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Abstract
In eukaryotes, mRNAs are synthesized in the nucleus and then exported to the cytoplasm

where they are translated into proteins. We have mapped an element, which when present

in the 3’terminal exon or in an unspliced mRNA, inhibits mRNA nuclear export. This element

has the same sequence as the consensus 5’splice site motif that is used to define the start

of introns. Previously it was shown that when this motif is retained in the mRNA, it causes

defects in 3’cleavage and polyadenylation and promotes mRNA decay. Our new data indi-

cates that this motif also inhibits nuclear export and promotes the targeting of transcripts to

nuclear speckles, foci within the nucleus which have been linked to splicing. The motif, how-

ever, does not disrupt splicing or the recruitment of UAP56 or TAP/Nxf1 to the RNA, which

are normally required for nuclear export. Genome wide analysis of human mRNAs, lncRNA

and eRNAs indicates that this motif is depleted from naturally intronless mRNAs and

eRNAs, but less so in lncRNAs. This motif is also depleted from the beginning and ends of

the 3’terminal exons of spliced mRNAs, but less so for lncRNAs. Our data suggests that the

presence of the 5’splice site motif in mature RNAs promotes their nuclear retention and may

help to distinguish mRNAs from misprocessed transcripts and transcriptional noise.

Introduction
In mammalian cells, intergenic transcription accounts for a large fraction of the total nascent
RNA output, approximately equal to the amount of protein-coding RNA [1,2]. The vast major-
ity of this intergenic transcription is degraded soon after synthesis and this is reflected in the
fact that at steady state levels protein coding RNA is present at levels 25–100 fold greater than
intergenic RNA [1–5]. It is believed that mRNA and transcriptional noise differ by the fact that
the former has particular identity features, such as splice sites, poly(A)-tails and specialized se-
quences [6–8]. This idea is consistent with the findings that the inclusion of spliced introns
into a transcript promotes the export of the mature mRNA [9–11]. In contrast, it is believed
that transcripts with aberrant features, which are not usually present in mRNAs, are retained
in the nucleus and targeted for degradation [7].

We previously identified an RNA element that promotes an alternative mRNA export path-
way (ALREX) [10]. This element promotes the efficient nuclear export of microinjected RNA,
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which was synthesized in vitro [10]. ALREX-promoting elements also potentiate the efficient
translation of the mRNA into protein [12]. Interestingly, we found that within the context of in
vivo transcribed RNA, the element only promoted export of certain mRNAs [13]. This result
indicated that supplementary features are present within various RNA transcripts that modu-
late the activity of the ALREX-element. Underlying these observations, was the idea that in the
absence of any sequence-based elements or splicing events, a polyadenylated RNA was not a
substrate for nuclear export. This idea was supported by three observations. First, certain artifi-
cial intronless mRNAs, such as the fushi tarazumini gene transcript and an intronless β-globin
mRNA, were not exported when they lacked introns or specialized export-promoting elements
[9–11]. Second, intronless RNA expressed from plasmids with strong promoters and polyade-
nylation signals but with random sequences, seem to be inefficiently exported and have very
short half-lives [14,15]. Third, naturally intronless mRNAs appear to have specialized RNA ele-
ments that promote nuclear export [15–17]. It is however possible that these various export-de-
ficient intronless mRNAs may contain elements that inhibit their export. This idea is
supported by the fact that most intronless mRNAs are in fact efficiently exported from the nu-
cleus [7], and that certain long noncoding RNAs are retained in the nucleus by specific motifs
and once these elements are eliminated, the lncRNAs start to accumulate in the cytoplasm [18–
20]. In further support of this idea, we have also recently discovered that the intronless β-globin
mRNA contains a region that actively inhibits the export of short intronless mRNAs (A. Akef
and A. Palazzo, manuscript in preparation).

Here we demonstrate that the fushi tarazumini gene transcript, used by our lab in several
published studies, contains an element that inhibits mRNA export. We mapped this element to
the plasmid vector backbone, between the 3’end of the ftz insert and the 3’processing signal.
This element is present in a variety of commercially available plasmids and consists of a con-
sensus 5’splice site (5’SS) motif that is followed, not by other intronic markers (branch point
and 3’splice site motif), but rather a 3’processing signal. Previously, it had been shown that
such aberrant configurations inhibited proper 3’cleavage and polyadenylation [21–25]. In addi-
tion, our data indicates that this element prevents the nuclear export and promotes the degra-
dation of the mRNA. We also observe that mature mRNAs containing a 5’SS build up in
nuclear speckles, although it is not clear if this is linked to nuclear retention. By analyzing all
human mRNAs, we find that consensus 5’SS are somewhat depleted from 3’UTRs and natural-
ly intronless genes. However, despite this depletion, they are present in almost 6% of all anno-
tated human 3’UTRs from mature mRNAs. Moreover, their level is higher in lncRNAs and
other intergenic RNAs. The widespread presence of these elements may indicate that consen-
sus 5’SS motifs may help to down regulate the expression of many genes, and perhaps be used
to identify certain ncRNAs, intergenic transcripts and misprocessed mRNAs, and thus prevent
their export to the cytoplasm.

Results

An element present in the vector backbone of pcDNA3-V5-His disrupts
the cytoplasmic accumulation of mRNA
Previously, we demonstrated that in vitro transcribed ftzmRNAs, are efficiently exported to
the cytoplasm if they contain an ALREX-promoting SSCR or an intron [10,26]. Although this
result supported the idea that splicing also promotes efficient nuclear export [9], it was unclear
why ftzmRNAs generated from a plasmid that contained an intron-containing ftz gene were
not efficiently exported in transfection experiments [10]. It was also unclear why intronless
forms of ftz in certain studies were well exported (for example [27]). Upon closer inspection,
we noticed that the exported mRNAs were transcribed from genes that were inserted into a
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slightly different plasmid from those versions of ftz that were not exported. In particular, any
ftz gene that was inserted into the pcDNA3-V5-His plasmid (Invitrogen) produced mRNA
that was not exported. In contrast, other ftz genes which were inserted into the pcDNA3.1+ or
pcDNA3.0 plasmids produced mRNAs that were efficiently exported. The pcDNA3-V5-His
plasmid contains a region downstream of the multi-cloning site that encodes a V5 epitope tag
followed by six histidines and a stop codon.

To test whether the insertion of genes into pcDNA3-V5-His resulted in the inhibition of ex-
port we inserted theMHC-ftz-Δi gene, which contains a major histocompatibility (MHC) sig-
nal sequence coding region (SSCR) and lacks any intron (Δi), into both plasmids (Fig 1A), with
the V5-His encoding sequence being present in the 3’UTR (i.e. after the ftz stop codon but up-
stream of the 3’cleavage signal). Note that the MHC SSCR not only promotes the export of mi-
croinjected in vitro synthesized mRNA, but also encodes a signal sequence, which targets
proteins to the secretory pathway [28]. We also inserted a version of ftz that lacks an SSCR and
thus encodes a cytoplasmic version of the ftz protein (c-ftz) with (i) and without (Δi) an intron
into these two plasmids. We then transfected these various constructs into human osteosarco-
ma (U2OS) tissue culture cells and 18–24 hours later monitored the distribution of mRNA by
fluorescent in situ hybridization (FISH). As we had suspected, bothMHC-ftz-Δi and c-ftz-Δi
produced from the pcDNA3-V5-His plasmid had mostly a nuclear distribution, while the ver-
sions produced from the pcDNA3.1 plasmid were mostly cytoplasmic (Fig 1B and 1C).

To determine whether this phenomenon was specific to the ftz gene, we inserted the human
β-globin gene into both plasmids (Fig 1D), transfected these into cells, and monitored the distri-
bution of the in vivo transcribed mRNA by FISH. Since β-globinmRNA requires splicing for effi-
cient nuclear export [11,13], we used a version of the gene that contains the two endogenous β-
globin introns (βG-i). As with ftz, the distribution of β-globin-i expressed from the pcDNA3-V5-
His plasmid was more nuclear than the version expressed from pcDNA3.1 (Fig 1E, for quantifi-
cations see Fig 1C).

The region encoding the V5-His tag is situated in the 3’UTR of these constructs, upstream
of a bovine growth hormone (BGH) polyadenylation sequence. Thus this region is not translated
within the context of our ftz and β-globin reporter mRNAs. We confirmed that the V5-His cod-
ing region is incorporated into the mature c-ftz-Δi transcript and that the BGH 3’cleavage and
polyadenylation site was being used by 3’rapid amplification of cDNA ends (3’RACE) (data
not shown). To determine whether the V5-His sequence was disrupting splicing of neighbour-
ing introns we isolated cDNA from cells transfected versions of β-globin that either contained
(i) or lacked (Δi) introns, or the V5-His element, and amplified regions flanking the second in-
tron (Fig 1F, see Fig 1D for the region amplified by the forward (F’) and reverse (R’) primers).
Although this intron was efficiently amplified from plasmid DNA that contained β-globin-i
genes, it was not amplified from cDNA isolated from U2OS cells transfected with β-globin-i
plasmids, regardless of whether the plasmid had the V5-His sequence. Thus we concluded that
the presence of this sequence did not grossly affect splicing of the nearby intron.

From these results we conclude that a region in pcDNA3-V5-His interferes with proper
mRNA nuclear export and/or stability. We also conclude that although certain SSCRs promote
the export of in vitro synthesized ftzmRNA that was microinjected into cell nuclei, it is not re-
quired for the export of in vivo transcribed ftz. Indeed, this result is quite surprising, as ftz has
long been used by our lab and others to study mRNA nuclear export, however it is likely that
these results were confounded by the presence of this extra sequence. Fortunately, in vitro tran-
scribed ftzmRNAs do not contain this element as these are generated using plasmids that are
linearized using the XhoI restriction site, which is present upstream of the V5-His element (see
Fig 2A), thus our previous results with mRNA injections still hold.
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Fig 1. The V5-His sequence contains the RNA element that alters the steady state distribution of multiple transcripts. (A) Schematic showing
different versions of the ftzminigene used in this study.MHC-ftz-Δi lacks an intron (Δi) and contains a signal sequence coding region (SSCR) derived from a
mouse MHC gene. Versions of this mRNA that lack the MHC SSCR with (c-ftz-i) and without an intron (c-ftz-Δi) are also shown. When present, the V5-His
element is present downstream of the stop codon and is thus located in the 3’UTR. (B-C, E) Plasmids containing the various versions of ftz (B-C) or β-globin-i
(C,E) were transfected into U2OS cells and allowed to express for 18 to 24 hours. Cells were then fixed and ftz or β-globinmRNAwas visualized by FISH
using specific probes. Example of cells are shown in B and E (Scale bar = 20μm). Quantifications of the steady state distribution of each mRNA in the
cytoplasm and nucleus are shown in (C). Each bar consists of the average and standard error of at least three independent experiments, each experiment
consisting of the average of>60 cells. (D) Schematic showing the two versions of the β-globin-i gene used in this study. Position of forward (“F’”) and reverse
(“R’”) primers used in the PCR experiments in F are indicated. As with the ftz constructs, the V5-His element was present in the 3’UTR (i.e., between the stop
codon and the 3’cleavage signal). (F) cDNA was generated from transfected cell lysates and used in a PCR reaction to monitor splicing of the 3’exon (see
schematic of β-globin-i to for the regions amplified by the primers). Plasmids were used in control PCR reactions. To control for non-specific amplification,
DNA was omitted in the last PCR reaction (“control’). PCR reactions were separated by agarose gel electrophoresis and stained with ethidium bromide.
Shown here is the grey-scale inverted image. Note that cDNAs generated from cells transfected with β-globin-i plasmids were efficiently spliced, even when
it contained the V5-His element.

doi:10.1371/journal.pone.0122743.g001
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The region encoding the V5-His tag contains a 5’splice site motif that
disrupts the cytoplasmic accumulation of mRNA
In order to map the region in the V5-His sequence that was disrupting proper mRNA distribu-
tion, we aligned the two plasmids and discovered that the only differences were present in a
stretch of 104 base pairs. This region includes not only sequences that encoded the V5 epitope
and His tags, but also parts of a multi-cloning site (Fig 2A). Starting with the c-ftz-Δi in
pcDNA3-V5-His plasmid, four deletion constructs were made (Del1-4, Fig 2A). These con-
structs were transfected into cells, and the distribution of the mRNA was monitored by FISH.
Quantification of the cytoplasmic and nuclear distributions of the mRNA indicated that the de-
letion of either of the first two fragments (Del1, Del2) restored the cytoplasmic distribution of
c-ftz-Δi, but that the deletion of other regions (Del3, Del4) had no effect (Fig 2A and 2B). We
then made further deletions within the region that spans deletions 1 and 2 (Del A-D, Fig 2A)
and tested the resulting constructs. Deletion of either fragments B, C or D, but not A, restored
the cytoplasmic distribution of ftz (Fig 2A and 2B).

Upon close inspection of this region we discovered a 5’splice site (5’SS) motif which
spanned fragments B and C. 5’SS are recognized by the spliceosome and define the end of an
exon and the start of intronic sequence. Normally, a 5’SS must be followed by a 3’SS to delin-
eate the presence of the intron’s boundaries. If however a strong 5’SS is present upstream of a
3’cleavage signal, thus placing the site in the terminal exon, the 5’SS inhibits proper 3’end pro-
cessing and downregulates gene expression [21–25]. To test whether this motif was responsible
for the alterations in mRNA distribution we created two further constructs. First we inserted
the 5’SS motif into the 3’UTR of the c-ftz-Δi gene that was cloned into pcDNA3.1 to create c-
ftz-Δi-5’SS (Fig 2C). This insertion alone inhibited the accumulation of ftz into the cytoplasm
(compare c-ftz-Δi to c-ftz-Δi-5’SS; Fig 2D, see quantifications in Fig 2E). Second, we disrupted
the 5’SS motif in the c-ftz-Δi-V5-His construct. This was accomplished by mutating the GU di-
nucleotide at the center of the motif to CA (c-ftz-Δi-V5-His-GU!CA; Fig 2C), a mutation that
has been shown to disrupt the recognition of the 5’SS by U1 snRNA [29]. This mutation also
restored the cytoplasmic distribution of ftz (compare c-ftz-Δi-V5-His to c-ftz-Δi-V5-His-
GU!CA; Fig 2D and 2E).

From these results we conclude that the presence of a 5’SS motif in the 3’UTR inhibits the
export and/or promotes the degradation of mRNAs being produced from the pcDNA3-V5-His
plasmid.

The only data point that we could not fully explain was the DelD mutant which is exported
despite the fact that it contains a 5’SS motif. We suspect that in this particular construct the re-
gion surrounding the motif can form a stem loop (Fig 2F) which may prevent the accessibility of
this motif. In support of this idea a DelD construct containing three point mutants in the stem
(DelD-Stem-Mut; Fig 2F) partially rescued the nuclear retention phenotype (Fig 2G). When the

Fig 2. Mapping the minimal sequence in the V5-His element that disrupts cytoplasmic mRNA accumulation. (A) Schematic of deletion mutants used
to map the element responsible for the nuclear retention activity in the V5-His element. (B) U2OS cells were transfected with versions of c-ftz-Δi-V5-His gene
lacking the various regions indicated in (A), and mRNA distribution was determined as in Fig 1C. Each bar is the average and standard error of at least three
independent experiments, each experiment consisting of the average of at least 60 cells. (C) Schematic of constructs designed to test whether the 5’SSmotif
is responsible for nuclear retention. A consensus 5’SSmotif was inserted into the 3’UTR of c-ftz-Δi to generate c-ftz-Δi-5’SS (top). The central GU nucleotide
in the 5’SSmotif was mutated to CA in c-ftz-Δi-V5-His to generate c-ftz-Δi-v5-His-GU!CA (bottom). (D-E) U2OS cells were transfected with the indicated
versions of ftz and mRNA distribution was determined as in Fig 1C. Examples of ftz FISH images are shown in (D) and quantification of their distributions is
shown in (E). Scale bar = 20μm. Each bar in E is the average and standard error of at least three independent experiments, each experiment consisting of the
average of at least 60 cells. (F) Predicted secondary structure of the region surrounding the 5’SSmotif (highlighted) in the c-ftz-Δi-V5-His-DelD construct and
in the two stem-loop mutants. The RNA structures were generated using RNAStructure 5.03 [57]. (G) U2OS cells were transfected with the indicated
versions of c-ftz-Δi-v5-His DelD and mRNA distribution was determined as in Fig 1C. Each bar is the average and standard error of at least three
independent experiments, each experiment consisting of the average of at least 60 cells.

doi:10.1371/journal.pone.0122743.g002
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stem was restored with three complimentary mutants (DelD-Stem-Mut-Res; Fig 2F), the result-
ing mRNA was distributed into the cytoplasm.

These experiments lend support to the idea that 5’SS motif in the 3’UTR must be accessible
to in order to affect the distribution and/or stability of the mRNA.

The 5’SSmotif promotes mRNA decay and nuclear retention
Previously it had been reported that the presence of a 5’SS motif in the terminal exon inhibited
proper 3’processing and polyadenylation and resulted in the destabilization of the mRNA
[21–24]. We first examined the steady state levels of the various ftz and β-globin reporters +/-
the V5-His sequence by northern blot (Fig 3A). While the V5-His-containing mRNAs were
marginally longer than those lacking the element, this was consistent with the presence of an
additional 104 nucleotides in their 3’UTRs. Indeed, cDNAs from both V5-His containing and
lacking mRNAs had the same 3’end as determined by 3’RACE (data not shown). Thus, al-
though the 5’SS may promote 3’cleavage defects, most of the mRNAs analyzed at steady state
were cleaved using the same site. It is possible that many RNAs with 3’cleavage defects were de-
graded. This may explain why the level of spliced β-globin (βG-i) was markedly decreased
when it contained the V5-His sequence (Fig 3A). In contrast, the levels of intronless β-globin
mRNA (βG-Δi), which is already unstable, was not as affected by this element. Interestingly,
the levels of ftzmRNA reporters were only slightly decreased by the presence of a V5-His se-
quence. To get a more direct measurement of mRNA half-life, we treated transfected cells with
the transcriptional inhibitor α-amanitin at levels which completely block transcription of mi-
croinjected plasmids [30], and monitored the amount of ftzmRNA remaining after various
time points. Contrary to our expectations, we did not see a drastic decrease in the levels of c-
ftz-Δi-V5-His over time regardless of whether we examined the RNA by northern blot (Fig 3B)
or FISH (Fig 3C).

It was still unclear why the overall levels of c-ftz-Δi-V5-His was lower than c-ftz-Δi (Fig 3A).
We hypothesize that perhaps a fraction of the newly synthesized c-ftz-Δi-V5-His was unstable,
while another fraction avoided this quality control step. Since this second stable fraction would
tend to build up over time, it would be expected to be the predominant species present at steady
state. To determine the half-life of newly synthesized mRNA, plasmids were microinjected into
the nuclei of U2OS cells and the levels of both c-ftz-Δi-V5-His and c-ftz-Δi were monitored
over time after transcriptional shut off. By plotting the ratio of c-ftz-Δi-V5-His to c-ftz-Δi levels
by FISH we estimated how the V5-His element influenced mRNA decay. Indeed, we found that
the level of c-ftz-Δi-V5-His dropped by half after the first hour of α-amanitin-treatment (Fig
3D). After this point the ratio between the two mRNAs leveled off. These observations support
the idea that a fraction of newly synthesized c-ftz-Δi-V5-His is degraded while a second fraction
evades this decay event. When the cytoplasmic to nuclear levels of these transcripts in the pre-
vious experiment were plotted over time, the fraction of c-ftz-ΔimRNA present in the cyto-
plasm steadily increased over time (Fig 3E). In contrast, c-ftz-Δi-V5-His was not efficiently
exported. Moreover, despite the buildup of stable mRNA in the nucleus at the 1 hr time point,
the rate of export between 1–2 hrs was similar to that seen with c-ftz-Δi, which had much less
substrate (i.e. nuclear mRNA) during the same period (1–2 hrs). Since most of the unstable
pool was already degraded between 1–2 hrs, our data indicated that the c-ftz-Δi-V5-HismRNA
that evaded quality control was not efficiently exported. We obtained very similar results when
we repeated these experiments with βG-i and βG-i-V5-His (Fig 3F and 3G).

Next we wanted to test whether the element inhibits export, and/or promotes RNA decay of
in vitro generated mRNA. Because microinjected ftzmRNA requires an ALREX-promoting
SSCR (such as the MHC SSCR) to potentiate export, we generated RNA by in vitro run off
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Fig 3. The 5’SSmotif decreases mRNA stability and promotes nuclear retention. (A) U2OS cells were transfected with various ftz and β-globin
constructs. 18–24 hrs post transfection, RNA was isolated, separated by agarose gel electrophoresis and probed with radiolabelled probes against α-tubulin,
ftz and β-globinmRNAs. Note that the mRNAs containing the V5-His element were slightly larger, likely due to the presence of this extra sequence. (B-C)
Transfected cells were treated with α-amanitin, at a concentration that completely inhibits transcription (see [30]) for various amounts of time in order to
determine the half-life of the mRNA. Levels of ftzmRNA were monitored by northern blot (B) or FISH (C). Each bar in C represents the average and standard
error of at least 60 cells. (D-E) Plasmids containing c-ftz-Δi with and without the V5-His element were microinjected into the nuclei of U2OS cells. After
allowing mRNA synthesis for 20 min, cells were treated with α-amanitin and mRNA levels were monitored over time by FISH. (D) To determine whether the
V5-His sequence promotes the degradation of a subset of newly synthesized mRNAs the ratio of c-ftz-Δi and c-ftz-Δi-V5-Hiswere plotted over time. Each
point is the average and standard error of five independent experiments, each of which consist of 15–30 cells. Note that the relative level of c-ftz-Δi-V5-His
decreases over the first 60 min until 40–50% of the mRNA remains, after which point the ratio is stable. (E) To determine whether the V5-His element inhibits
nuclear export the percentage of cytoplasmic mRNAwas plotted over time. Again, each point is the average and standard error of five independent
experiments, each of which consist of 15–30 cells. Note that at the 1 hr time point, at which point most 5’SS-promoted decay has already occurred, the large
fraction of nuclear mRNA (representing 70% of the total mRNA) is not efficiently exported. (F-G) Experiments were performed as in (D-E) except the
microinjected plasmids contained βG-i, with and without the V5-His element, and α-amanitin was added 30 min post-injection. The ratio of total βG-i-V5-His
to βG-I FISH signal (F) and the percentage of cytoplasmic mRNA (G) was plotted over time. (H-I)MHC-ftz-ΔimRNA, lacking the V5-His element (“-”), or
containing either the original or mutant version of the V5-His element, were synthesized, capped and polyadenylated in vitro. The mRNAs were them
microinjected into nuclei and the mRNA export (F) and total fluorescence (G) was monitored over time by FISH. Each point is the average and standard error
of three independent experiments, each of which consist of 15–30 cells.

doi:10.1371/journal.pone.0122743.g003
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transcription using theMHC-ftz-Δi-V5-His plasmid that was linearized with AgeI, which cuts
downstream of the V5-His element. As controls we generated RNA from the same plasmid, but
linearized by XhoI, which cuts upstream of the V5-His element. We also generated mRNA
fromMHC-ftz-Δi-V5-His-GU!CA plasmid (linearized with AgeI). These RNAs were then
capped and polyadenylated in vitro and then microinjected into the nuclei of U2OS cells. Nu-
clear export of the injected RNA was monitored over time using FISH as we had done previ-
ously (see [30]). We found that the 5’SS motif had no effect on the export (Fig 3H) or decay
(Fig 3I) of this RNA when compared to either the originalMHC-ftz-Δi or to the GU to
CA mutant.

From these experiments we conclude that the 5’SS motif likely has two distinct activities.
First, it promotes the degradation of a subset of the mRNA, and this may be linked to improper
3’end cleavage and polyadenylation. Second, there appears to be a fraction of this mRNA that
evades degradation, but is nonetheless retained within the nucleus. Our results with microin-
jected mRNA would suggest that nuclear retention may be coupled to the transcription and/or
processing of the mRNA, despite the fact that most of the retained RNA is properly spliced
(Fig 1F) and cleaved (as determined by 3’RACE).

Characterization of the nuclear retained mRNP-state
We noticed that nuclear retained c-ftz-Δi-V5-His and β-globin-i-V5-HismRNAs formed dis-
tinct foci in the nucleus and we wondered if these colocalized with nuclear speckles. Nuclear
speckles are foci that contain RNA polymerase II, splicesomal components, various splicing
factors (such as SR proteins) and mRNA export factors [31]. Certain mRNAs can be targeted
to speckles, either by post-transcriptional splicing events [14,32] or by yet-to-be identified mo-
tifs present in many mRNAs [13]. Since splicing promotes the efficient nuclear-speckle target-
ing of β-globin [13], we decided to investigate the localization of newly synthesized β-globin-Δi
with or without the V5-His element. We microinjected plasmids containing the various genes
into the nuclei of U2OS cells and the newly synthesized RNA was visualised by FISH staining
at various time points post-injection. Nuclear speckles were imaged using immunofluorescence
directed towards the protein SC35, a speckle marker [33,34]. We then performed Pearson Cor-
relation Analysis, as previously described (see [13]), and found that the V5-His fragment pro-
moted nuclear speckle-targeting of β-globin-Δi (Fig 4A and 4B). When the V5-His sequence
was incorporated into β-globin-i it enhanced nuclear speckle-targeting above what splicing
alone promoted (Fig 4A and 4B). Association of the various mRNAs with nuclear speckles hap-
pened within the first hour of expression (Fig 4B) and persisted over the next hour. The
amount of total mRNA in the speckles also increased in the presence of the V5-His element, re-
gardless of whether the mRNA was spliced (i) or not (Δi) (Fig 4C). The targeting of β-globin-Δi
to nuclear speckles was also seen in transfected cells (S1 Fig). We then repeated these experi-
ments with c-ftz-Δi and c-ftz-Δi-V5-His. As reported previously (see [13]), c-ftz-Δi has a natural
propensity to associate with nuclear speckles, but this increased with the presence of the
V5-His element (Fig 4C–4E).

From these experiments we concluded that the 5’SS motif promotes the accumulation of
mRNAs into nuclear speckles. Whether or not that these mRNAs are actively retained and/or
degraded at these sites remains to be determined.

The 5’SSmotif does not prevent the loading of UAP56 or TAP onto
mRNA
Previously we determined that the nuclear export of ftz is dependent on UAP56 and URH49
[13], two RNA helicases that are part of the TREX complex [35]. Furthermore we demonstrated
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that UAP56 associates withMHC-ftz, to the same degree, regardless of whether or not it con-
tained an intron [13]. Although we had presumed that this was due to the action of ALREX-pro-
moting SSCRs, it had previously been noted that intronless ftz lacking SSCRs could recruit
UAP56 and Aly [36]. Since UAP56/URH49 depletion prevented the egress of mRNAs from nu-
clear speckles [13], we considered whether mRNAs containing the V5-His element failed to re-
cruit UAP56, thus trapping the transcript in speckles. To determine whether the 5’SS motif

Fig 4. Characterizing the nuclear retainedmRNP state. (A) Plasmids containing the indicated genes were microinjected into nuclei. After 2 hrs, cells were
fixed and stained for β-globinmRNA by FISH and SC35 by immunofluorescence. Each row represents a single field of view. The color overlay shows mRNA
in red and SC35 in green. Speckles containing mRNA are indicated by0020arrows (Scale bar = 10μm). (B) Microinjected cells were analyzed for the
distribution of mRNAs into nuclear speckles. Individual nuclear speckles, as determined by SC35 staining were analyzed for mRNA content by Pearson
Correlation Analysis. For details on the analysis please see the methods section. Each bar is the average and standard error of the mean of three
experiments, each of which consist of 150–200 speckles analyzed from 15–20 cells. Note that nuclear-speckle association is enhanced by the V5-His
element even in the presence of splicing. (C) The amount of various mRNA present in nuclear speckles (as defined by the brightest 10% pixels in the
nucleus, using SC35 immunofluorescence—see methods section and Akef et al., 2013 for details) as a percentage of either the total nuclear (“spec/nuc”) or
total cellular (“spec/tot”) mRNA level in cells 1 hr post-microinjection. Each data point represents the average and standard error of the mean of 10–20 cells.
Note that β-globin-Δi was not enriched in speckles as ~10% of the nuclear RNA fluorescence was present in these regions, which represents 10% of the total
nuclear area. (D-E) Similar to (A-B), except that the co-localisation of c-ftz-Δi +/- V5-HisRNA with nuclear speckles was analysed. As a control, the
colocalization of SC35-positive speckles with microinjected 70kD dextran conjugated to oregon green dye (“OG”) was analyzed.

doi:10.1371/journal.pone.0122743.g004
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inhibited export by preventing UAP56 association we performed RNA-immunoprecipitation
(RIP) experiments with anti-UAP56 antibodies, and detected the presence of mRNA by per-
forming quantitative real time PCR, as we had done previously [13]. We found that both c-ftz-
Δi-V5-His and c-ftz-Δi were present at high levels in the UAP56 immunoprecipitates (Fig 5A).
Interestingly, the V5-His element appeared to enhance UAP56-association. We also obtained the
same result when we repeated these experiments in cells treated with formaldehyde prior to lysis
(data not shown), which cross-links RNAs and proteins, thus preventing the formation of RNA-
protein complexes in the post-lysis lysate [37]. Using the same procedure, we previously demon-
strated that a highly abundant control non-coding RNA, 7SL, does not co-precipitate with
UAP56 [13].

A number of studies have indicated that UAP56 must be displaced from the mRNA in order
to promote the recruitment of TAP (also known as Nxf1), a nuclear transport receptor, with the
mRNA [38]. In light of this we monitored whether TAP associated with c-ftz-Δi-V5-His and c-
ftz-Δi. As we lack antibodies to TAP, we performed RIP assays using exogenously expressed
FLAG-TAP. This assay has been used by other groups to monitor TAP association with various
RNAs [16,39,40]. As Aly is found within the FLAG-TAP immunoprecipitate (Fig 5B), we were
confident that mRNPs were likely conserved during the protocol. To our surprise we found that
both c-ftz-Δi-V5-His and c-ftz-Δi were present at high levels in the FLAG-TAP immunoprecipi-
tates (Fig 5C). Again, the V5-His element appeared to enhance FLAG-TAP association. In con-
trast, 7SL, which uses a CRM1-dependent export pathway [41], was not enriched in the
FLAG-TAP immunoprecipitates (Fig 5C).

From these experiments we conclude that the 5’SS motif does not prevent nuclear export by
disrupting the association of either UAP56 or TAP with the mRNA. Instead, it is likely that
this motif recruits additional factors to the mRNP which actively retains the mRNA in the nu-
cleus and thus preventing TREX complex members and TAP from engaging the nuclear pore.

The 5’SSmotif is depleted at the beginning and end of 3’UTRs and
3’exons of protein-coding genes in the human genome
We rationalized that if the 5’SS motif, inhibits proper 3’end processing, promotes decay and
causes nuclear retention, that it should be depleted in most naturally intronless protein-coding
genes from the human genome. Moreover, these motifs should also be eliminated from the
3’exons within human mRNAs. We also reasoned that since 3’UTRs are usually present in their
entirety in the 3’exon (see schematic, Fig 6A), they should also be depleted of the 5’SS motifs. In-
deed we found that the consensus motif ([C/A]AGGU[C/A]AG) was present in both 3’exons
and 3’UTRs at about half the rate at which it appeared in either intergenic regions (upstream,
“US”, or downstream, “DS” of protein coding mRNAs, see schematic Fig 6B) or in the reverse
compliment of 3’UTRs (“3’UTR RC”; Fig 6C, Table 1). About 5% of all protein-coding genes
have introns in their 3’UTRs, however even if these are eliminated (see Fig 6A, “3’UTR 3UI-”;
list of human genes with 3’UTR introns was obtained from the Blencowe lab), the remaining
3’UTRs are still depleted of the consensus 5’SS motif (Fig 6C, Table 1). When naturally intronless
genes were analyzed (list obtained from the intronless gene database [42], http://www.bioinfo-
cbs.org/igd/) these were even more depleted of 5’SS motifs (Fig 6C, Table 1). Since 3’UTRs are
AU-rich, they may contain fewer 5’SS motifs due to their nucleotide composition. To control for
this effect we compared the frequency that the motif is present to the expected rate that they
would appear given the trinucleotide frequencies of these genomic regions. Again 3’exons and
3’UTRs are depleted of the 5’SS consensus motif, but to our surprise the rate of depletion, in
comparison to the expected frequency (~30%), was not as dramatic as we thought it would be.
The reduction was much more pronounced for intronless genes (>50% depletion).
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Fig 5. The V5-His element does not prevent the association of UAP56 with mRNA. (A) U2OS cells were
transfected with various ftz constructs. 18–24 hrs post transfection cell lysates were collected and UAP56
was immunoprecipitated with a rat monoclonal anti-UAP56 antibody or pre-immune rat IgG. RNA levels were
measured by quantitative RT-PCR as previously described [13]. Each bar is the average and standard error
of three independent experiments. Note that under the same conditions, we previously showed that other
RNAs, such as the ncRNA 7SL, are not enriched in UAP56 RIPs [13]. (B-C) U2OS cells were transfected with
plasmids containing the FLAG-TAP fusion gene alone (B) or with various ftz constructs (C). 18–24 hrs post-
transfection, lysates were collected and protein was precipitated using FLAGM2 beads or control Protein A
beads. (B) Eluates from the beads (“Bound”) and 15% of the unbound fraction were separated by SDS-PAGE
and probed by western blot for FLAG and for Aly, a known TAP-associated protein. (C) RNA from the
precipitates was isolated and converted to cDNA using random hexanucleotides and the levels for either ftz
constructs or the 7SL ncRNA were measured by quantitative RT-PCR as previously described [13]. Each bar
is the average and standard error of four independent experiments.

doi:10.1371/journal.pone.0122743.g005
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We next examined other classes of RNAs such as long noncoding RNAs (lncRNAs—list of
human lncRNAs obtained from the LNCipedia database, http://www.LNCipedia.org, [43]).
Since the act of splicing would naturally eliminate many 5’SS motifs, we analyzed the 3’exons
of spliced lncRNAs and intronless lncRNAs. Both of these only displayed a weak depletion of
these motifs, on par to what was seen in intergenic regions (Fig 6C, Table 1). This may indicate
that either the presence of 5’SS motifs do not impede the activity of lncRNAs, and/or that the
list of lncRNAs that we used contains many non-functional transcripts (for a discussion on this
topic, see [5]). We also examined enhancer RNAs (eRNAs) which are transcribed from certain
enhancer regions [44]. Some of these are thought to bind to the Mediator complex to modulate
the bending of DNA, and the formation of topologically associated DNA domains, which serve

Fig 6. The 5’SSmotif is depleted in the 3’exons and 3’UTRs of genes across the human genome. Various regions across the human genome were
analyzed for the presence of the consensus 5’SSmotif. As controls, we analyzed regions 1kb regions that were 3kb upstream (“US”) from the transcriptional
start sites of and downstream (“DS”) from the 3’cleavage site of protein-coding genes as seen in the schematic in (A). Note that introns are known to be rarely
present in the 3’UTRs and as a result the 3’UTR is normally present in its entirety in the 3’terminal exon (B). (C) The frequency of the consensus 5’SSmotif
was analyzed in various loci (see Table 1 for a full description). The expected frequencies were determined using the tri-nucleotide frequencies in each
region. Regions analyzed included 3’UTRs from all protein coding genes, 3’UTRs that do not contain introns (“3’UTR (3UI-)”), the reverse compliment of
3’UTRs (“3’UTR RC”), the 3’terminal exon of mRNAs, intronless mRNAs, the 3’terminal exon of lncRNAs, intronless lncRNAs, intronless eRNAs, and
upstream and downstream intergenic regions as defined in (A). List of lncRNAs was taken from LNCipedia. List of eRNAs was taken from the FANTOM5
consortia. (D-E) Distribution of the consensus 5’SSmotif along the 3’terminal exon for mRNAs (D) and lncRNAs (E). The lengths of each RNA were divided
into 20 bins and the number of 5’SSmotifs in each bin was plotted. (F-H) The number of 5’SSmotifs was plotted as a function of distance from the last exon-
exon junction (F), stop codon (G), or 3’cleavage site (H) of mRNAs. The number of 5’SSmotifs in each bin of 50 nucleotides was normalized for the total
number of mRNAs remaining as distance increases.

doi:10.1371/journal.pone.0122743.g006
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to promote local transcriptional activation [45]. As described elsewhere, most eRNAs are short
and intronless [44]. Again, since splicing would naturally eliminate 5’SS motifs, we restricted
ourselves to naturally intronless eRNAs as annotated by the FANTOM5 project [44]. We saw a
slight depletion of 5’SS consensus motifs in eRNAs (Fig 6C, Table 1) beyond what we saw for
intergenic regions and lncRNAs. This may not only reflect that these motifs may impede
eRNA function, but that introns, and thus splicing signals, are eliminated from these regions.

The fact that 5’SS motifs were not completely eliminated from 3’exons of protein-coding
genes suggested that perhaps these were only depleted in specific parts of the exon. With this
idea in mind, we determined the frequency that this motif appears along the length of 3’exons.
As one can see from Fig 6D, 5’SS motifs were depleted in two regions: at the start and end of
the exon. When this analysis was repeated for the 3’exon of lncRNAs, this trend was not as ob-
vious (Fig 6E). We then plotted the distance between each 5’SS motif and various land marks
in protein-coding genes. We found that the motif was depleted within the first 500 nucleotides
after the last exon-exon junction (i.e., the start of the 3’exon) (Fig 6F), within the first 200 nu-
cleotides after the stop codon (Fig 6G) and about 200 nucleotides upstream of the 3’cleavage
site (Fig 6H).

From this analysis we conclude that although the consensus 5’SS motif is present at a re-
duced frequency in 3’exons, it appears to be more heavily depleted downstream from the last
exon-exon junction and upstream from the 3’cleavage site. This regional depletion may indi-
cate that these motifs may only act to promote decay and/or nuclear retention when they are at
either end of the last exon.

Discussion
One emerging theme in RNA biology is the requirement for various nuclear quality control
mechanisms to prevent the nuclear export of aberrantly processed and intergenic RNA mole-
cules. Here we identify the consensus 5’SS motif as the RNA element that inhibits mRNA nu-
clear export when present in the terminal exon. As documented by others, this motif also
inhibits proper 3’processing and promotes the degradation of mRNAs.

It is likely that these mRNAs are targeted to speckles and retained in the nucleus by the asso-
ciation of U1 snRNP. This complex has been shown to inhibit the expression of other mRNAs
containing 5’SS motifs in their terminal exons [21–24]. It is also likely that U1 snRNP-associa-
tion targets certain pre-mRNAs to speckles in order to complete the splicing reaction post-

Table 1. The presence of consensus 5’SSmotifs in various human loci.

RNA Species/Region Number Analyzed Average Length Median Length 5'SS Motif Depletion

mRNA 3'UTR 31804 1103 596 25.3%

mRNA 3'UTR RC 31804 1103 596 -5.4%

mRNA 3'UTR (3UI-) 29901 1099 592 25.4%

mRNA 3'exon 17363 1517 1001 26.7%

Intronless mRNA 687 1812 1294 55.3%

LncRNA 3'exon 21328 582 301 9.8%

Intronless LncRNA 159 2335 929 8.1%

FANTOM5 Intronless eRNA 5200 464 322 16.3%

Downstream Intergenic 20795 999 999 7.8%

Upstream Intergenic 20795 999 999 11.0%

5’SS Motif depletion is based on the percent decrease between the observed number of motifs and the expected number based on tri-nucleotide

frequencies (see Fig 6C).

doi:10.1371/journal.pone.0122743.t001

The Consensus 5' Splice Site Motif Inhibits mRNANuclear Export

PLOS ONE | DOI:10.1371/journal.pone.0122743 March 31, 2015 14 / 21



transcriptionally [32]. It is however unclear how U1 snRNP-association inhibits export of
mRNAs that have acquired export factors such as UAP56 and TAP. Tethering of certain splice-
some-associated proteins, such as U2AF65 and U1-70K, to an mRNA inhibits protein produc-
tion [25] and can cause nuclear retention of the mRNA [46]. In yeast, proteins of the nuclear
basket are required to block the export of mRNAs with retained introns [47,48] and this may
also require additional spliceosome-associated factors [49]. It is thus possible that the metazoan
basket proteins can also recognize snRNPs that are still loaded onto the transcript and inhibit
RNA nuclear export. Alternatively it is possible that the act of retention within speckles may
prevent any engagement of these mRNAs with the nuclear pore.

Other data have implicated the U1 snRNP component U1-70K in the downregulation of
genes harboring 5’SS motifs in their terminal exon by inhibiting 3’end cleavage [22]. This ex-
plains why the downregulation of U1 snRNA promotes the appearance of premature 3’end
processing events in intronic sequences [50]. Finally a recent report has indicated that in yeast,
certain 5’SS motifs can initiate a splicing reaction that does not include a re-ligation step. The
cleaved mRNA can then be degraded in what has been termed splicing mediated decay (SMD)
[51]. Thus it is clear that 5’SS that do not participate in normal splicing reactions, but are in-
stead retained within the transcript, promote a variety of reactions that inhibit mRNA
expression.

Our bioinformatics data suggests that 5’SS motifs may only function to inhibit gene expres-
sion when they are present near other splice junctions or the 3’cleavage signals indicating that
these motifs only function when they are near other landmarks. Thus it is likely that the recog-
nition of these 5’SS may be aided by nearby fully assembled spliceosomes and the 3’processing
machinery. Positive interactions between upstream splicing events and downstream 5’SS motif
recognition have been documented and these interactions are known to promote the coupling
of multiple splicing reaction along an mRNA and help to define proper exon boundaries (i.e.,
exon definition) [52]. Our results indicate that the lack of accessible 5’SS motifs near the begin-
ning or end of the terminal exon may help to enforce proper terminal exon definition, and by
extension proper mRNA definition. Our data suggests that these signals can be overcome not
only by the elimination of the motif, but also by the formation of structures that impede the
recognition of these motifs by U1 snRNP (see DelD construct Fig 2A–2B and 2F–2G). Indeed
this idea is in line with previous work demonstrating that U1-mediated events, be they splicing
or mRNA-downregulation, are very sensitive to local secondary structure around the 5’SS
motif [25,53,54].

We are currently testing whether components of the spliceosome, 3’end processing machin-
ery and parts of the nuclear pore are involved in the nuclear retention of RNAs harboring 5’SS
in their terminal exon. This work will help provide insight into how mature mRNAs, which are
depleted 5’SS motifs, are differentiated from other classes of RNAs.

Material and Methods

Plasmids constructs and primers
TheMHC-ftz-Δi, c-ftz-Δi, c-ftz-i, βG-Δi and βGi constructs in pcDNA3.0 were described previ-
ously [10,13]. To generate the V5-His containing plasmids, the reporter gene of interest was di-
gested with HindIII and XhoI and ligated into the pcDNA3.1+ plasmid (containing the V5-His
epitope tag-encoding sequence) that was digested with the same enzymes. To generate the dele-
tion mutants, primers flanking the region to be deleted in c-ftz-Δi-V5-His were designed and
Phusion PCR reactions performed according to the manufacturer’s instructions (Thermoscien-
tific) but using 10–20 ng DNA template. Forward and reverse primers were as follows: Del1 F’
5’- GGT AAG CCT ATC CCT AAC CCT CT—3’, R’ 5’- CTC GAG TTT AAT AGA AAT
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TGG GAC AGC AAG—3’, Del2 F’ 5’- CCT CGG TCT CGA TTC TAC GCG TAC CGG—3’,
R’ 5’- TTC GAA CCG CGG GCC CTC TAG A—3’, Del3 F’ 5’- CAT CAT CAC CAT CAC
CAT TGA GTT TAA AC—3’, R’ 5’- AGA GGG TTA GGG ATA GGC TTA CC—3’, Del4 F’
5’- GCT GAT CAG CCT CGA CTG TGC C—3’, R’ 5’- ACC GGT ACG CGT AGA ATC GAG
ACC—3’, DelA F’ 5’- GGT TCG AAG GTA AGC CTA TCC C -3’, R’ 5’- CTC GAG TTT AAT
AGA AAT TGG GAC AGC AAG—3’, DelBC F’ 5’—CTA TCC CTA ACC CTC TCC TCG
GTC—3’, R’ 5’- GCG GGC CCT CTA GAC TCG AG—3’, DelC F’ 5’- CTA TCC CTA ACC
CTC TCC TCG GTC—3’, R’ 5’- CGA ACC GCG GGC CCT CTA—3’, DelD F’ 5’- CCT CGG
TCT CGA TTC TAC GCG—3’, R’ 5’- GCT TAC CTT CGA ACC GCG GG—3’, DelD-Stem-
Mut-F’ 5’- CGC GGT TCG AAG GTA AGG GGT CGG TCT CGA TTC TAC GC—3’, DelD-
Stem-Mut-R’ 5’- CGC GTA GAA TCG AGA CCG A- 3’, DelD-Stem-Mut-Res-F’ 5’- GTC
CCA ATT TCT ATT AAA CTC GAG TCT AGA CCC CCC GCG GTT CGA AGG TAA- 3’,
DelD-Stem-Mut-Res-R’ 5’- TTA CCT TCG AAC CGC GGG GGG TCT AGA CTC GAG TTT
AAT AGA AAT TGG GAC-3’. The PCR product was treated with DpnI (NEB) at 37 °C for
12–18 hrs and purified using the PCR purification kits (Geneaid). To facilitate DNA ligation,
the PCR products was treated with polynucleotide kinase (NEB) for 1 hour at 37 °C, and T4 li-
gase was subsequently added to the reaction mixture and incubated for 16–18 hrs at 16 °C.
PCR reaction using Taq polymerase (NEB) was used to screen for positive ‘hits’ prior to DNA
sequencing. The c-ftz-Δi-5’SS and c-ftz-Δi-V5-His-GU!CA constructs were generated using a
site directed mutagenesis PCR reaction using Phusion polymerase and specific primers (for c-
ftz-Δi-5’SS, F’ 5’- TCT TGC TGT CCC AAT TTC TAT TAA ATC TAA GGT AAG CAG ACA
TGC ATC TAG AGG GCC CTA TTC T -3’, and R’ 5’- TAG GTG ACA CTA TAG AAT AGG
GCC—3’; for c-ftz-Δi-V5-His-GU!CA F’ 5’- GAG GGC CCG CGG TTC GAA GCA AAG
CCT ATC CCT AAC CCT CTC CTC GG -3’, and R’ 5’- CCG AGG AGA GGG TTA GGG
ATA GGC TTT GCT TCG AAC CGC GGG CCC TC -3’).

Cell culture and DNA transfection experiments
Human osteosarcoma (U2OS) and embryonic kidney 293T (HEK293T) cells lines were main-
tained in DMEM (Wisent) supplemented with 10% fetal bovine serum (Wisent) and penicillin/
streptomycin antibiotics (Sigma). Cells were plated overnight on glass coverslips (VWR) in 6
well plates. For all DNA transfections, U2OS cells were transfected with the appropriate
amount of DNA plasmid according to the manufacturer’s protocol using LipoD U2OS DNA in
vitro transfection reagent (SignaGen Laboratories) for 18–24 hrs.

Microinjection, FISH staining and immunostaining
Microinjection experiments were performed as previously described [10,13,30]. For all micro-
injection experiments, DNA plasmids or RNA was microinjected at 0.4–1 μg/μl concentra-
tion with 70kDa Dextran conjugated to Oregon Green (Invitrogen) and 1X injection buffer
(100 mM KCl, 10 mMHEPES pH 7.4). For the mRNA decay experiment, cells were treated
with 1 mg/ml α-amanitin (Sigma) for 20 min (ftz injections) or 30 min (β-globin injections)
post-injection to inhibit transcription. Note that the β-globin-i construct used in the microin-
jection experiment had a point mutation near the end of the ORF (A1424C), which is unlikely
to have affected the results.

For FISH staining, all cells were washed with PBS, fixed in 4% paraformaldehyde (Electron
Microscopy Sciences) in PBS and permeabilized with 0.1% Triton X-100 in PBS (ThermoScien-
tific). Cells were subsequently washed with 60% formamide in 1X SSC buffer (150 mMNaCl,
15mM NaCitrate, pH 7.1) and then incubated overnight at 37 °C in hybridization buffer (60%
formamide, 100 mg/ml dextran sulfate, yeast tRNA, 5 mM VRC, 1X SSC) containing 200 nM
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Alexa 546-conjugated ssDNA probe (Integrated DNA technologies). Ftz and β-globin probe se-
quences as previously described [10,13,30]. Subsequently, cells were washed with at least three
times with 60% formamide in 1X SSC buffer and the coverslips mounted with DAPI fluoro-
mount G-stain (Southern Biotech). Immunostaining was performed on fixed cells first using
the primary antibody mouse monoclonal anti-SC35 (Clone SC35, Sigma; 1:1500–1:2000 dilu-
tion), diluted in immunostain solution (PBS, 0.1 mg/ml RNase free BSA). The coverslips were
incubated for 30 minutes, washed three times with PBS and incubated with secondary antibody
conjugated to Alexa 647 (Molecular Probes) for 30 minutes at 1:2000 dilution. Cells were im-
aged and the nuclear and cytoplasmic ratios of FISH fluorescence were quantified as described
previously [30].

In vitro RNA synthesis and purification
The constructs were linearized by AgeI (MHC-ftz-Δi-V5-His andMHC-ftz-Δi-V5-His-
GU!AC) or XhoI (MHC-ftz-Δi) digestion and precipitated overnight in -20°C with 40 mM
KOAc and 2.5X 100% ethanol. In vitro transcription and capping reactions were performed
using the T7 mMESSAGE mMACHINE transcription kit (Ambion) following the manufactur-
er’s protocol. The resulting RNA was polyadenylated using the Poly(A) tailing kit (Ambion) to
generate poly(A) tails of 200 to 300 nucleotides in length. The in vitro synthesized RNA was
then purified with Purelink RNA purification kit (Ambion), eluted with 20 μl RNase free water
and resuspended accordingly in 10X injection buffer.

3’RACE, RT-PCR, Northern blotting and α-amanitin chase experiments. For 3’RACE
and RT-PCR experiments, total RNA was extracted from transfected U2OS cells using either
Trizol (Life Sciences) or Purelink RNA purification kit (Ambion) according to the manufactur-
er’s instructions. ~ 1μg total RNA was used for first strand synthesized using murine MLV re-
verse transcriptase (Invitrogen) and oligo(dT) primer according to the manufacturer’s
instructions. For 3’RACE, experiments, the resulting cDNA was amplified using c-ftz F’ primer
5’- ATG GGG TGT TGT CCC GGC TGT TGT—3’and oligo(dT). The resulting PCR product
was cloned into CloneJet (Fermentas) vector following the sticky-end cloning protocol and
transformed into DH5α competent cells. DNA was extracted from colonies using Midiprep kit
(Geneaid) and sent for sequencing.

To determine if the V5-His element affected splicing, primers flanking the second intron of
β-globin-i were used to amplify cDNA from cell lysates. The sequences of these primers are as
follows: F’ 5’—TCG GTG CCT TTA GTG ATC GC—3’, R’ 5’—TTA GTG ATA CTT GTG
GGC CAG GG—3’ (see Fig 1D).

For Northern blotting, total RNA was isolated from transfected U2OS cells as for the
RT-PCR experiment. The RNA was separated on a 1–1.5% agarose gel in 1X MOPS buffer
(22 mMMOPS, 5 mMNaOAc, 0.5M EDTA) with 3% formaldehyde. Capillary action was used
to transfer the RNA onto a nitrocellulose member using 20X SSC solution. The blots were pre-
hybridized with Church buffer (0.5 M phosphate buffer, pH 7.2, 7% SDS, 1% BSA and 1 mM
EDTA) for 4 hrs. Radiolabelled probes oligonucleotides specific for ftz, β-globin and tubulin
were generated from DNA templates (reporters in pcDNA3.0 constructs digested with HindIII
and XhoI) or PCR products (for tubulin) using [α32P]dATP (Perkin Elmer) and the Prime-a-
gene labeling system (Promega). The probes were purified using a 1 ml syringe column lined
with glass wool and Sephadex-G beads, denatured at 95 °C for 5 minutes, added to the mem-
brane and probed overnight at 65 °C. The membrane was washed for at least four times in
wash buffer (2X SSC, 0.1% SDS), exposed on a phosphoimager cassette for 4–72 hrs and im-
aged with the Typhoon phosphoimager system.
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For all α-amanitin chase experiments, 1 mg/ml α-amanitin (Sigma) was added after 18–24
hrs following transfection and total RNA was isolated at various time points post drug treat-
ment as indicated in the Fig 3B and 3C.

RNA-IP experiments. The UAP56 RNA-IP experiments were performed exactly as previ-
ously described [13], using a rat-polyclonal antibody against UAP56 [55], or rat-preimmune
serum as a control. A gene specific primer was used for first strand synthesis, sequence is as fol-
lows: FTZ-GSP 5’- GTA ATC TGG AAC ATC GTA TGG GTA -3’.

For the FLAG-TAP RNA-IP experiment, ~ 6.75 x 106 to 1 x 107 U2OS cells were co-trans-
fected with 4.5 μg each of c-ftz-Δi +/- V5-His and FLAG-TAP plasmids (inserted in p3xFlag-
CMV-10 vector, generous gift from H. Cheng) as previously described [56]. 18 to 24 hours
post transfection, cells were trypsinized, pelleted and washed 3X times in ice-cold 1X PBS,
lysed in 2 ml of IP buffer (20 mM Tris-HCl, pH8, 137 mMNaCl, 1% NP-40, 2 mM EDTA and
cOmpletemini-protease inhibitor (Roche)) and gently mixed for 25 minutes at 4 °C to ensure
complete lysis. The cell lysis was cleared by centrifugation at 16,100g for 10 min and 0.45 ml su-
pernatant was mixed with 50μl ANTI-FLAGM2 Affinity Gel beads (A2220, Sigma Aldrich)
pre-washed 3X times with IP wash buffer (same as IP buffer, except that 0.05% NP-40 was
used) and incubated for 2 to 2.5 hours at 4 °C. As a control experiment, the same amount of
cell lysate was added to the same volume of unconjugated Protein A-Sepharose 4B beads (Invi-
trogen). Following incubation, the beads were washes 4 – 5X times with IP wash buffer and
RNA was isolated using the Trizol precipitation as described before. To synthesize the first
strand cDNA, a random hexamer primer (ThermoScientific) was used following the Super-
scriptIII RT (Invitrogen) manufacturer’s protocol. qRT-PCR was performed as previously de-
scribed in [13], using the following primers: FTZ-F’ 5’- GCAGGCTCGACTACTTGGAC -3’,
FTZ-R’ 5’-GAAATCGCCGGCTCCATTCG -3’, 7SL-F’ 5’- GTG GCG CGT GCC TGT AGT
CC -3’ and 7SL-R’ 5’- GGC AAC CTG GTG GTC CCC CG -3’.

Bioinformatics analysis of 5’SSmotif
Sequences for protein-coding genes, 3’UTRs and intergenic regions were downloaded from the
UCSD genome browser using Biomart. 3’exons for protein coding genes, and lists of genes
with 3’UTR introns were obtained from Ben Blencowe and Ulrich Braunschweig (University of
Toronto). Intronless protein-coding genes were downloaded from the intronless gene database
[42]. LncRNAs, including 3’exons were downloaded from the LNCipedia website [43]. eRNAs
from the FANTOM5 consortium [44] were obtained from Robin Andersson (University of Co-
penhagen). Starting with TAR files, intronless eRNAs and lncRNAs were computationally
sorted. The frequency and expected frequencies for the 5’SS motif were calculated using a Py-
thon script (see S1 File for the source code).

Supporting Information
S1 Fig. The V5-His element promotes the nuclear speckle-targeting of β-globin-ΔimRNA
in transfected cells. U2OS cells were transfected with plasmids containing either β-globin-Δi
or β-globin-Δi-V5-His constructs. 18–24 hrs later cells were fixed and stained for β-globin
mRNA, SC35 and DNA (by DAPI stain) as in Fig 4A. Each row represents a single field of
view. The overlay shows β-globinmRNA in red and SC35 in green. Examples of nuclear speck-
les enriched in β-globin-V5-HismRNA are denoted by blue arrowheads. Scale bar = 10μm.
(TIF)

S1 File. Python script for the analysis of the presence and expected number of 5’SS motifs.
(TXT)

The Consensus 5' Splice Site Motif Inhibits mRNANuclear Export

PLOS ONE | DOI:10.1371/journal.pone.0122743 March 31, 2015 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122743.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122743.s002


Acknowledgments
We would like to thank C. Mazurek for performing experiments that pointed us in the right di-
rection, H. Zhang and L. Ilan for help with experimental protocols, and C. Smibert and K.
Mekhail for useful suggestions. We would also like to thank B. Blencowe, U. Braunschweig and
R. Andersson for providing genomic data files, H. Cheng for proving FLAG-TAP plasmids,
and A. Wilde for various reagents. Additionally, we would like to thank members of the C. Smi-
bert and H. Lipshitz labs for their expertise on qRT-PCR experiments, especially J. Laver. Final-
ly, we are indebted to T. Valley of the J. Steitz lab for her critical review and helpful feedback
about the manuscript.

Author Contributions
Conceived and designed the experiments: ESL AFP. Performed the experiments: ESL AA KM.
Analyzed the data: ESL AFP. Contributed reagents/materials/analysis tools: AFP. Wrote the
paper: ESL AFP.

References
1. Menet JS, Rodriguez J, Abruzzi KC, Rosbash M. Nascent-Seq reveals novel features of mouse circadi-

an transcriptional regulation. eLife. 2012; 1: e00011. doi: 10.7554/eLife.00011 PMID: 23150795

2. Palazzo AF, Gregory TR. The case for junk DNA. PLoS Genet. 2014; 10: e1004351. doi: 10.1371/
journal.pgen.1004351 PMID: 24809441

3. Van Bakel H, Nislow C, Blencowe BJ, Hughes TR. Most “dark matter” transcripts are associated with
known genes. PLoS Biol. 2010; 8: e1000371. doi: 10.1371/journal.pbio.1000371 PMID: 20502517

4. Ramsköld D, Wang ET, Burge CB, Sandberg R. An abundance of ubiquitously expressed genes re-
vealed by tissue transcriptome sequence data. PLoS Comput Biol. 2009; 5: e1000598. doi: 10.1371/
journal.pcbi.1000598 PMID: 20011106

5. Palazzo AF, Lee ES. Non-coding RNA: what is functional and what is junk? Front Genet. 2015; 6: 2.
doi: 10.3389/fgene.2015.00002 PMID: 25674102

6. Palazzo AF, Gregory TR. The case for junk DNA. PLoS Genet. in press.

7. Palazzo AF, Akef A. Nuclear export as a key arbiter of “mRNA identity” in eukaryotes. Biochim Biophys
Acta. 2012; 1819: 566–577. doi: 10.1016/j.bbagrm.2011.12.012 PMID: 22248619

8. Palazzo A, Mahadevan K, Tarnawsky S. ALREX-elements and introns: two identity elements that pro-
mote mRNA nuclear export. WIREs RNA. 2013; 4: 523–533. doi: 10.1002/wrna.1176 PMID: 23913896

9. Luo MJ, Reed R. Splicing is required for rapid and efficient mRNA export in metazoans. Proc Natl Acad
Sci U S A. 1999; 96: 14937–14942. PMID: 10611316

10. Palazzo AF, Springer M, Shibata Y, Lee C-S, Dias AP, Rapoport TA. The signal sequence coding re-
gion promotes nuclear export of mRNA. PLoS Biol. 2007; 5: e322. doi: 10.1371/journal.pbio.0050322
PMID: 18052610

11. Valencia P, Dias AP, Reed R. Splicing promotes rapid and efficient mRNA export in mammalian cells.
Proc Natl Acad Sci U S A. 2008; 105: 3386–3391. doi: 10.1073/pnas.0800250105 PMID: 18287003

12. Mahadevan K, Zhang H, Akef A, Gueroussov S, Cenik C, Roth F, et al. RanBP2/Nup358 Potentiates
the Translation of a Subset of mRNAs Encoding Secretory Proteins. PLoS Biol. 2013; 11: e1001545.
doi: 10.1371/journal.pbio.1001545 PMID: 23630457

13. Akef A, Zhang H, Masuda S, Palazzo AF. Trafficking of mRNAs containing ALREX-promoting elements
through nuclear speckles. Nucleus. 2013; 4: 326–340. doi: 10.4161/nucl.26052 PMID: 23934081

14. Dias AP, Dufu K, Lei H, Reed R. A role for TREX components in the release of spliced mRNA from nu-
clear speckle domains. Nat Commun. 2010; 1: 97. doi: 10.1038/ncomms1103 PMID: 20981025

15. Lei H, Dias AP, Reed R. Export and stability of naturally intronless mRNAs require specific coding re-
gion sequences and the TREXmRNA export complex. Proc Natl Acad Sci U S A. 2011; 108: 17985–
17990. doi: 10.1073/pnas.1113076108 PMID: 22010220

16. Huang Y, Gattoni R, Stévenin J, Steitz JA. SR splicing factors serve as adapter proteins for TAP-depen-
dent mRNA export. Mol Cell. 2003; 11: 837–843. PMID: 12667464

17. Lei H, Zhai B, Yin S, Gygi S, Reed R. Evidence that a consensus element found in naturally intronless
mRNAs promotes mRNA export. Nucleic Acids Res. 2012; doi:10.1093/nar/gks1314

The Consensus 5' Splice Site Motif Inhibits mRNANuclear Export

PLOS ONE | DOI:10.1371/journal.pone.0122743 March 31, 2015 19 / 21

http://dx.doi.org/10.7554/eLife.00011
http://www.ncbi.nlm.nih.gov/pubmed/23150795
http://dx.doi.org/10.1371/journal.pgen.1004351
http://dx.doi.org/10.1371/journal.pgen.1004351
http://www.ncbi.nlm.nih.gov/pubmed/24809441
http://dx.doi.org/10.1371/journal.pbio.1000371
http://www.ncbi.nlm.nih.gov/pubmed/20502517
http://dx.doi.org/10.1371/journal.pcbi.1000598
http://dx.doi.org/10.1371/journal.pcbi.1000598
http://www.ncbi.nlm.nih.gov/pubmed/20011106
http://dx.doi.org/10.3389/fgene.2015.00002
http://www.ncbi.nlm.nih.gov/pubmed/25674102
http://dx.doi.org/10.1016/j.bbagrm.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22248619
http://dx.doi.org/10.1002/wrna.1176
http://www.ncbi.nlm.nih.gov/pubmed/23913896
http://www.ncbi.nlm.nih.gov/pubmed/10611316
http://dx.doi.org/10.1371/journal.pbio.0050322
http://www.ncbi.nlm.nih.gov/pubmed/18052610
http://dx.doi.org/10.1073/pnas.0800250105
http://www.ncbi.nlm.nih.gov/pubmed/18287003
http://dx.doi.org/10.1371/journal.pbio.1001545
http://www.ncbi.nlm.nih.gov/pubmed/23630457
http://dx.doi.org/10.4161/nucl.26052
http://www.ncbi.nlm.nih.gov/pubmed/23934081
http://dx.doi.org/10.1038/ncomms1103
http://www.ncbi.nlm.nih.gov/pubmed/20981025
http://dx.doi.org/10.1073/pnas.1113076108
http://www.ncbi.nlm.nih.gov/pubmed/22010220
http://www.ncbi.nlm.nih.gov/pubmed/12667464


18. Zhang B, Gunawardane L, Niazi F, Jahanbani F, Chen X, Valadkhan S. A Novel RNAMotif Mediates
the Strict Nuclear Localization of a Long Noncoding RNA. Mol Cell Biol. 2014; 34: 2318–2329. doi: 10.
1128/MCB.01673-13 PMID: 24732794

19. Miyagawa R, Tano K, Mizuno R, Nakamura Y, Ijiri K, Rakwal R, et al. Identification of cis- and trans-act-
ing factors involved in the localization of MALAT-1 noncoding RNA to nuclear speckles. RNA N Y N.
2012; 18: 738–751. doi: 10.1261/rna.028639.111 PMID: 22355166

20. Brown JA, Valenstein ML, Yario TA, Tycowski KT, Steitz JA. Formation of triple-helical structures by
the 3’-end sequences of MALAT1 and MENβ noncoding RNAs. Proc Natl Acad Sci U S A. 2012; 109:
19202–19207. doi: 10.1073/pnas.1217338109 PMID: 23129630

21. Furth PA, ChoeWT, Rex JH, Byrne JC, Baker CC. Sequences homologous to 5’ splice sites are re-
quired for the inhibitory activity of papillomavirus late 3’ untranslated regions. Mol Cell Biol. 1994; 14:
5278–5289. PMID: 8035806

22. Gunderson SI, Polycarpou-Schwarz M, Mattaj IW. U1 snRNP inhibits pre-mRNA polyadenylation
through a direct interaction between U1 70K and poly(A) polymerase. Mol Cell. 1998; 1: 255–264.
PMID: 9659922

23. Vagner S, Rüegsegger U, Gunderson SI, Keller W, Mattaj IW. Position-dependent inhibition of the
cleavage step of pre-mRNA 3’-end processing by U1 snRNP. RNA N Y N. 2000; 6: 178–188. PMID:
10688357

24. Langemeier J, Schrom E-M, Rabner A, Radtke M, Zychlinski D, Saborowski A, et al. A complex immu-
nodeficiency is based on U1 snRNP-mediated poly(A) site suppression. EMBO J. 2012; 31: 4035–
4044. doi: 10.1038/emboj.2012.252 PMID: 22968171

25. Abad X, Vera M, Jung SP, Oswald E, Romero I, Amin V, et al. Requirements for gene silencing mediat-
ed by U1 snRNA binding to a target sequence. Nucleic Acids Res. 2008; 36: 2338–2352. doi: 10.1093/
nar/gkn068 PMID: 18299285

26. Cenik C, Chua HN, Zhang H, Tarnawsky S, Akef A, Derti A, et al. Genome analysis reveals interplay
between 5’UTR introns and nuclear mRNA export for secretory and mitochondrial genes. PLoS Genet.
2011; 7: e1001366. doi: 10.1371/journal.pgen.1001366 PMID: 21533221

27. Masuyama K, Taniguchi I, Kataoka N, Ohno M. RNA length defines RNA export pathway. Genes Dev.
2004; 18: 2074–2085. doi: 10.1101/gad.1216204 PMID: 15314030

28. Cui XA, Palazzo AF. Localization of mRNAs to the endoplasmic reticulum. Wiley Interdiscip Rev RNA.
2014; 5: 481–492. doi: 10.1002/wrna.1225 PMID: 24644132

29. Berget SM, Moore C, Sharp PA. Spliced segments at the 5’ terminus of adenovirus 2 late mRNA. Proc
Natl Acad Sci U S A. 1977; 74: 3171–3175. PMID: 269380

30. Gueroussov S, Tarnawsky SP, Cui XA, Mahadevan K, Palazzo AF. Analysis of mRNA nuclear export
kinetics in mammalian cells by microinjection. J Vis Exp JoVE. 2010; 46: 2387. doi: 10.3791/2387

31. Spector DL, Lamond AI. Nuclear speckles. Cold Spring Harb Perspect Biol. 2011; 3: a000646. doi: 10.
1101/cshperspect.a000646 PMID: 20926517

32. Vargas DY, Shah K, Batish M, Levandoski M, Sinha S, Marras SAE, et al. Single-molecule imaging of
transcriptionally coupled and uncoupled splicing. Cell. 2011; 147: 1054–1065. doi: 10.1016/j.cell.2011.
10.024 PMID: 22118462

33. Fu XD, Maniatis T. Factor required for mammalian spliceosome assembly is localized to discrete re-
gions in the nucleus. Nature. 1990; 343: 437–441. doi: 10.1038/343437a0 PMID: 2137203

34. Spector DL, Fu XD, Maniatis T. Associations between distinct pre-mRNA splicing components and the
cell nucleus. EMBO J. 1991; 10: 3467–3481. PMID: 1833187

35. Kapadia F, Pryor A, Chang T-H, Johnson LF. Nuclear localization of poly(A)+ mRNA following siRNA
reduction of expression of the mammalian RNA helicases UAP56 and URH49. Gene. 2006; 384: 37–
44. doi: 10.1016/j.gene.2006.07.010 PMID: 16949217

36. Taniguchi I, Ohno M. ATP-dependent recruitment of export factor Aly/REF onto intronless mRNAs by
RNA helicase UAP56. Mol Cell Biol. 2008; 28: 601–608. doi: 10.1128/MCB.01341-07 PMID: 17984224

37. Mili S, Steitz JA. Evidence for reassociation of RNA-binding proteins after cell lysis: implications for the
interpretation of immunoprecipitation analyses. RNA N Y N. 2004; 10: 1692–1694. doi: 10.1261/rna.
7151404 PMID: 15388877

38. Hautbergue GM, Hung M-L, Golovanov AP, Lian L-Y, Wilson SA. Mutually exclusive interactions drive
handover of mRNA from export adaptors to TAP. Proc Natl Acad Sci U S A. 2008; 105: 5154–5159. doi:
10.1073/pnas.0709167105 PMID: 18364396

39. Topisirovic I, Siddiqui N, Lapointe VL, Trost M, Thibault P, Bangeranye C, et al. Molecular dissection of
the eukaryotic initiation factor 4E (eIF4E) export-competent RNP. EMBO J. 2009; 28: 1087–1098. doi:
10.1038/emboj.2009.53 PMID: 19262567

The Consensus 5' Splice Site Motif Inhibits mRNANuclear Export

PLOS ONE | DOI:10.1371/journal.pone.0122743 March 31, 2015 20 / 21

http://dx.doi.org/10.1128/MCB.01673-13
http://dx.doi.org/10.1128/MCB.01673-13
http://www.ncbi.nlm.nih.gov/pubmed/24732794
http://dx.doi.org/10.1261/rna.028639.111
http://www.ncbi.nlm.nih.gov/pubmed/22355166
http://dx.doi.org/10.1073/pnas.1217338109
http://www.ncbi.nlm.nih.gov/pubmed/23129630
http://www.ncbi.nlm.nih.gov/pubmed/8035806
http://www.ncbi.nlm.nih.gov/pubmed/9659922
http://www.ncbi.nlm.nih.gov/pubmed/10688357
http://dx.doi.org/10.1038/emboj.2012.252
http://www.ncbi.nlm.nih.gov/pubmed/22968171
http://dx.doi.org/10.1093/nar/gkn068
http://dx.doi.org/10.1093/nar/gkn068
http://www.ncbi.nlm.nih.gov/pubmed/18299285
http://dx.doi.org/10.1371/journal.pgen.1001366
http://www.ncbi.nlm.nih.gov/pubmed/21533221
http://dx.doi.org/10.1101/gad.1216204
http://www.ncbi.nlm.nih.gov/pubmed/15314030
http://dx.doi.org/10.1002/wrna.1225
http://www.ncbi.nlm.nih.gov/pubmed/24644132
http://www.ncbi.nlm.nih.gov/pubmed/269380
http://dx.doi.org/10.3791/2387
http://dx.doi.org/10.1101/cshperspect.a000646
http://dx.doi.org/10.1101/cshperspect.a000646
http://www.ncbi.nlm.nih.gov/pubmed/20926517
http://dx.doi.org/10.1016/j.cell.2011.10.024
http://dx.doi.org/10.1016/j.cell.2011.10.024
http://www.ncbi.nlm.nih.gov/pubmed/22118462
http://dx.doi.org/10.1038/343437a0
http://www.ncbi.nlm.nih.gov/pubmed/2137203
http://www.ncbi.nlm.nih.gov/pubmed/1833187
http://dx.doi.org/10.1016/j.gene.2006.07.010
http://www.ncbi.nlm.nih.gov/pubmed/16949217
http://dx.doi.org/10.1128/MCB.01341-07
http://www.ncbi.nlm.nih.gov/pubmed/17984224
http://dx.doi.org/10.1261/rna.7151404
http://dx.doi.org/10.1261/rna.7151404
http://www.ncbi.nlm.nih.gov/pubmed/15388877
http://dx.doi.org/10.1073/pnas.0709167105
http://www.ncbi.nlm.nih.gov/pubmed/18364396
http://dx.doi.org/10.1038/emboj.2009.53
http://www.ncbi.nlm.nih.gov/pubmed/19262567


40. McCloskey A, Taniguchi I, Shinmyozu K, Ohno M. hnRNP C tetramer measures RNA length to classify
RNA polymerase II transcripts for export. Science. 2012; 335: 1643–1646. doi: 10.1126/science.
1218469 PMID: 22461616

41. Grosshans H, Deinert K, Hurt E, Simos G. Biogenesis of the signal recognition particle (SRP) involves
import of SRP proteins into the nucleolus, assembly with the SRP-RNA, and Xpo1p-mediated export. J
Cell Biol. 2001; 153: 745–762. PMID: 11352936

42. Sakharkar MK, Kangueane P. Genome SEGE: a database for “intronless” genes in eukaryotic ge-
nomes. BMC Bioinformatics. 2004; 5: 67. doi: 10.1186/1471-2105-5-67 PMID: 15175116

43. Volders P-J, Helsens K, Wang X, Menten B, Martens L, Gevaert K, et al. LNCipedia: a database for an-
notated human lncRNA transcript sequences and structures. Nucleic Acids Res. 2013; 41: D246–251.
doi: 10.1093/nar/gks915 PMID: 23042674

44. Andersson R, Gebhard C, Miguel-Escalada I, Hoof I, Bornholdt J, Boyd M, et al. An atlas of active en-
hancers across human cell types and tissues. Nature. 2014; 507: 455–461. doi: 10.1038/nature12787
PMID: 24670763

45. Shibayama Y, Fanucchi S, Magagula L, Mhlanga MM. lncRNA and gene looping: what’s the connec-
tion? Transcription. 2014; 5. doi: 10.4161/trns.28658

46. Takemura R, Takeiwa T, Taniguchi I, McCloskey A, Ohno M. Multiple factors in the early splicing com-
plex are involved in the nuclear retention of pre-mRNAs in mammalian cells. Genes Cells Devoted Mol
Cell Mech. 2011; 16: 1035–1049. doi: 10.1111/j.1365-2443.2011.01548.x PMID: 21929696

47. Vinciguerra P, Iglesias N, Camblong J, Zenklusen D, Stutz F. Perinuclear Mlp proteins downregulate
gene expression in response to a defect in mRNA export. EMBO J. 2005; 24: 813–823. doi: 10.1038/sj.
emboj.7600527 PMID: 15692572

48. Galy V, Gadal O, Fromont-Racine M, Romano A, Jacquier A, Nehrbass U. Nuclear retention of
unspliced mRNAs in yeast is mediated by perinuclear Mlp1. Cell. 2004; 116: 63–73. PMID: 14718167

49. Dziembowski A, Ventura A-P, Rutz B, Caspary F, Faux C, Halgand F, et al. Proteomic analysis identi-
fies a new complex required for nuclear pre-mRNA retention and splicing. EMBO J. 2004; 23: 4847–
4856. doi: 10.1038/sj.emboj.7600482 PMID: 15565172

50. Kaida D, Berg MG, Younis I, KasimM, Singh LN, Wan L, et al. U1 snRNP protects pre-mRNAs from
premature cleavage and polyadenylation. Nature. 2010; 468: 664–668. doi: 10.1038/nature09479
PMID: 20881964

51. Volanakis A, Passoni M, Hector RD, Shah S, Kilchert C, Granneman S, et al. Spliceosome-mediated
decay (SMD) regulates expression of nonintronic genes in budding yeast. Genes Dev. 2013; 27: 2025–
2038. doi: 10.1101/gad.221960.113 PMID: 24065768

52. Robberson BL, Cote GJ, Berget SM. Exon definition may facilitate splice site selection in RNAs with
multiple exons. Mol Cell Biol. 1990; 10: 84–94. PMID: 2136768

53. Li B, Vilardell J, Warner JR. An RNA structure involved in feedback regulation of splicing and of transla-
tion is critical for biological fitness. Proc Natl Acad Sci U S A. 1996; 93: 1596–1600. PMID: 8643676

54. Guan F, Caratozzolo RM, Goraczniak R, Ho ES, Gunderson SI. A bipartite U1 site represses U1A ex-
pression by synergizing with PIE to inhibit nuclear polyadenylation. RNA. 2007; 13: 2129–2140. doi:
10.1261/rna.756707 PMID: 17942741

55. Yamazaki T, Fujiwara N, Yukinaga H, Ebisuya M, Shiki T, Kurihara T, et al. The closely related RNA
helicases, UAP56 and URH49, preferentially form distinct mRNA export machineries and coordinately
regulate mitotic progression. Mol Biol Cell. 2010; 21: 2953–2965. doi: 10.1091/mbc.E09-10-0913
PMID: 20573985

56. Lykke-Andersen J, Shu MD, Steitz JA. Communication of the position of exon-exon junctions to the
mRNA surveillance machinery by the protein RNPS1. Science. 2001; 293: 1836–1839. doi: 10.1126/
science.1062786 PMID: 11546874

57. Reuter JS, Mathews DH. RNAstructure: software for RNA secondary structure prediction and analysis.
BMC Bioinformatics. 2010; 11: 129. doi: 10.1186/1471-2105-11-129 PMID: 20230624

The Consensus 5' Splice Site Motif Inhibits mRNANuclear Export

PLOS ONE | DOI:10.1371/journal.pone.0122743 March 31, 2015 21 / 21

http://dx.doi.org/10.1126/science.1218469
http://dx.doi.org/10.1126/science.1218469
http://www.ncbi.nlm.nih.gov/pubmed/22461616
http://www.ncbi.nlm.nih.gov/pubmed/11352936
http://dx.doi.org/10.1186/1471-2105-5-67
http://www.ncbi.nlm.nih.gov/pubmed/15175116
http://dx.doi.org/10.1093/nar/gks915
http://www.ncbi.nlm.nih.gov/pubmed/23042674
http://dx.doi.org/10.1038/nature12787
http://www.ncbi.nlm.nih.gov/pubmed/24670763
http://dx.doi.org/10.4161/trns.28658
http://dx.doi.org/10.1111/j.1365-2443.2011.01548.x
http://www.ncbi.nlm.nih.gov/pubmed/21929696
http://dx.doi.org/10.1038/sj.emboj.7600527
http://dx.doi.org/10.1038/sj.emboj.7600527
http://www.ncbi.nlm.nih.gov/pubmed/15692572
http://www.ncbi.nlm.nih.gov/pubmed/14718167
http://dx.doi.org/10.1038/sj.emboj.7600482
http://www.ncbi.nlm.nih.gov/pubmed/15565172
http://dx.doi.org/10.1038/nature09479
http://www.ncbi.nlm.nih.gov/pubmed/20881964
http://dx.doi.org/10.1101/gad.221960.113
http://www.ncbi.nlm.nih.gov/pubmed/24065768
http://www.ncbi.nlm.nih.gov/pubmed/2136768
http://www.ncbi.nlm.nih.gov/pubmed/8643676
http://dx.doi.org/10.1261/rna.756707
http://www.ncbi.nlm.nih.gov/pubmed/17942741
http://dx.doi.org/10.1091/mbc.E09-10-0913
http://www.ncbi.nlm.nih.gov/pubmed/20573985
http://dx.doi.org/10.1126/science.1062786
http://dx.doi.org/10.1126/science.1062786
http://www.ncbi.nlm.nih.gov/pubmed/11546874
http://dx.doi.org/10.1186/1471-2105-11-129
http://www.ncbi.nlm.nih.gov/pubmed/20230624


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


