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ABSTRACT

We have examined how splicing affects the expression of a range of human and nonhuman genes in vertebrate cells. Although
our data demonstrate that splicing invariably enhances the level of gene expression, this positive effect is generally moderate.
However, in the case of the human B-globin gene, splicing is essential for significant protein expression. In the absence of
introns, 3’ end processing is inefficient, and this appears to be causally linked to a significant decrease in the level of both
nuclear and cytoplasmic 3’ end-processed RNA. In contrast, splicing appears to only modestly enhance nuclear mRNA export.
Consistent with this observation, intronless B-globin gene expression was only partially rescued by the insertion of retroviral
nuclear mRNA export elements. Surprisingly, in the case of the highly intron dependent B-globin gene, the mRNA that did reach
the cytoplasm was also only inefficiently translated if it derived from an intronless expression plasmid. Together, these data
argue that splicing can increase gene expression by enhancing mRNA 3’ end processing, and hence, mRNA production.
Moreover, in the case of the highly intron-dependent B-globin gene, splicing also significantly enhanced the translational

utilization of cytoplasmic B-globin mRNAs.
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INTRODUCTION

The life cycle of a eukaryotic mRNA can be subdivided into
a number of steps that minimally include transcription,
capping, splicing, polyadenylation, nuclear export, and fi-
nally, cytoplasmic translation and degradation. Although
each of these processes can be studied in isolation, it has
also become increasingly clear that each step in the mRNA
life cycle is functionally connected to both earlier and later
steps (reviewed by Maniatis and Reed 2002). For example,
evidence has been presented that demonstrates that recruit-
ment of a range of cellular factors by the carboxy-terminal
domain of RNA polymerase II facilitates mRNA capping,
splicing, and polyadenylation (Cho et al. 1997; McCracken
et al. 1997). Splicing, in turn, is known to increase the
efficiency of mRNA polyadenylation (Niwa et al. 1990;
Huang and Carmichael 1996; Huang et al. 1999; Vagner et
al. 2000), while both splicing and polyadenylation have
been proposed to play an important role in the nuclear
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export of mRNAs (Buchman and Berg 1988; Ecker et al.
1991; Huang and Carmichael 1996; Luo and Reed 1999;
Brodsky and Silver 2000; Hilleren et al. 2001; Dower and
Rosbash 2002). The recent demonstration that intron re-
moval results in deposition of a large protein complex,
termed the exon junction complex (EJC), ~20 nucleotides
(nt) 5" to the site of intron removal (Kataoka et al. 2000; Le
Hir et al. 2000) provides a possible mechanism to explain
the effect of splicing on the subsequent fate of an mRNA.

Previous efforts to examine the effect of mRNA splicing
on the level of gene expression have demonstrated that a
number of intron containing genes, including the genes
encoding -globin, thymidylate synthase, or purine nucleo-
side phosphorylase, are very poorly expressed when tran-
scribed as cDNAs but effectively expressed if one or more
introns are present in c¢is (Buchman and Berg 1988; Deng et
al. 1989; Ryu and Mertz 1989; Jonsson et al. 1992). On the
other hand, cDNAs derived from some other intron con-
taining genes have been reported to express at high levels in
cultured cells even in the absence of any introns (Pasleau et
al. 1987; Brinster et al. 1988; Malim et al. 1988). Finally, a
significant number of human genes, including c-jun and
several histone and interferon genes, are naturally intronless
(Nagata et al. 1980; Hentschel and Birnstiel 1981; Hattori et
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al. 1988). At least some of these naturally intronless genes,
including histone H2A and the Hepatitis B Virus (HBV)
genome, contain cis-acting elements that appear to func-
tionally compensate for the absence of introns (Huang and
Liang 1993; Huang and Yen 1995; Liu and Mertz 1995;
Otero et al. 1998; Huang et al. 1999). In the case of HBV,
this element has been termed the post-transcriptional regu-
latory element (PRE).

Previous efforts to define the step(s) in gene expression
that are rendered inefficient in the absence of introns have
generally focused on a single, highly intron dependent gene.
Ryu and Mertz (1989) showed that the absence of an intron
resulted in a significant drop in both the nuclear and cyto-
plasmic steady-state level of the mRNAs encoded by the
SV40 late region, due primarily to a decrease in the nuclear
stability of the encoded mRNA. It has also been reported
that a lack of introns results in a decrease in the efficiency
of both mRNA 3’ end processing and nuclear mRNA export
(Ryu and Mertz 1989; Huang and Gorman 1990; Huang et
al. 1999). One published study has, in particular, suggested
that splicing is critical for rapid and efficient mRNA export
in microinjected Xenopus oocytes (Luo and Reed 1999),
although this result has not been fully supported by subse-
quent data from two other groups (Rodrigues et al. 2001;
Ohno et al. 2002).

In this article, we have attempted to address the impor-
tance of splicing in mediating gene expression in human
cells by surveying a number of genes for their intron de-
pendence and by attempting to more clearly define the steps
in gene expression that are inefficient in the absence of
splicing. Our data show that all genes are expressed less
effectively in the absence of splicing, but that this effect is
generally moderate. However, the human B-globin gene
proved to be highly intron-dependent. Although a lack of
introns was found to reduce both the nuclear and cytoplas-
mic level of expression of the encoded mRNA, most prob-
ably by reducing polyadenylation efficiency, splicing only
modestly enhanced nuclear mRNA export. Surprisingly, in
the case of the highly intron dependent B-globin gene, a lack
of splicing also appeared to markedly reduce the transla-
tional utilization of the mature mRNAs that do reach the
cytoplasm.

RESULTS

Splicing only modestly enhances insulin
gene expression

The rat preproinsulin II gene encodes three exons, that are
43, 201, and 199 nt in length, separated by two introns of
119 and 499 nt (Fig. 1A; Lomedico et al. 1979). To test
whether these introns enhance the level of preproinsulin
mRNA and protein expression, we constructed plasmids
designed to express the genomic insulin gene (pCMV/WT/

INS), variants precisely lacking the first (p)CMV/A1/INS) or
second (pCMV/A2/INS) intron, and finally, a cDNA variant
lacking both introns (pCMV/A1+42/INS). Importantly, all
four plasmids are predicted to encode the identical mature
preproinsulin II mRNA. The mRNA sequence encoded by
these plasmids differs from the native preproinsulin II
mRNA in the 5" untranslated region (UTR), where the 5’
most 5 nt of the mRNA have been deleted and replaced by
84 nt of noncoding sequence contributed by the cytomeg-
alovirus immediate early (CMV-IE) promoter. In addition,
the mRNA has been modified by addition of an influenza
hemaglutinin (HA) epitope tag to the carboxy-terminus of
the insulin coding sequence. However, these expression
plasmids do contain the complete genomic rat preproinsu-
lin II polyadenylation sequence, including 3’ flanking se-
quences that are excluded from the mature mRNA.

To examine the importance of these two introns in me-
diating preproinsulin II gene expression, we transfected hu-
man 293T cells with the above expression plasmids and
then assayed insulin expression levels by Western analysis
(Fig. 1B) and RNase protection analysis (RPA; Fig. 1C). As
can be seen in Figure 1B, precise deletion of either the first
or the second intron had little effect on the level of insulin
protein expression. However, deletion of both introns re-
duced insulin expression to ~15% of the level seen with the
parental genomic expression plasmid. Steady-state insulin
RNA expression levels, in either the nucleus or cytoplasm of
the transfected cells, were quantified using an RPA probe
that can detect transcripts that have undergone proper 3’
end processing or that have not undergone appropriate pro-
cessing (Fig. 1A). This analysis revealed that removal of
either intron decreased the level of both nuclear and cyto-
plasmic 3" end-processed mRNA by ~twofold (Fig. 1C,D).
Removal of both introns reduced the level of both nuclear
and cytoplasmic 3’ end-processed RNA by four- to sixfold,
that is, to about the level seen for insulin protein expression
(Fig. 1D). Therefore, in the case of the rat preproinsulin II
gene, the introns present in the genomic copy of the gene
appear to enhance protein expression, and cytoplasmic and
nuclear 3’ end-processed RNA expression, by approxi-
mately the same ~fivefold increment. Of interest, the level
of insulin RNA that was appropriately 3’ end processed
decreased from ~82% to ~48% of total nuclear insulin RNA
when both introns were removed (Fig. 1E). These data are
consistent with earlier reports suggesting that the presence
of a functional 3" splice site in cis significantly enhances the
utilization of a genomic polyadenylation signal (Huang and
Gorman 1990; Huang et al. 1999).

B-globin gene expression is unusually
intron dependent

Although the enhancing effect of introns of rat preproin-
sulin II expression was readily detectable, it was modest
compared to several previous reports showing that certain

www.rnajournal.org 619



Lu and Cullen

A ATG TAG
CAP PA

Probe

B

WT Al A2 Al+2 mock

B-gal — — —— —_— == O nuclear mRNA
E] cytoplasmic mRNA
- Il protein
— ———
insulin— m .
1.00 0.88 0.73 0.15 1.28
H0.05 3006 2008 relative level

C E

WT Al A2 Al4+2  mock
NC NC NC NC N C

Input

Pt W - ."‘

PA* - - A2

L
0 20 40 60 80 100
1 2 3 4 5 67 8 9 10 11
% nuclear 3’end processed RNA

FIGURE 1. Effect of splicing on insulin gene expression. (A) Schematic representation of pCMV/WT/INS. The black arrow represents the
CMV-IE promoter inserted 5’ to the genomic rat preproinsulin II gene. The insulin 5" and 3" UTRs are indicated by thick lines, the coding regions
by gray boxes, and the introns by dotted lines. The thin line represents 5" UTR sequences contributed by the CMV-IE promoter. ATG, translation
initiation codon; TAG, translation termination codon; CAP, transcription start site; PA, polyadenylation site. The location of the RPA probe used
to quantitate insulin RNA expression is also indicated. (B) Western analysis of insulin expression levels. 293T cells were mock transfected or
transfected with 400 ng of pPCMV/WT/INS, pCMV/A1/INS, pCMV/A2/INS, or pPCMV/A1+2/INS, together with 200 ng pCMV/-gal as an internal
control. (C) This RPA measures the expression level of unprocessed (PA™) or 3’ end-processed (PA*) insulin RNA encoded by pPCMV/WT/INS,
pCMV/A1/INS, pCMV/A2/INS, or pPCMV/A1+2/INS, in the nucleus [N] or cytoplasm [C] of 293T cells either mock transfected or transfected
with 400 ng of the above expression plasmids. The RPA probe used is shown in lane I (1% of input). (D) The level of expression of nuclear and
cytoplasmic 3" end-processed insulin RNA or insulin protein is shown normalized to the level seen in 293T cells transfected with pPCMV/WT/GLB,
which is arbitrarily set at 1. Average of three experiments with SD indicated. (E) The level of nuclear 3" end-processed insulin RNA in 293T cells
transfected with the indicated expression plasmids is given as a percentage of total nuclear RNA, as quantified by RPA.

genes, such as B-globin, require introns for their successful
expression from viruses or plasmids (Bushman and Berg
1988; Huang et al. 1999). We therefore wondered if insulin
might be unusual in showing a limited dependence on in-
trons. To test this hypothesis, we precisely substituted the
insulin open reading frame in either pCMV/A2/INS or in
pCMV/A1+42/INS with 1 of 10 open reading frames encod-
ing a range of human proteins of different sizes and func-
tions. These two matched expression plasmids would,
therefore, in each case, express the same mature mRNA,

620 RNA, Vol. 9, No. 5

containing 5" and 3’ UTRs derived from the rat preproin-
sulin II gene (Fig. 1A). However, in one case the pre-mRNA
would contain an intron in the 5’ UTR, while in the second
this intron would have been precisely removed prior to
transcription. The human genes chosen included (-globin,
which, as noted above, has been reported to be highly in-
tron dependent, and c-jun, which is naturally intronless
(Hattori et al. 1988). In all cases, we modified the encoded
open reading frame by addition of either an N-terminal or
C-terminal HA epitope tag. Each expression plasmid was
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then cotransfected into 293T cells, together with a plasmid
encoding a HA-tagged form of B-galactosidase (3-gal) as an
internal control, and protein expression quantified by
Western analysis using an anti-HA monoclonal antibody.
Efficient excision of the 5" UTR intron was confirmed by
RPA (data not shown).

As shown in Figure 2, all 10 tested genes were expressed
at higher levels when they encoded an intron in their 5’
UTR. As expected from previous work, B-globin showed a
high degree of intron dependence, giving an ~35-fold higher
level of protein expression when an intron was present in

cis. In contrast, the other open reading frames were less
strongly intron dependent, with the enhancement ranging
from ~twofold in the case of hnRNPK to ~eightfold in the
case of exportin t (Exp t). Curiously, c-jun, which is natu-
rally intronless, was at least as responsive to the inclusion of
an intron as were most intron-containing genes (Fig. 2).
Together, these data suggested that the effect of an intron
on the level of expression of the rat preproinsulin II gene in
293T cells was actually fairly typical, while 3-globin expres-
sion appeared unusually sensitive to the absence of introns
in cis.
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FIGURE 2. Effect of intron inclusion on the level of expression of a range of human genes. Western analysis of the level of protein expression
for each of 10 different genes in 293T cells transfected with 400 ng each of a matched intron™ or intron™ expression plasmid, together with
pCMV/B-gal as an internal control. The relative increase in the level of expression of each protein that is seen upon intron inclusion is indicated
at the bottom after normalization to the internal control. An average of three independent experiments with standard deviation is indicated. (The
intronless 3-globin construct gave rise to a level of protein expression that was 2.8 + 1.8% of the level seen when an intron was present in cis.)
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The relative intron dependence of genes is conserved
in different cell types

All of the genes tested in Figure 2 are of mammalian origin,
and it could, therefore, be argued that they might contain
sequences designed to either enhance or inhibit their ex-
pression in the absence of introns. To address this hypoth-
esis, and also to determine whether 293T cells are unusually
permissive for intronless gene expression, we constructed
additional expression plasmids, again derived by precise
substitution of the insulin open reading frame in either
pCMV/A2/INS or pCMV/A1+2/INS. However, in this case
we introduced two indicator genes of bacterial origin, that
is, chloramphenicol acetyl transferase (CAT) and B-gal, one
gene of insect origin, that is, luciferase (luc), and finally one
additional gene of human origin, that is, secreted alkaline
phosphase (SEAP). These plasmids were then transfected
into human 293T or HelLa cells, into the murine cell line
NIH3T3 or into the quail cell line QCI-3 (Fig. 3).

In 293T cells, these four indicator genes behaved essen-
tially as observed for the majority of human genes analyzed
in Figure 2. Thus, CAT expression was enhanced by ~10-
fold by addition of an intron in cis, while (3-gal expression
was increased by ~fivefold. In contrast, the SEAP indicator
gene gave rise to only a minimal, ~twofold expression in-
crease upon inclusion of the identical intron (Fig. 3). In-
terestingly, the qualitative pattern seen in 293T cells, with

CAT showing strong intron dependence, SEAP showing
little effect and luc and B-gal being intermediate, was re-
produced in the three other cell lines tested. However, al-
though the data obtained in QCI-3 cells was quantitatively
quite similar to the results seen in 293T cells, both HeLa and
NIH3T3 generally showed a significantly greater increase in
gene expression upon intron introduction, with CAT ex-
pression increasing by almost 100-fold in both cell lines
(Fig. 3). Therefore, although these data suggest that differ-
ent cell types can vary significantly in the absolute level of
enhancement seen upon introduction of an intron into a
specific gene expression plasmid, they also suggest that the
higher dependence of certain genes on the presence of an
intron is both intrinsic and reproducible in different cell
and species contexts, that is, that the degree of intron de-
pendence is encoded within the cDNA sequence of the gene.
As the B-globin gene is clearly unusually dependent on in-
trons for effective gene expression in 293T cells, even com-
pared to genes of prokaryotic origin (Figs. 2, 3), these data
imply that currently undefined sequences present in the
B-globin gene act to inhibit 3-globin expression when no
introns are present in cis. In fact, Liu and Mertz (1996) have
previously reported that sequences located in the 3’ termi-
nal exon of human B-globin can inhibit appropriate mRNA
processing.

Splicing has distinct effects on
B-globin and insulin gene expression

Hela

The structure of the genomic B-globin

gene is in some ways quite similar to the

preproinsulin II gene in that both genes
consist of three exons, separated by two
small introns (Lomedico et al. 1979;
Buchman and Berg 1988). Both genes
are also small, and are expressed at a
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when compared to their effect on pre-
proinsulin expression (Fig. 1). For this
purpose, we introduced the genomic
B-globin coding sequence, including
both introns, into pCMV/A1+2/INS in
place of the insulin open reading frame
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FIGURE 3. Effect of intron inclusion on the expression of indicator genes in four cell lines.
293T, HeLa, NIH3T3, and quail QCI-3 cells were transfected with 200 ng each of a matched
intron™ or intron™ plasmid encoding CAT, B-gal, luc, or SEAP. Cells were also transfected with
pCMV/B-gal or pPCMV/CAT as an internal control. The fold increase seen upon intron inclu-
sion is indicated, after correction for the internal control. An average of three experiments with

SD is indicated.
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to give pPCMV/WT/GLB. We then pre-
100  pared derivatives precisely lacking the
5" intron (pCMV/A1/GLB), the 3’ in-
tron (pCMV/A2/GLB), or both introns
(pCMV/A1+2/GLB), and analyzed B-
globin protein and RNA production.
It is important to note that these B-glo-
bin expression constructs contain the
same promoter, 5" UTR, 3" UTR, and
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genomic polyadenylation sequence present in the insulin
expression plasmids analyzed in Figure 1.

As expected, removal of both introns resulted in a dra-
matic, ~33-fold drop in the level of B-globin protein ex-
pression (Fig. 4A). Removal of only the 5’ intron reduced
B-globin protein expression by ~twofold, while removal of
the 3" intron reduced protein expression by ~fivefold. Re-
markably, analysis of the nuclear and cytoplasmic level of 3’
end-processed mRNA revealed a significantly more modest
effect at this level. Thus, removal of the second intron only
reduced cytoplasmic 3" end-processed mRNA by ~twofold
while removal of both introns reduced cytoplasmic 3" end-
processed mRNA by a mere ~fourfold (Fig. 4B,C). There-
fore, although removal of both introns from the genomic
B-globin gene has a similar effect on the level of cytoplasmic
B-globin mRNA expression as does removal of both introns
from the rat preproinsulin II gene (cf. Fig. 1C,D and Fig.
4B,C), B-globin protein expression is clearly more severely
impacted than is insulin protein expression.

If the absence of introns reduces the efficiency of nuclear
mRNA export, then one would predict that there would be
a significant drop in the cytoplasmic level of that mRNA
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while nuclear mRNA levels might be largely unaffected, as
has indeed been previously reported (Chang and Sharp
1989; Malim et al. 1989). However, intron removal, in fact,
resulted in a comparable decline in the level of nuclear and
cytoplasmic poly(A)™ mRNA in the case of both the insulin
(Fig. 1C,D) and B-globin gene (Fig. 4B,C), thus suggesting
that splicing may not greatly enhance nuclear mRNA ex-
port.

As previously noted for the rat preproinsulin II gene (Fig.
1E), removal of both introns from the B-globin gene re-
duced the efficiency of 3’ end processing at the flanking
genomic rat preproinsulin II polyadenylation sequence.
This effect reduced the proportion of the total nuclear glo-
bin RNA that was correctly 3" end processed from ~75% to
~30% at steady state (Fig. 4D). However, if the half-life of
the unprocessed B-globin RNA is significantly less than the
half-life of the 3" end-processed RNA, then this steady-state
measurement might actually significantly underestimate the
indirect effect of inefficient 3’ end formation on B-globin
mRNA expression. To address this question, we measured
the half-life of 3’ end-processed and unprocessed B-globin
RNA in 293T cells transfected with B-globin expression
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relative level

075 1 1.2§8

Al+2 4 —

0 20 40 60 80 100

% nuclear 3’end processed RNA

FIGURE 4. Effect of introns on B-globin gene expression. (A) Western analysis of B-globin expression levels. 293T cells were either mock
transfected or transfected with 400 ng of pPCMV/WT/GLB, pCMV/A1/GLB, pCMV/A2/GLB, or pCMV/A1+2/GLB together with 200 ng pPCMV/
B-gal as an internal control. (B) This RPA was performed as described in Figure 1C. (C) This quantitation was performed as described in Figure
ID. (D) The level of nuclear 3" end-processed -globin RNA in 293T cells transfected with the indicated expression plasmids is given as a

percentage of total nuclear B-globin RNA, as determined by RPA.
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plasmids that do or do not contain an intron, after treat-
ment of cells with actinomycin D. These data (Fig. 5; data
not shown) demonstrate that the half-life of 3’ end-pro-
cessed (-globin RNA, derived from an intron containing
B-globin expression plasmid, was 21 £ 7 h, while the half-
life of the unprocessed RNA was a substantially shorter
9 £ 1 h. Similarly, the half-life of 3’ end-processed B-globin
RNA derived from the intronless pPCMV/A14+2/GLB plas-
mid was 15+ 3 h, while the unprocessed RNA had a half-
life of 8 £ 1 h. Although the minor differences in the ob-
served half-lives of the in principle identical mRNAs ob-
tained from these two different [-globin expression
plasmids are of uncertain significance, it is clear that the
unprocessed -globin RNA is substantially less stable than
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FIGURE 5. Half-life of B-globin RNAs. (A) This RPA measures the
relative level of total 3" end-processed (PA") and unprocessed (PA™)
RNA in 293T cells transfected with the intronless pPCMV/A1+2/GLB
plasmid after incubation with the transcription inhibitor actinomycin
D for the indicated number of hours. (B) This figure shows the rate of
decay of the unprocessed B-globin RNA, determined as shown in (A).
An average of three independent experiments with SD is indicated. (C)
Same as (B), except that the rate of decay of the 3" end-processed RNA
encoded by pCMV/A1+2/GLB is measured. Analogous experiments
were also performed using 293T cells transfected with an intron con-
taining 3-globin expression plasmid.
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the 3" end-processed RNA. These data therefore imply that
the steady-state ratio of processed versus unprocessed glo-
bin RNA expression measured in Figure 4 may significantly
underestimate the inhibitory effect of intron removal on
polyadenylation efficiency. As unprocessed globin RNA is
largely retained in the nucleus and then degraded (Fig. 4B),
inefficient polyadenylation appears to be sufficient to ex-
plain most of the ~fourfold drop in the cytoplasmic level of
globin mRNA noted in cells transfected with the intronless
pCMV/A1+2/GLB plasmid (Fig. 4C).

The HBV PRE, unlike retroviral RNA export elements,
effectively rescues intronless B-globin gene expression

As an alternative approach to addressing whether intron
removal compromises mRNA expression by inhibiting
nuclear mRNA export, we next asked if expression of an
intronless 3-globin gene would be enhanced by the intro-
duction of known nuclear mRNA export elements into the
3" UTR. The inserted elements included the Mason Pfizer
Monkey Virus (MPMV) constitutive transport element
(CTE), which is able to directly recruit the cellular Tap
nuclear mRNA export factor (Griiter et al. 1998; Kang and
Cullen 1999). Importantly, Tap is believed to normally me-
diate the nuclear export of cellular mRNAs, and has been
reported to be recruited by the EJC (Kataoka et al. 2001; Le
Hir et al. 2001b). In addition, we also inserted the human
immunodeficiency virus type-1 (HIV-1) Rev Response El-
ement (RRE) which, in the presence of the HIV-1 Rev pro-
tein, can efficiently recruit the cellular Crm1 nuclear RNA
export factor (Fornerod et al. 1997; Malim et al. 1989).
Finally, we also introduced the HBV PRE, an RNA element
whose mechanism of action is unknown but that has been
shown to post-transcriptionally enhance the expression of
intronless HBV mRNAs (Huang and Liang 1993; Huang
and Yen 1995; Otero et al. 1998).

As shown in Figure 6A, and quantitated in Table 1, effi-
cient B-globin protein expression is sustained by either the
two genomic 3-globin introns or by insertion of the 5" UTR
intron from the preproinsulin II gene, while little 3-globin
protein is expressed when no intron is present (Fig. 6A,
lanes 2,4). Insertion of either the MPMV CTE or the HIV-1
RRE into the 3" UTR of pCMV/A1+2/GLB enhanced 3-glo-
bin protein expression by ~fivefold, that is, to ~20% of the
level seen when an intron is present (Fig. 6A, lanes 6,7;
Table 1). In contrast, the HBV PRE was able to essentially
completely rescue protein expression from this intronless
B-globin gene (Fig. 6A, lane 5; Table 1).

We next performed an RPA to quantify the level of 3’
end-processed and unprocessed RNA expression in the
nucleus and cytoplasm of cells transfected with the plasmids
listed in Figure 6A (Fig. 6B; Table 1). The most important
point to emerge from this analysis was that introduction of
the insulin-derived 5" UTR intron into pCMV/A1+2/GLB,
or insertion of the PRE into the 3’ UTR, both increased the
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FIGURE 6. Effect of various viral RNA elements on intronless {3-glo-
bin gene expression. (A) Western analysis of the B-globin expression
level in 293T cells either mock transfected or transfected with 400 ng
of the indicated expression plasmid, together with 200 ng pCMV/[3-gal
as an internal control. (B) This representative RPA was performed as
described in Figure 1C.

level of cytoplasmic 3’ end-processed mRNA by only two-
to threefold (Fig. 6B, cf. lanes 5,7,9) yet increased B-globin
protein expression by up to 25-fold (Fig. 6A; Table 1). In
contrast, while the MPMV CTE also enhanced the cytoplas-
mic level of intronless unprocessed (3-globin mRNA expres-
sion by ~twofold (Fig. 6B, lane 11; Table 1), this did not
result in an equivalently dramatic increase in B-globin pro-
tein expression (Fig. 6A, lane 6; Table 1). Therefore, both
splicing and the PRE appear to significantly enhance the

cytoplasmic translational utilization of B-globin mRNAs.
However, the insertion of an intron into the 5" UTR of the
intronless 3-globin gene, or insertion of the PRE into the 3’
UTR, appeared to only modestly enhance the efficiency of
3" end processing at the genomic preproinsulin polyade-
nylation site (Fig. 6B).

As noted above, the MPMV CTE functions by binding to
the Tap nuclear mRNA export factor while Rev recruits the
cellular Crm1 RNA export factor to the RRE (Fornerod et
al. 1997; Griiter et al. 1998; Kang and Cullen 1999). In
contrast, the mechanism of action of the HBV PRE remains
unclear. To address whether the HBV PRE indeed functions
as an effective nuclear mRNA export sequence, we asked if
the HBV PRE could rescue the cytoplasmic expression of
the late, structural proteins encoded by a Rev™ HIV-1 pro-
viral clone when inserted in cis. As shown in Table 2, this
Rev™ HIV-1 provirus, as expected (Malim et al. 1989; Yi et
al. 2002), failed to produce detectable levels of the p24 Gag
protein when transfected into 293T cells. However, p24 Gag
production could be effectively rescued by either cotrans-
fection of a Rev expression plasmid or by insertion of the
MPMYV CTE into a unique Xhol site present in the proviral
clone. In contrast, insertion into the same Xhol site of the
HBV PRE fragment that could efficiently rescue 3-globin
protein expression (Fig. 6A) had no effect on p24 Gag pro-
duction (Table 2), although cotransfection of a Rev expres-
sion plasmid again fully rescued p24 Gag protein produc-
tion (data not shown). Therefore, at least in this rigorous
assay for nuclear mRNA export ability, the HBV PRE differs
from the MPMV CTE or the HIV-1 Rev/RRE combination
in being inactive.

DISCUSSION

Two recent discoveries have prompted us to reexamine the
importance of splicing in modulating the fate of mRNA
transcripts. The most significant of these is the observation
that splicing results in the deposition of the EJC proteins 20

TABLE 1. Comparison of B-globin protein and 3’ end-processed B-globin RNA expression

Introduced B-globin Relative protein

Relative level of nuclear 3’

Relative level of cytoplasmic

expression plasmid expression end-processed RNA 3" end-processed RNA
pCMV/WT/GLB 1.00 1.00 1.00
pCMV/I/A1+2/GLB 1.04 £0.11 0.66 +£0.13 0.41 £ 0.07
pCMV/A1+2/GLB 0.04 = 0.02 0.17 £ 0.09 0.23 +£0.12
pCMV/A1+2/PRE/GLB 0.77 £0.19 0.49 +0.27 0.50 = 0.03
pCMV/A1+2/CTE/GLB 0.23 +0.07 0.59 £ 0.30 0.43 +£0.17
pCMV/A1+2/RRE/GLB+pcRev 0.17 +£0.03 ND ND
pCMV/A1+2/RRE/GLB 0.02 + 0.03 ND ND

This table shows the relative level of B-globin protein, as well as nuclear and cytoplasmic 3’ end-processed
mRNA, detected upon transfection of 293T cells with the indicated expression plasmids. These data are nor-
malized to the level seen with the pCMV/WT/GLB genomic B-globin expression plasmid and represent the
average of three independent experiments, with standard deviation indicated. No RNA analysis was performed
with the cultures transfected with the pCMV/A1+2/RRE/GLB plasmid because the pcRev expression plasmid
contains the same polyadenylation site. ND, not determined.

www.rnajournal.org 625



Lu and Cullen

TABLE 2. The HBV PRE cannot rescue Gag production by a Rev~
HIV-1 Proviral Clone

HIV-1 proviral clone p24 Gag production (ng/mL)

pNL4-3 Rev™ 0.2
pNL4-3 Rev™ + pcRev 92.3
pNL4-3 Rev/CTE 74.7
pNL4-3 Rev/PRE 0.6

293T cells were transfected with 500 ng of the indicated proviral
expression plasmid and with 1000 ng of pcRev, or of the pBC12/
CMV plasmid as a negative control. At 72 h after transfection,
secreted p24 Gag production was measured by ELISA.

to 22 nt 5’ to each exon junction site (Kataoka et al. 2000;
Le Hir et al. 2000). The EJC includes the protein Aly/Ref,
which has been proposed to recruit the Tap nuclear mRNA
export factor (Zhou et al. 2000; Le Hir et al. 2001b; Rod-
rigues et al. 2001), as well as the proteins Y14, Magoh and
RNPS1, which have been proposed to remain at least tran-
siently bound to mRNAs after their export to the cytoplasm
(Kataoka et al. 2001; Kim et al. 2001; Lykke-Andersen et al.
2001). These EJC proteins therefore have the potential to
regulate the cytoplasmic fate of an mRNA and, in fact, EJC
components are now thought to be involved in regulating
mRNA subcellular localization and in activating nonsense-
mediated mRNA decay (Kataoka et al. 2001; Le Hir et al.
2001a, 2001b; Lykke-Anderson et al. 2001). It has also been
reported that intronless mRNAs are very inefficiently ex-
ported from the nucleus of microinjected Xenopus oocytes
when compared to identical mRNAs that have undergone
splicing after injection (Luo and Reed 1999). Although this
result has been controversial (Rodrigues et al. 2001; Ohno et
al. 2002), these observations, nevertheless, suggest that
mRNA nuclear export might be strongly enhanced by the
EJC-mediated recruitment of Tap to spliced mRNA mol-
ecules.

Previous efforts to address the importance of splicing in
mRNA expression have identified several intron containing
genes that are very poorly expressed when they are tran-
scribed as ¢cDNAs (Buchman and Berg 1988; Deng et al.
1989; Ryu and Mertz 1989; Jonsson et al. 1992). However,
other intron-containing genes have been reported to be
expressed efficiently in the absence of introns, while a num-
ber of human genes are known to be naturally devoid of
introns (Nagata et al. 1980; Hentschel and Birnstiel 1981;
Pasleau et al. 1987; Brinster et al. 1988; Hattori et al. 1988;
Malim et al. 1988). Attempts to identify the steps in the
mRNA life cycle that are affected by splicing in highly in-
tron-dependent genes have suggested that a lack of introns
(1) significantly reduces both the nuclear and cytoplasmic
mRNA level, (2) reduces the efficiency of transcript poly-
adenylation, and (3) can reduce the efficiency of nuclear
mRNA export (Ryu and Mertz 1989; Huang and Gorman
1990; Huang et al. 1999). Why other genes can be effectively
expressed in the absence of introns has not previously been
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addressed in detail, although it has been proposed that at
least some genes that naturally lack introns may contain
cis-acting RNA elements that compensate for this deficiency
(Huang and Liang 1993; Huang et al. 1999).

Many genes are not highly intron-dependent

In this article, we have examined a range of human and
nonhuman genes for their intron dependence in vertebrate
cells and have observed that highly intron-dependent genes,
such as the B-globin gene, appear to be unusual (Fig. 2).
Although all genes tested were clearly expressed more effi-
ciently when an intron was present in cis, the observed
activation, while significant, tended to be relatively modest,
at least in 293T cells. Interestingly, the relative intron de-
pendence of genes, but not the quantitative effect of introns
on the level of gene expression, proved to be conserved
when measured in different cell lines derived from different
species (Fig. 3). This argues that genes, either fortuitously or
by evolutionary design, contain sequence information that
allows them to be more or less effectively expressed as
cDNA transcripts. As the two prokaryotic genes tested dis-
played the same moderate intron dependence typical of
most human genes (Figs. 2, 3), it appears that highly intron-
dependent genes such as (-globin probably contain se-
quences that inhibit intron-independent gene expression
(Liu and Mertz 1996).

Splicing enhances 3’ end processing and thereby
increases nuclear and cytoplasmic mRNA levels

A comparison of the highly intron-dependent -globin gene
(Fig. 4) with the moderately intron-dependent preproinsulin
II gene (Fig. 1) demonstrated that a lack of introns mark-
edly reduced the efficiency of 3" end processing at the ge-
nomic preproinsulin II poly(A) addition site present in both
expression plasmids (Figs. 1E , 4D). Largely as a result, a
lack of introns also led to a readily detectable drop in the
level of nuclear 3’ end-processed mRNA, although total
nuclear RNA levels were less affected. However, as the un-
processed RNA is both significantly more labile than the
analogous 3’ end-processed mRNA (Fig. 5), and largely
unable to reach the cytoplasm (Figs. 1C, 4B), this defect in
polyadenylation appeared to largely explain the four- to
fivefold drop in cytoplasmic mRNA observed in cultures
transfected with intronless expression plasmids (Figs. 1D,
4C). It remains possible, as suggested by others, that splic-
ing may also enhance gene transcription (Furger et al.
2002). However, this effect would have to be fairly modest
in the experiments reported here, possibly due to the use of
the highly active CMV-IE promoter.

Splicing only modestly enhances nuclear
mRNA export

If splicing is critical for effective nuclear mRNA export, then
one would predict that a lack of introns would selectively
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reduce the cytoplasmic level of the encoded mRNA tran-
script. In fact, mutation of the 5" or 3’ splice site of the
second intron present in B-globin mRNA has previously
been shown to prevent the nuclear export of the unspliced
B-globin mRNA and instead induces its nuclear accumula-
tion (Chang and Sharp 1989). In contrast, we did not ob-
serve a disproportionate effect of splicing on the cytoplas-
mic level of either insulin or B-globin 3’ end-processed
mRNA (Figs. 1C,D, 4B,C). It is important to note that an
experimental strategy that only measured total RNA levels
in the cell nucleus and cytoplasm (e.g., Ryu and Mertz
1989) would have detected a significantly greater inhibitory
effect of an absence of introns on the cytoplasmic level of
mRNA expression. However, this effect would, in fact, have
been primarily due to the presence in the nucleus of a
substantial pool of improperly 3’ end-processed RNA that
is not effectively exported (e.g., Fig. 1C). The observed in-
ability of this nonpolyadenylated RNA to exit the human
nucleus is interesting, given recent data suggesting a strong
functional link between mRNA 3’ end formation and
nuclear export (Custodio et al. 1999; Brodsky and Silver
2000; Hilleren et al. 2001; Dower and Rosbash 2002).

The MPMV CTE has been shown to avidly bind to the
Tap nuclear mRNA export factor (Griiter et al. 1998; Kang
and Cullen 1999), and Tap has also been reported to inter-
act with the EJC (Le Hir et al. 2001b). We, therefore, asked
if the MPMV CTE would be able to functionally substitute
for introns in mediating B-globin gene expression. In fact,
both the MPMV CTE, as well as the functionally analogous
HIV-1 Rev/RRE combination, were able to partially rescue
B-globin protein expression induced by the intronless
B-globin gene (Fig. 6; Table 1). Although this result suggests
that the stimulatory effect of splicing on mRNA expression
may, in part, be due to enhanced nuclear mRNA export, it
is also clear that splicing is not essential for the nuclear
export and translation of most mRNA species (Fig. 2). The
recent demonstration that EJC proteins differ from bona
fide nuclear export factors such as Tap, p15, and UAP56 in
being largely dispensable for nuclear mRNA export in meta-
zoan cells (Gatfield and Izaurralde 2002) is consistent with
this hypothesis. Importantly, recent data have demonstrated
that recruitment of mRNA export factors occurs not only
during splicing but also cotranscriptionally, and these two
recruitment processes may therefore be partly redundant
(Lei et al. 2001; Strifler et al. 2002; Zenklusen et al. 2002).

Splicing can affect mRNA translation efficiency

A striking observation to emerge from these studies is that
splicing can enhance mRNA translation, at least in the case
of the highly intron-dependent -globin gene. The first hint
of this phenomenon came from a comparison of the effect
of splicing on the level of insulin and B-globin 3" end-
processed mRNA and protein expression. As shown in Fig-
ure 1D, a lack of introns reduced the cytoplasmic level of

insulin mRNA and protein expression by the same ~sixfold.
In contrast, while intron removal reduced cytoplasmic
B-globin mRNA levels by four- to fivefold, the drop in
protein expression was a more dramatic ~33-fold (Fig. 4C).

More evidence in favor of an effect of splicing on mRNA
utilization came from an analysis of the effect of various
cis-acting RNA elements on (-globin protein and mRNA
expression (Fig. 6; Table 1). Specifically, we observed that
insertion of an intron into the 5 UTR of pCMV/A1+2/
GLB, which has no effect on the encoded mature mRNA,
fully restored B-globin protein expression (an ~25-fold in-
crease) yet increased cytoplasmic mRNA levels by less than
threefold (Fig. 6; Table 1). A similar effect was noted with
the HBV PRE, which increased 3-globin protein expression
by ~20-fold yet enhanced cytoplasmic mRNA levels by only
two- to threefold. In contrast, the MPMV CTE nuclear
RNA export signal also increased cytoplasmic mRNA levels
by ~twofold yet increased (-globin protein expression by
only ~fivefold. Therefore, these data suggest that both splic-
ing and the HBV PRE enhance not only the cytoplasmic
level of 3" end-processed B-globin mRNA but also the uti-
lization of that mRNA. In contrast, the MPMV CTE en-
hanced protein expression by almost the same increment as
mRNA expression.

The HBV PRE can act at a level distinct from nuclear
mRNA export

An interesting observation reported in this manuscript is
that the HBV PRE differs from the retroviral MPMV CTE
and Rev/RRE nuclear mRNA export signals in two impor-
tant ways. First, the HBV PRE is essentially fully competent
to rescue intronless B-globin gene expression when intro-
duced in cis, while the MPMV CTE and the HIV-1 Rev/RRE
have only a moderate enhancing effect (Fig. 6A). Second,
the HBV PRE was found to differ from both the Rev/RRE
and the MPMV CTE in being unable to support the nuclear
export and expression of the unspliced, late mRNAs en-
coded by a Rev™ HIV-1 provirus (Table 2). These data
suggest that the mechanism of action of the HBV PRE,
which remains poorly understood, may be quite different
from the mechanism of action of the MPMV CTE and the
HIV-1 Rev/RRE, both of which act exclusively to export
intron-containing retroviral RNA transcripts (Malim et al.
1989; Griiter et al. 1998; Kang and Cullen 1999; Yi et al.
2002). Although the HBV PRE may contribute to the
nuclear export of intronless nuclear mRNAs (Huang and
Liang 1993; Huang and Yen 1995; Otero et al. 1998), these
data suggest that the HBV PRE may also reproduce the
positive effect of splicing on other stages in the mRNA life
cycle, including enhanced cytoplasmic utilization.

In conclusion, our data agree with earlier reports indi-
cating that splicing enhances mRNA 3’ end formation and,
at least in part as a result, enhances both the nuclear and
cytoplasmic level of mRNA expression (Ryu and Mertz
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1989; Huang and Gorman 1990; Huang et al. 1999). Our
data do not support a critical role for splicing in mediating
mRNA nuclear export but do demonstrate, at least in the
case of the highly intron-dependent B-globin gene, that
splicing can markedly enhance the cytoplasmic translation
of an mRNA. These results agree with data reported previ-
ously by Matsumoto et al. (1998), suggesting that splicing
can markedly enhance mRNA translational utilization in
microinjected Xenopus oocytes. Our observations also
closely agree with results recently obtained by Nott et al.
(2003) who also observed that splicing can significantly en-
hance mRNA translational utilization. In total, these obser-
vations suggest that the EJC proteins may not only regulate
the cytoplasmic localization and stability of spliced mRNAs
but also their translation.

MATERIALS AND METHODS

Construction of molecular clones

All expression plasmids utilized in this work are based on pBC12/
CMV. The following expression plasmids have been described pre-
viously: pBC12/CMV, pBCI12/CMV/B-gal, pcRev, and pNL4-
3Rev. (Malim et al. 1988; Yi et al. 2002). pCMV/WT/INS was
generated by insertion of the entire genomic rat preproinsulin II
gene (Lomedico et al. 1979) into pBC12/CMV. pCMV/A1/INS,
pCMV/A2/INS, and pCMV/A1+2/INS are variants of pCMV/WT/
INS respectively lacking the first, the second, or both introns.
pCMV/WT/GLB was generated by insertion of the genomic form
of the complete human B-globin open reading frame into a modi-
fied form of pCMV/A1+2/INS bearing a unique Ncol site coinci-
dent with the translation initiation codon and a unique Xhol site
immediately 3’ to the translation termination codon. pCMV/A1/
GLB, pCMV/A2/GLB, and pCMV/A1+2/GLB are intron deletion
variants generated from pCMV/WT/GLB using recombinant PCR.
pCMV/I/A1+2/GLB was generated by insertion of the insulin 5
UTR intron into pCMV/A1+2/GLB.

pCMV/CAT, pCMV/B-gal, pCMV/luc, pCMV/SEAP, pCMV/
TAP, pCMV/Impa2, pCMV/ImpB, pCMV/DEK, pCMV/Xpot,
pCMV/c-jun, pCMV/IL2, and pCMV/IL2Ra were generated by
insertion of the relevant PCR amplified gene coding sequence
between the Ncol and Xhol sites present in the modified pCMV/
A1+2/INS plasmid. Each equivalent intron containing plasmid
was generated by insertion of the genomic insulin 5" UTR.

pCMV/A1+2/GLB/PRE, pCMV/A1+2/GLB/CTE, and pCMV/
A1+2/GLB/RRE were generated by insertion of the PCR amplified,
full-length HBV PRE, MPMV CTE, or HIV-1 RRE (Malim et al.
1989; Griiter et al. 1998; Otero et al. 1998; Kang and Cullen 1999)
into the unique Xhol site present in pCMV/A1+2/GLB. All ex-
pression plasmids used for Western blot analysis have either an
amino terminal or carboxyl terminal HA tag added in frame. The
integrity of the DNA sequences introduced into expression plas-
mids was confirmed by DNA sequencing.

The pNL4-3Rev /PRE and pNL4-3Rev /CTE HIV-1 proviral
expression plasmids were generated by insertion of the HBV PRE
or MPMV CTE sequence into a unique Xhol site present in the
dispensable nef gene of pNL4-3Rev™ (Yi et al. 2002).
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Cell culture, transfection, and reporter assay

Human 293T cells and Hela cells, mouse NIH3T3 cells, and quail
QCI-3 cells were maintained as described previously (Kang and
Cullen 1999), and were transfected using either Fugene-6 (Roche
Molecular Biochemicals) or DEAE-dextran. CAT, (3-gal, SEAP,
and luc enzyme activities were determined ~48 h after transfection.
The observed reporter activities were adjusted for minor differ-
ences in transfection efficiency or sample recovery, as revealed by
cotransfected internal control plasmids.

RNA isolation and ribonuclease protection assay

Nuclear and cytoplasmic RNA were isolated using an RNeasy Mini
kit (Qiagen) and RPA performed using a Hyspeed RPA kit (Am-
bion) at ~48 h after transfection of 293T cells, as described pre-
viously (Yi et al. 2002). The RNA probes used in the RPA were
generated by in vitro transcription of PCR products containing a
T7 promoter sequence, using a Riboprobe kit (Promega). The
RNA probe that traverses the preproinsulin genomic polyadenyla-
tion site is 320 nt in length, while probe fragments rescued by
polyadenylated and nonpolyadenylated mRNA transcripts are pre-
dicted to be 166 and 290 nt, respectively. Protected probe frag-
ments were separated by gel electrophoresis, visualized by autora-
diography, and individual bands then quantified using a Phos-
phorimager.

Half-lives of poly(A)* and poly(A)~ B-globin RNAs were mea-
sured by addition of Actinomycin D (100 pg/mL final) to the
culture medium at ~40 h after transfection of 293T cells. Cells were
harvested at 0, 3, 6, 9, 12, or 14 h after drug addition and total
RNA isolated using the RNeasy Mini Kit (Qiagen) followed by
RPA as described above.

Western blot analyses

Western blot assays and quantitation of reactive protein levels
were performed using 293T cells at ~48 h after transfection. A
murine monoclonal anti-HA antibody (Covance), followed by
treatment with horseradish peroxidase-conjugated rabbit anti-
mouse antiserum (Amersham) was used. Reactive proteins were
visualized by enhanced chemiluminescence followed by autoradi-
ography and quantified by NIH Image 1.62 software after scanning
the film.

Virus replication assay

293T cells were cotransfected with 500 ng of the pNL4-3Rev,
pNL4-3Rev /PRE, or pNL4-3Rev /CTE HIV-1 proviral expression
plasmid and 1000 ng of pBC12/CMV or pcRev. At ~72 h after
transfection, supernatant media were collected, and p24 Gag an-
tigen production quantified using an enzyme-linked immunosor-
bent assay (ELISA) kit (NEN Life Science), as described previously
(Yi et al. 2002).
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