-
radation. This process is thought to protect cells from
the potentially deleterious effects of inappropriately
truncated proteins. In mammalian cells, the mechanism
by which authentic stop codons are distinguished from
premature stop codons relies on their position relative to
the last exon-exon junction. That is, if the first in-frame
stop codon occurs more than 50-55 nt upstream of at
least one exon—exon junction, the mRNA containing it is
targeted for degradation (Maquat and Carmichael 2001;
Wilusz et al. 2001; Wilkinson and Shyu 2002).

The means by which splicing affects downstream
mRNA metabolism is by altering the complement of
bound proteins that, together with the mRNA, comprise
the mRNP. One such alteration is the exon junction
complex (EJC), found exclusively on spliced mRNAs.
The EJC consists of several proteins that, upon the
completion of intron excision, are deposited on the
mRNA product at a conserved position, 20-24 nt up-
stream of exon—exon junctions (Le Hir et al. 2000a).
Some EJC components remain bound even after mRNA
export to the cytoplasm, where their ultimate removal
requires passage of ribosomes (Dostie and Dreyfuss 2002;
Lejeune et al. 2002). Core components of the EJC include
the Y14, Magoh, and REF/Aly proteins (Reichert et al.
2002), of which only Y14 and Magoh remain stably as-
sociated with mRNA after nuclear export (Le Hir et al.
2001; Dreyfuss et al. 2002). Other proteins that associate
with the EJC include UAP56, TAP (NXF1), SRm160,
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RNPSI, and Upf3 in the nucleus and Upf2 in the cyto-
plasm (Gatfield et al. 2001; Kim et al. 2001; Le Hir et al.
2001; Luo et al. 2001).

UAP56, REF/Aly, and NXFI (called Sub2, Yral, and
Mex67 in Saccharomyces cerevisiae) are all mRNA ex-
port factors, and their EJC association explains the en-
hanced nucleocytoplasmic export of spliced RNAs in
Xenopus oocytes (Le Hir et al. 2000a; Zhou et al. 2000;
Luo et al. 2001). Similarly, the EJC association of Upf2
and Upf3 can explain the role of splicing in NMD (Kim et
al. 2001; Le Hir et al. 2001). These proteins, along with
their binding partner Upfl, were originally defined as
essential NMD factors in S. cerevisiae. In mammalian
cells, the three Upf proteins and the EJC proteins
RNPS1, Y14, and Magoh can all activate NMD when
bound downstream from an in-frame stop codon (Lykke-
Andersen et al. 2000, 2001; Fribourg et al. 2003; Gehring
et al. 2003). Presumably, RNPS1, Y14, and Magoh func-
tion in NMD by recruiting one or more of the Upf proteins
through direct or indirect interactions (Kim et al. 2001;
Lykke-Andersen et al. 2001). Finally, Y14 and Magoh are
both required for the proper localization of oskar mRNA
during Drosophila oogenesis (Hachet and Ephrussi 2001;
Mohr et al. 2001). Thus, splicing may also be important
for proper localization of mRNAs in the cytoplasm.

In addition to the mRNA export and decay effects dis-
cussed above, several reports have indicated that spliced
transcripts produce more molecules of protein per
mRNA molecule than do otherwise identical transcripts
not made by splicing (Braddock et al. 1994; Matsumoto
et al. 1998; Lu and Cullen 2003; Nott et al. 2003; Wie-
gand et al. 2003). Recently we reported a quantitative
analysis of the effects of introns on the expression of a
T-cell receptor minigene and Renilla luciferase reporter
in mammalian tissue culture cells (Nott et al. 2003). In
both cases, introns internal to the open reading frame
(ORF) were found to enhance mRNA translational yield.
Here we show that spliced mRNAs are more efficiently
incorporated into polysomes than otherwise identical
mRNAs not produced by splicing. Experiments in Xeno-
pus oocytes confirmed that this translational enhance-
ment can be attributed to EJC deposition. In HeLa cells,
both the enhanced translational yield and polysome as-
sociation could be reproduced by tethering three differ-
ent EJC proteins, RNPS1, Y14, and Magoh, to an intron-
less reporter. Remarkably, parallel tethering of hUpfl,
hUpf2, and hUpf3b produced similar results. Thus, in
addition to its previously characterized role in NMD, we
show here that the EJC is capable of promoting mRNA
translation. Furthermore, our data are consistent with
the idea that proteins involved in NMD play broader
roles in mRNA metabolism than simply the elimination
of aberrant messages.

Results

Pre-mRNA splicing enhances polysome association
of mRNA

We previously reported that spliced mRNAs exhibit in-
creased translational yield as compared with no-intron
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mRNAs in mammalian tissue culture cells (Nott et al.
2003). To determine if this effect was a consequence of
increased translational efficiency, we analyzed the dis-
tribution of several spliced or no-intron mRNAs on cy-
toplasmic polyribosomes (polysomes; Fig. 1). Two con-
structs, TCR-B and B-globin, contained two introns each
(Fig. 1A,D; Lykke-Andersen et al. 2000; Nott et al. 2003),
whereas a third, Renilla luciferase, contained a single
intron (Nott et al. 2003). Plasmids expressing these and
their respective no-intron controls were transiently
transfected into HeLa cells, and polysome analysis was
performed 24 h later. Endogenous cyclophilin mRNA
served as an internal control for relative polysome integ-
rity. Treatment of the cells with puromycin, an antibi-
otic that causes nascent peptide release and polysome
disruption, confirmed that sedimentation of the reporter
mRNAs and cyclophilin in denser fractions did reflect
polysome association (data not shown).

Like the endogenous cyclophilin mRNA, the bulk of
spliced TCR- mRNA cofractionated with polysomes
(Fig. 1B, fractions 5-12). In contrast, a large fraction of
the no-intron TCR-g mRNA was found at the top of the
gradient in the region containing individual ribosomal
subunits and 80S monosomes (Fig. 1C). Similar results
were observed for the B-globin (Fig. 1E,F) and the Renilla
luciferase constructs (data not shown). Thus, for three
different genes with different introns, splicing correlates
with enhanced mRNA polysome association.

The exon junction complex plays a role
in translation enhancement

We next wanted to determine whether the enhanced
translational yield of spliced mRNAs could be observed
when splicing was uncoupled from other RNA process-
ing events (e.g., transcription and polyadenylation) and
to what extent it was attributable to EJC deposition.
This was most easily addressable in the Xenopus oocyte
system, in which we injected the Renilla luciferase pre-
mRNAs schematized in Figure 2B. Pre-mRNAs were de-
signed with a 38- or 17-nt 5’-exon plus the human triose
phosphate isomerase intron 6 (TPI intron). Because the
EJC is deposited at a fixed distance, 20-24 nt upstream of
an exon-exon junction, the 38- and 17-nt exons are just
long enough or too short, respectively, to accept an EJC
(Le Hir et al. 2001). Uniformly radiolabeled and
m’GpppG-capped transcripts were generated in vitro us-
ing DNA templates terminating 4 nt downstream from
the first in-frame stop codon. Thus, none of the injected
RNAs contained a poly(A] tail. The AUG start codon was
located in the 5’-exon, and several in-frame stop codons
in the intron ensured that functional luciferase could not
be translated from the unspliced pre-mRNAs (38 + I and
17 +1I). Coinjected controls included U6Ass snRNA (to
control for nuclear injection and nuclear envelope integ-
rity), human initiator methionyl-tRNA (which is rapidly
exported via an export pathway distinct from mRNA;
Jarmolowski et al. 1994), and unlabeled Firefly luciferase
mRNA to control for translational differences between
oocytes. By following both subcellular RNA distribution
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Splicing enhances mRNA polysome association. (A,D) Schematic representation of TCR-B and B-globin constructs. Boxes

represent exons, and lines connecting them denote introns. RPA probes are indicated by heavy lines. (B,C,E,F) Sucrose gradient
fractionation of cytoplasmic extracts from cells expressing no-intron or intron-containing versions of TCR-g and B-globin. RNA
extracted from each fraction (see Materials and Methods) was subject to RPA with probe E or J (A,D) and a probe specific to endogenous
cyclophilin mRNA. Protected fragments were separated on a 10% denaturing polyacrylamide gel. Relative absorbance at 254 nm is
depicted by thin lines, and the percent total mRNA in each fraction is shown by the dashed lines (scale on right).

and luciferase activity as a function of time, we obtained
information on both RNA export efficiency and its sub-
sequent translation in the cytoplasm.

Immediately after injection (5-min time point), both
precursor RNAs were found predominantly in the
nuclear compartment (Fig. 2C). Examination of the 4-
and 24-h time points revealed that both pre-mRNAs
were spliced and the mRNAs exported with comparable
efficiencies. As is often observed in oocyte experiments,
a significant percentage of the injected pre-mRNAs was
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also exported (Fig. 2C; Le Hir et al. 2001). This is likely
caused by an inability of the endogenous splicing appa-
ratus to capture and retain all of the injected pre-mRNA
before it can escape to the cytoplasm. Nonetheless, the
presence of cytoplasmic pre-mRNA was of little conse-
quence for our analysis because the pre-mRNAs were
incapable of generating functional luciferase (see above),
and no detectable luciferase activity was produced when
the pre-mRNAs were injected directly into the cyto-
plasm (data not shown).
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Figure 2. EJC-dependent stimulation of translational yield in

Xenopus oocytes. (A) Overview of experimental procedure. (B) Sche-

matic representation of in vitro transcribed, radiolabeled RNAs injected into Xenopus oocytes. TPI intron 6 (thick line) and flanking
TPI exons (gray and black boxes) and Renilla luciferase ORF (white box) are indicated. First exons were either 38 or 17 nt in length.
(C) Denaturing polyacrylamide gel electrophoresis of RNA extracted from nucleus (n) and cytoplasm (c) at 5 min, 4 h, and 24 h

post-injection. (Top panel) 6% gel for Renilla RNAs; (bottom pa

nel) identical samples loaded on a 10% gel to separate the U6Ass RNA

and tRNA. (D) Translational efficiencies at 24 h post-injection relative to 17 no I mRNA. Translational efficiencies from two

independent experiments were calculated by first normalizing R
by cytoplasmic mRNA levels; error bars represent the range.

Protein expression was determined by monitoring cy-
toplasmic luciferase activities. Whereas neither con-
struct produced detectable activity at 4 h (data not
shown), light production was readily measurable in both
cases by 24 h. A quantitative analysis of the relative
translational yields was obtained by normalizing lucifer-
ase activities to cytoplasmic mRNA levels (Fig. 2D).
This revealed that the 38 + I mRNA vyielded 3.3 times
more luciferase activity per mRNA molecule than did
the 17 + I mRNA. This difference was not due to the
5'-UTR length as the respective no-intron control
mRNAs were translated with equal efficiency in parallel
experiments (data not shown). Thus, we conclude that
the observed effect of splicing on translational yield is
caused by EJC deposition and is independent of tran-
scription and polyadenylation.

Individual EJC proteins enhance protein expression
in a tethering assay

Having demonstrated that EJC deposition can mediate
splicing-dependent enhancement of translational yield

enilla luciferase activity to Firefly luciferase activity and then dividing

in Xenopus oocytes, we next wanted to determine
whether this activity could be assigned to one or more
specific protein(s). Thus, we tested whether the intron-
dependent enhancement in translational yield could be
replicated by tethering individual proteins within the
OREF of Renilla luciferase. An intronless Renilla lucifer-
ase reporter carrying six MS2-binding sites at the 5’-end
of the ORF (5’-6bs/Renilla; Fig. 3A) was cotransfected
into HeLa cells along with constructs expressing indi-
vidual EJC proteins as fusions with bacteriophage MS2
coat protein (see Materials and Methods). A plasmid en-
coding a no-intron Firefly luciferase gene was also co-
transfected as a control for both luciferase activity mea-
surements and mRNA comparisons. The MS2 coat pro-
tein alone served as the control for reporter expression in
the absence of a fusion partner. Expression of all fusion
proteins was confirmed by Western blotting (data not
shown).

The fusion proteins fell into four functional classes: (1)
those that had little or no effect, (2) those that increased
reporter mRNA abundance only, (3) those that increased
mRNA translational yield only, and (4) one that in-
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Figure 3. Effects of tethering individual EJC
proteins inside the Renilla luciferase ORF. (A)
Schematic representation of 5'-6bs/Renilla re-
porter construct and Firefly control. Six MS2-
binding sites were inserted 49-nt downstream of
the start codon to be in-frame with the Renilla
luciferase gene. (B) Levels of 5'-6bs/Renilla re-
porter mRNA and luciferase activity normalized
to Firefly control and represented relative to MS2
alone. The data shown are the average of three to
four independent experiments; error bars repre-
sent standard deviation. (C) Nuclear and cyto-
plasmic distribution of 5’-6bs/Renilla reporter
and Firefly control mRNA in the presence of
various MS2 fusion proteins. RNA was extracted
from fractionated nuclear (n) and cytoplasmic (c)
compartments and analyzed by RPA (top panel).
The percent of total mRNA in the cytoplasm
(lower panel).

% cytoplasmic mRNA

creased both mRNA abundance and translational yield
(Fig. 3B). Constituting the first class were the DEK
and REF2-1 MS2-fusions. DEK had no effect on either
mRNA abundance or luciferase activity, whereas tether-
ing of REF2-1 only slightly increased both. In con-
trast, coexpression of MS2-SRm160 resulted in a three-
fold increase in Renilla luciferase activity. A con-
comitant threefold increase in 5'-6bs/Renilla mRNA
abundance indicated that although tethered SRm160
can enhance mRNA levels, it had no detectable effect
at the translational level. The third class consisted of
Y14-MS2 and Magoh-MS2, both of which increased pro-
tein expression three- to fourfold without significantly
affecting reporter mRNA abundance. Finally, coexpres-
sion of MS2-RNPS1 increased reporter mRNA abun-
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dance (~fourfold) but enhanced luciferase expression to a
much greater extent (~14-fold). Thus, tethering RNPS1
to the reporter mRNA led to an ~fourfold increase in
mRNA levels and an ~threefold increase in translational
yield.

We next examined whether any of the fusion proteins
altered the nucleocytoplasmic distribution of Renilla re-
porter mRNA. Comparison to the cotransfected Firefly
control revealed that only MS2-DEK had any effect on
reporter mRNA distribution, but this decrease in the
proportion of mRNA that was cytoplasmic was minor at
best (Fig. 3C). Because tethering of Y14, Magoh, or
RNPSI1 had no effect on the nucleocytoplasmic distribu-
tion of the Renilla reporter mRNA, the enhancements in
translational yield produced by these proteins were not
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simply attributable to more efficient cytoplasmic local-
ization of the message.

Taken together, the above results indicate that when
tethered as MS2 fusions near the 5'-end of an ORF, in-
dividual EJC components can mediate significant en-
hancements of gene expression. The sole effect observed
here of tethering SRm160 was to increase mRNA levels.
Y14 and Magoh increased protein expression, mostly by
increasing the amount of protein produced per mRNA.
Only RNPS1 increased both mRNA levels and transla-
tional yield.

Tethered Upf proteins also enhance translational yield

Of all the EJC proteins tested here, the only ones that
increased translational yield when tethered inside the
Renilla luciferase ORF were RNPS1, Y14, and Magoh.
Interestingly, all of these proteins were previously
shown to trigger NMD when tethered downstream from
a termination codon in B-globin mRNA (Lykke-
Andersen et al. 2001; Fribourg et al. 2003; Gehring et al.
2003). In contrast, other EJC proteins that did not en-
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hance translational yield in the experiments presented
here also failed to trigger NMD (Lykke-Andersen et al.
2001). We next wanted to ask if the ability to trigger
NMD generally correlates with the ability to enhance
translational yield.

Three other proteins previously documented to trigger
NMD when tethered downstream from the termination
codon in B-globin mRNA are the NMD factors Upfl,
Upf2, and Upf3b (Lykke-Andersen et al. 2000). To test
the effects of tethering these proteins inside an OREF,
plasmids encoding the appropriate MS2-fusion proteins
were cotransfected into HeLa cells with the 5’-6bs/Re-
nilla reporter and Firefly control as described above. A
B-globin-6bs reporter carrying six MS2-binding sites
downstream from the normal termination codon was
also cotransfected to monitor NMD activation by the
expressed proteins (Fig. 4A; Lykke-Andersen et al. 2000).
The MS2-binding sites in the B-globin-6bs reporter were
identical to the MS2-binding sites in the 5'-6bs/Renilla
mRNA,; they differed only in their position relative to
the respective ORFs. The Y14, Magoh, and RNPS1 fu-
sions were also tested in this set of experiments. MS2—
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Figure 4. Upfl, Upf2, and Upf3b also enhance the translational yield of 5’-6bs/Renilla mRNA. (A) Schematic representation of
5'-6bs/Renilla and B-globin-6bs constructs carrying identical MS2-binding sites. RPA probes are indicated with thick lines. (B) RPA of
2 and 8 pg of total mMRNA extracted from transfected cells. (C) B-globin-6bs mRNA levels in the presence of MS2-fusion proteins
relative to MS2 alone. The data reflect the average of two independent experiments; error bars represent the range. (D) Renilla reporter
mRNA levels in the presence of MS2-fusion proteins relative to MS2 alone. The data reflect the average of two independent experi-
ments; error bars represent the range. (E) Relative translational yields of Renilla luciferase. Luciferase activities were normalized to
mRNA levels and are represented relative to MS2 alone. The data reflect the average of three independent experiments; errors were

propagated using standard algorithms.
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SRm160 served as a negative control because it neither
enhances translational yield (Fig. 3B) nor triggers NMD
(Lykke-Andersen et al. 2001).

Consistent with previous reports (Lykke-Andersen et
al. 2000, 2001; Fribourg et al. 2003; Gehring et al. 2003),
tethering of Upfl, Upf2, Upf3b, Y14, Magoh, or RNPS1
downstream from the termination codon significantly
reduced B-globin-6bs mRNA abundance (Fig. 4B,C).
However, none of the Upf proteins had any significant
effect on the coexpressed 5'-6bs/Renilla reporter (Fig.
4B,D). Thus, when tethered inside an ORF, the Upf pro-
teins neither increase nor decrease mRNA levels. In con-
trast, both the RNPS1 and SRm160 MS2-fusions led to
higher 5’-6bs/Renilla mRNA levels as was observed in
Figure 3. MS2-SRm160 also yielded a slight increase in
B-globin-6bs mRNA abundance, consistent with its abil-
ity to increase mRNA levels (Fig. 3), but not trigger
NMD (Lykke-Andersen et al. 2001).

Whereas the Upf proteins failed to affect mRNA levels
when tethered inside the Renilla ORF, they did enhance
the amount of active luciferase produced per mRNA.
When translational yields were calculated by normaliz-
ing the luciferase activity to mRNA levels, all three Upf
proteins increased the translational output to extents in-
distinguishable from RNPS1, Y14, and Magoh (Fig. 4E).
As was the case for the latter proteins, the increased
translational yields mediated by the tethered Upf pro-
teins were unlikely caused by enhanced mRNA export
because the nucleocytoplasmic localization of the re-
porter mRNA was unchanged in the presence of the
MS2-Upf proteins compared with MS2 alone (data not
shown). Thus, all proteins tested to date that are capable
of triggering NMD when tethered downstream of a ter-
mination codon also lead to increased translational
yields when tethered inside an ORF.

Tethered EJC and Upf proteins promote mRNA
polysome association

The data presented in Figure 1 demonstrated that the
greater translational yields observed with spliced mRNAs
correlated with their increased polysome association.
To determine whether tethering of an EJC or Upf protein
could replicate this effect, we examined the polysome
distribution of the 5’-6bs/Renilla reporter mRNA in the
absence or presence of coexpressed MS2 proteins. In the
absence of any MS2 fusion (vector) or in the presence of
MS2 alone (MS2), a large proportion of the 5'-6bs/Renilla
mRNA was found in fractions that contained ribosomal
subunits and monosomes, whereas only a small fraction
of the reporter mRNA cosedimented with polysomes
(Fig. 5A,D). Thus, expression of MS2 coat protein alone
had no effect on polysome association of 5'-6bs/Renilla
mRNA. In contrast, coexpression of the MS2-RNPS1 fu-
sion significantly enhanced the fraction of 5’-6bs/Renilla
mRNA cosedimenting with polysomes (Fig. 5A, lower
panel; Fig. 5D). Distributions of endogenous cyclophilin
mRNA and cotransfected Firefly control (data not
shown) were unaffected in all experiments. A control
experiment using puromycin to disrupt polysomes con-
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firmed that the sedimentation of 5'-6bs/Renilla mRNA
in denser fractions in the presence of MS2-RNPSI1 was,
indeed, due to polysome association (Fig. 5B).

We also examined the polysome distribution of the
5'-6bs/Renilla reporter tethered to Y14, Magoh, Upfl,
Upf2, or Upf3b (Fig. 5C). As observed with RNPSI1 teth-
ering of Y14, Magoh and all three Upf proteins shifted a
greater percentage of reporter RNA into polysome-con-
taining fractions (Fig. 5C), whereas distribution of endog-
enous cyclophilin mRNA was unaffected (data not
shown). A quantitative measure of mRNA distributions
upon tethering the respective MS2-fusion proteins was
obtained by calculating the relative mRNA abundance in
fractions 1-4 (monosomes and ribosomal subunits) and
fractions 5-12 (polysomes; Fig. 5D). Thus, the transla-
tional enhancement observed upon tethering of the Upf
proteins presumably occurs via the same mechanism as
that mediated by splicing (Fig. 1) and EJC deposition.

Discussion

We have established that the increased translational
yield observed with spliced mRNAs in mammalian cells
correlates with their enhanced polysome association
compared with no-intron transcripts. In Xenopus oo-
cytes, this enhanced translation due to splicing can be
uncoupled from transcription and polyadenylation and is
attributable to deposition of an EJC. Splicing-dependent
translational and polysome association enhancements in
HeLa cells could be fully reproduced upon functional
tethering of three different EJC proteins, Y14, Magoh,
and RNPS]I, to a reporter transcript. Thus, in addition to
its previously documented role in NMD, the EJC also
serves as a positive effector of eukaryotic mRNA trans-
lation. Notably, when tethered at the 5’-end of a reporter
OREF, the NMD factors Upfl, Upf2, and Upf3b also en-
hanced mRNA translational yield and polysome associa-
tion. Thus, all proteins presently known to trigger NMD
when bound downstream of an ORF also enhance
mRNA translational yield and polysome association
when tethered inside an ORF. This suggests that factors
involved in NMD likely play broader roles in translation
than simply the elimination of aberrant transcripts.

Enhanced translation of spliced mRNAs

Previous studies have demonstrated that introns can en-
hance eukaryotic gene expression (Le Hir et al. 2003).
Some of this stimulation is due to a splicing-dependent
increase in mRNA levels. An additional effect is a splic-
ing-dependent enhancement of mRNA translational
yield (Braddock et al. 1994; Matsumoto et al. 1998; Lu
and Cullen 2003; Nott et al. 2003). In the experiments
presented here, we found that enhanced translational
yield from spliced mRNAs correlates with a greater per-
centage of these mRNAs cofractionating with poly-
somes. These results are in agreement with a hypothesis
that eukaryotic cells contain two pools of cytoplasmic
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Figure 5. MS2-fusions of RNPS1, Y14. Magoh and Upf proteins enhance polysome association of Renilla reporter mRNA. (A) Sucrose
gradient fractionation of cytoplasmic extracts from cells expressing 5'-6bs/Renilla reporter mRNA and individual MS2-fusion proteins
(indicated on Ieft). The absorbance profile is representative of all three gradients. RNA extracted from each fraction was subjected to
RPA with probe C (Fig. 3A) and a probe specific to endogenous cyclophilin mRNA. Protected fragments were separated on a 10%
denaturing polyacrylamide gel. (B) MS2-RNPS1 cotransfected cells were treated with Puromycin prior to lysis and fractionation. (C)
Sucrose gradient fractionation of cytoplasmic extracts from cells expressing 5'-6bs/Renilla reporter mRNA plus MS2 alone, MS2-Y14,
MS2-Magoh, MS2-Upfl, MS2-Upf2, or MS2-Upf3b. The absorbance profile is representative of all gradients. (D) Quantitative repre-
sentation of 5'-6bs/Renilla mRNA distribution in polysome gradients in the presence of indicated MS2-fusion proteins. Relative
mRNA levels in each fraction were calculated as a percent of the total, and amounts in fractions 1-4 and 5-12 were pooled to represent
mRNAs cofractionating with monosomes and ribosomal subunits and polysomes, respectively. The data represent the averages of two
independent experiments, and error bars reflect the range.

shown). This is most easily seen with the TCR-B con-
structs (Fig. 1B,C), where the polysomal peak for both
spliced and no intron mRNAs occurs in fractions 8-11.
This suggests that once an mRNA enters the translation-
ally active pool, its ability to recruit additional ribo-

mRNAs: translationally active (in polysomes) and trans-
lationally inactive (free mRNPs; Spirin 1996; Zong et al.
1999). Because initial ribosome recruitment is generally
limiting for translation in vivo (Sonenberg 1996), the
fraction of mRNA in either pool may well be a function

of this recruitment efficiency. Consistent with this idea,
we observed that the no-intron mRNAs that did cosedi-
ment with polysomes peaked in the same fractions as did
their corresponding spliced mRNAs (Fig. 1; data not

somes to form polysomes is independent of its synthetic
history.

To enhance mRNA translational efficiency, pre-
mRNA splicing could push a greater proportion of
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mRNA into the active pool either by preventing the
association of proteins that inhibit or by depositing
factors that stimulate the initial round of translation,
or both. A previous study in Xenopus oocytes revealed
that in vitro transcribed mRNA injected into the nu-
cleus is translationally repressed upon export to the
cytoplasm (Braddock et al. 1994). This repression could
be overcome either by inclusion of a spliceable intron
in the 3’-UTR or by coinjection of antibodies against
FRGY2 proteins. The FRGY2 family of DNA/RNA-
binding proteins are known translational repressors,
as are CPEB and maskin (Bouvet and Wolffe 1994; Men-
dez and Richter 2001). Translational repression in mam-
malian cells may involve the known FRGY2 and CPEB
homologs (Gebauer and Richter 1996; Herbert and Hecht
1999) and/or an additional abundant mRNP protein,
p50 (Minich and Ovchinnikov 1992; Pisarev et al. 2002).
Given the large number of RNA helicases known to
be associated with the splicing machinery, it is pos-
sible that one or more of these proteins could serve
as RNPases (Schwer 2001; Will and Luhrmann 2001)
to prevent the association of such translational repres-
sors. In the future it will be of interest to define the
complete complement of proteins associated with
spliced and unspliced mRNPs, and determine how the
association of factors involved in translational re-
pression might be altered by splicing or other nuclear
events.

Our results from Xenopus oocytes indicate that much
of the translational enhancement due to splicing can be
attributed to EJC deposition. Using pre-mRNAs either
too short or just long enough to accept an EJC, we found
that a spliced mRNA capable of accepting an EJC pro-
duced >threefold more luciferase activity per cytoplas-
mic mRNA than a spliced mRNA incapable of harboring
an EJC (Fig. 2). The magnitude of this effect was very
similar to the two- to fourfold overall enhancement in
translational yields observed for spliced mRNAs in HeLa
cells (Nott et al. 2003). A similar short exon experiment
carried out in transiently transfected HeLa cells (Wie-
gand et al. 2003) yielded findings consistent with our
oocyte data. The oocyte experiments, however, allowed
us to analyze the effects of EJC deposition on transla-
tional enhancement independent of any potentially con-
founding effects on transcription or polyadenylation (Le
Hir et al. 2003).

Finally, in all cases we have so far examined, increased
translational yield from spliced mRNAs is more consis-
tent with their enhanced polysome association than
with their enhanced nucleocytoplasmic export. We and
others recently reported little or no alteration in the nu-
cleocytoplasmic distribution of full-length mRNAs in
mammalian tissue culture cells dependent on splicing
(Lu and Cullen 2003; Nott et al. 2003). In the oocyte
experiments reported here (Fig. 2), we saw no EJC-depen-
dent difference in mRNA export at either 4 or 24 h. Im-
portantly, at the 4-h time point, no luciferase activity
was yet detectable, indicating that any EJC effect on pro-
tein expression in this experiment must have occurred
subsequent to mRNA export.
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Effects of individual EJC proteins on gene expression

Using an MS2 tethering strategy to recruit individual
EJC proteins to an intronless reporter, we found that
SRm160, Y14, Magoh, and RNPS1 all yielded signifi-
cantly higher levels of gene expression than did MS2
alone (Fig. 3). Dependent on the bound protein, this en-
hancement was caused either by increased mRNA levels
or by greater translational yield, or a combination of the
two. Again, however, we observed no EJC protein-depen-
dent effect on nucleocytoplasmic mRNA distribution.
Thus, consistent with the above discussion, the main
consequences of EJC factor recruitment for expression of
the constructs examined here were to increase mRNA
abundance and translational efficiency. From the tether-
ing data, we can now assign these effects to individual
EJC proteins.

Increased mRNA levels were observed upon tethering
of either SRm160 or RNPSI to a Renilla luciferase re-
porter. This could be caused by enhanced transcription,
more efficient 3’-end formation, decreased degradation
of nascent transcripts, or some combination of effects.
The RNPS1-dependent increase in reporter mRNA levels
could be caused by recruitment of factors involved in
transcription. A general activator of pre-mRNA splicing
in vitro, RNPS1 contains an RNA recognition motif
(RRM) and a serine-rich domain (Badolato et al. 1995;
Mayeda et al. 1999). The serine-rich domain is known to
interact with the PITSLRE family of protein kinases
(Loyer et al. 1998). Because of their presence in active
transcription complexes and their interaction with tran-
scriptional elongation factor ELL2, PITSLRE kinases
were recently implicated in modulating pre-mRNA syn-
thesis (Trembley et al. 2002). On the other hand, two
independent groups have recently shown that both
SRm160 and RNPS1 can promote 3'-end cleavage when
tethered to reporter transcripts in vivo (McCracken et al.
2003; Wiegand et al. 2003). This is perhaps owing to
more efficient recruitment of the components of the 3'-
end cleavage machinery. SRm160 is known to interact
with CPSF-160, a core component of the cleavage and
polyadenylation machinery (McCracken et al. 2002), and
more recently a genetic interaction has been reported
between the Caenorhabditis elegans orthologs of
SRm160 and the cleavage stimulation factor-I 50 kD sub-
unit, CStf-50 (McCracken et al. 2003). Thus, MS2-
SRm160, and MS2-RNPS1 by virtue of its association
with SRm160 (McCracken et al. 2003), could have
stimulated mRNA production by facilitating 3’-end for-
mation of the tethered Renilla transcripts.

The increase in luciferase activity observed upon teth-
ering SRm160 could be fully explained by the corre-
sponding increase in reporter mRNA levels (~threefold;
Fig. 3B). Therefore, SRm160 has no apparent effect on
translational yield (Fig. 4E). In contrast, tethering of
RNPSI, Y14, or Magoh all yielded ~threefold more lucif-
erase activity per mRNA molecule than tethering of
MS2 alone (Fig. 4E). This effect was most likely due to
enhanced translational efficiency and not facilitated ex-
port, as none of the tethered proteins had any significant
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effect on nucleocytoplasmic distribution of the Renilla
reporter mRNA (Fig. 4C). In an independent study, Wie-
gand et al. (2003) also demonstrated that Y14 and RNPS1
failed to enhance export of a tethered reporter mRNA.
Rather, the increased polysome association of bound
mRNAs in our experiments (Fig. 5) directly demon-
strated that the tethered proteins enhanced translational
efficiency. Consistent with an ability to affect cytoplas-
mic translation, RNPSI and Y14 are both known shut-
tling proteins, and Magoh shows both nuclear and cyto-
plasmic localization (Kataoka et al. 2000, 2001; Lykke-
Andersen et al. 2001).

A question yet to be addressed is how these EJC pro-
teins are able to enhance translational yield when they
are thought to be removed from spliced mRNAs upon
the first passage of ribosomes (Dostie and Dreyfuss 2002;
Lejeune et al. 2002). One possibility is that just as pre-
mRNA splicing stably alters mRNP composition by EJC
deposition (Le Hir et al. 2000b), the presence of an EJC
may promote stable formation of a translationally active
mRNP. This could be accomplished, for example,
through EJC-dependent recruitment of translation initia-
tion factors. Alternatively, before their removal, EJCs
may target mRNPs to subcellular locations highly active
in translation. In eukaryotic cells, most cytosolic ribo-
somes are known to be associated with the actin cyto-
skeleton, and active translation is highly dependent on
the integrity of this structure (Bonneau et al. 1985; Ne-
grutskii et al. 1994; Hovland et al. 1996; Stapulionis et al.
1997). The Y14 and Magoh requirement for proper local-
ization of oskar mRNA in developing Drosophila em-
bryos (Hachet and Ephrussi 2001; Mohr et al. 2001) could
reflect a broader role for these proteins in targeting
spliced mRNAs to particular locations in the cytoskel-
eton. In the future it will be of interest to examine the
relationships between splicing, translation, and cyto-
skeletal mRNA localization, and the roles of individual
EJC components in each of these processes.

Why would it be beneficial for spliced mRNAs to be
better translation templates than no-intron mRNAs? In
mammalian cells, where most mRNAs are spliced, the
presence of an EJC may differentiate newly minted
mRNAs from those that have already experienced trans-
lation. Enhanced translation initiation on EJC-carrying
mRNAs would ensure that newly made mRNAs are as-
similated into polysomes as rapidly as possible. Such
coupling between mRNA synthesis and translation
would therefore decrease the lag time between transcrip-
tional activation and protein expression.

The relationship between translation and NMD

Previously, Lykke-Andersen et al. (2000, 2001) used the
MS2 tethering strategy to determine which NMD and/or
EJC proteins are responsible for communicating the po-
sitions of exon-exon junctions to the NMD machinery.
The NMD factors Upfl, Upf2, and Upf3b, and the EJC
proteins Y14, Magoh, and RNPS1 have now all been
shown to trigger NMD when bound to the 3'-UTR of
B-globin mRNA (Lykke-Andersen et al. 2000, 2001; Fri-

Splicing enhances mRNA translation

bourg et al. 2003; Gehring et al. 2003). Here, we found
that all of these same proteins stimulate translational
yield to a similar extent when tethered inside the Renilla
luciferase ORF. Thus, all proteins shown to date that
target mRNAs to preferential decay when bound to the
3'-UTR also increase translational yield when tethered
inside an ORF. Our experiments do not address whether
these two activities are due to the tethered proteins
themselves or some common binding partner. Nonethe-
less, the data do indicate a tight correlation between pro-
teins capable of enhancing translation and proteins able
to trigger NMD.

That proteins involved in NMD may play more gen-
eral roles in translation is borne out by results from sev-
eral other studies. For example, in S. cerevisiae, Upflp,
Upf2p, and Upf3p are required for both NMD and effi-
cient translation termination (Czaplinski et al. 1998;
Maderazo et al. 2000; Wang et al. 2001). There are several
well-documented interactions between the Upf proteins
and the release factors eRF1 and eRF3 (Czaplinski et al.
1998; Wang et al. 2001). Conversely, mutations in at
least one general translation factor can also affect NMD.
Certain mutations in two different subunits of the gen-
eral translation initiation factor eIF3 are known to at-
tenuate NMD. This role of elF3 in NMD possibly re-
flects its activity in promoting ribosomal subunit disso-
ciation upon translation termination (Cui et al. 1999;
Welch and Jacobson 1999). Also documented are several
structural similarities between NMD and translation
initiation factors. Human Upf2 contains an elF4G ho-
mology domain (Aravind and Koonin 2000; Ponting
2000) and, like eIlF4G, has been shown to interact with
both eIF4AI and eIF3 (Gingras et al. 1999; Mendell et al.
2000). Other proteins containing elF4G homology do-
mains include CBP80, a subunit of the nuclear cap-bind-
ing complex (McKendrick et al. 2001), and PAIP1 (Craig
et al. 1998). It is possible that like eIF4G, CBP80, and
PAIP1, human Upf2 has a function in modulating trans-
lation initiation. Finally, in S. cerevisiae, Upflp, Upf2p,
and Upf3p are known to regulate the decapping and deg-
radation of both wild-type and nonsense-containing tran-
scripts (He and Jacobson 2001). Thus, in all cases that
have been so far examined, proteins required for NMD
have additional functions either in translation initiation
or termination or in general mRNA turnover. This is
consistent with the hypothesis that NMD is a natural
consequence of improper translation termination and
not a specific process that evolved for the exclusive pur-
pose of eliminating aberrant messages (Hilleren and
Parker 1999; Schell et al. 2002). A question yet to be
addressed is whether the effects of EJC proteins on trans-
lation and NMD are entirely separate functions, or are sim-
ply alternative outcomes of the same intermolecular inter-
actions contingent on their position relative to the ORF.

Materials and methods

Plasmids, cell culture, and transfections

T-cell receptor-B minigene (TCR-B) and B-globin constructs
with or without introns have been described previously (Lykke-
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Andersen et al. 2000; Nott et al. 2003). For the short exon ex-
periments in Xenopus oocytes, TPI intron 6 with 5'-exons of
different lengths were cloned in-frame with the Renilla lucifer-
ase gene. RNA was transcribed in vitro from linearized plasmid
templates. The 5'-6bs/Renilla luciferase reporter was derived
from a construct described previously (TPI/Renilla; Nott et al.
2003), by replacing the 5’ TPI cassette with six MS2 hairpin
loops from B-Globin-6bs (Lykke-Andersen et al. 2000). N-termi-
nal MS2 fusions of REF2-I, DEK, RNPS1, SRm160, Upfl, Upf2,
and Upf3b have been described previously (Lykke-Andersen et
al. 2000, 2001). C-terminal MS2 fusions of Y14 and Magoh were
cloned and expressed from a pcDNA 3.1 vector. HeLa cells were
cultured in DMEM supplemented with 10% fetal calf serum.
All cells were transfected at 40%-50% confluency using Super-
fect (QIAGEN) according to the manufacturer’s instructions.
Luciferase assays and RNase protection analyses (RPAs) were
performed as described previously (Nott et al. 2003).

Polysome analysis

Polysome profiles were performed essentially as described (Jo-
hannes and Sarnow 1998). For TCR-B, HeLa cells in 100-mm
dishes were transfected with 16 ug of no-intron plasmid or 2 pg
of intron-containing construct plus 14 pg of pcDNA 3.1. For
B-globin experiments, 15 pg of no-intron B-globin plasmid or 5
ug of two-intron B-globin plasmid and 10 ng of pcDNA3.1 were
transfected. For tethering experiments using RNPS1, Upfl,
Upf2, and Upf3b, 4 pg of MS2 fusion plasmid and 1.35 pg of
5'-6bs/Renilla reporter were cotransfected along with 8.3 ug of
pcDNA3.1 and 1.35 ng of Firefly control plasmid. Also, 9 pg of
MS2-Y14 and MS2-Magoh were cotransfected with 3 pg of 5'-
6bs/Renilla reporter and 3 pg of Firefly control plasmid. Cul-
tures were supplemented with 100 ng/mL cycloheximide 24-36
h post-transfection and incubated for 30 sec at room tempera-
ture. Cells were washed three times with ice-cold PBS contain-
ing 100 pg/mL cycloheximide and lysed directly on the plate at
4°C by addition of 500 uL of polysome extraction buffer (15 mM
Tris-Cl at pH 7.4, 15 mM MgCl,, 60 mM NaCl, 0.5% Triton
X-100, 100 pg/mL cycloheximide, 1 mg/mL heparin, 200 units
RNasin [Promega], 5 mM PMSF) and gentle scraping. When in-
dicated, puromycin (100 ng/mL) was added to the cultures 2 h
prior to harvesting and cycloheximide was omitted from the
gradient. For each construct, lysates from two 100-mm dishes
were pooled into a microcentrifuge tube and incubated for 10
min on ice with occasional mixing. Nuclei and debris were
removed by centrifugation at 12,000g for 5 min. Then 1 mL of
each cytoplasmic lysate was layered onto an 11-mL 10%-50%
sucrose gradient (Ruan et al. 1997) and centrifuged at 4°C in an
SW40 rotor (36,000 rpm) for 2 h and 15 min. Fractions (1 mL)
were collected from the top with concomitant measurement of
absorbance at 254 nm, using an ISCO fraction collection sys-
tem. Fractions were adjusted to 0.5% SDS and digested with
Proteinase K (100 pg/mL final). RNA was extracted and treated
with RQ1 RNase-free DNasel (Promega) and analyzed by RPA.

Xenopus laevis oocyte microinjections

DNA templates for in vitro synthesis of U6Ass snRNA and
human initiator methionyl-tRNA have been described (Jar-
molowski et al. 1994). Synthesis of all transcripts was primed
with the m’GpppG cap dinucleotide (NEB). Stage VI oocytes
were injected as described by Jarmolowski et al. (1994), and ~25
nL of RNA mixture along with Blue Dextran was injected per
oocyte for all experiments. Five oocytes for each time point
were dissected and verified for nuclear injection by visual assay
for Blue Dextran, and a portion of the cytoplasm was used to
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measure Renilla and Firefly luciferase activity; RNA was ex-
tracted from the remainder. Extracted RNA equivalent to 1 oo-
cyte nucleus or 1 oocyte cytoplasm was subject to denaturing
polyacrylamide gel electrophoresis.

MS2 tethering experiments

For tethering experiments, HeLa cells in 60-mm dishes were
transfected at 40% confluency and harvested 36 h post-trans-
fection. For experiments shown in Figure 3, the following
amounts of each plasmid were cotransfected: 1 pg of 5'-6bs/
Renilla reporter, 1 ng of Firefly control, 3 pg of MS2 fusion
construct, or 450 ng of MS2-Renilla reporter, 450 ng of Firefly
control, 1.35 pg of pPNMS2-RNPS]1, and 2.7 ng of empty vector.
Although fusions other than MS2-RNPS1 gave similar results
under both transfection conditions, MS2-RNPS1 gave consis-
tent results only at lower DNA concentrations. Western blot-
ting showed that RNPS1 is highly overexpressed when trans-
fected at the higher amounts. For experiments shown in Figure
4, 450 ng of 5'-6bs/Renilla reporter, 450 ng of Firefly control,
200 ng of B-globin-6bs reporter, 1.35 pg of pPNMS2-RNPS1, and
2.5 ng of empty vector were cotransfected. All other MS2-fu-
sions were transfected at 3 ug plus 1 pg of empty vector. Cells
were harvested by scraping in passive lysis buffer (Dual lucifer-
ase assay system; Promega). Part of the lysate was used to mea-
sure Renilla and Firefly luciferase activities using the dual lu-
ciferase assay system (Promega), and RNA was extracted from
the remainder. Nuclear and cytoplasmic RNA were fractionated
as described previously (Nott et al. 2003). Renilla luciferase ac-
tivity and Renilla mRNA levels were normalized to Firefly lu-
ciferase activity and Firefly mRNA levels, respectively. B-Glo-
bin-6bs mRNA levels were also normalized to Firefly mRNA
levels to control for transfection efficiencies.
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