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The TREX complex, which functions in mRnA export, is recruited to mRnA during splicing. 
Both the splicing machinery and the TREX complex are concentrated in 20–50 discrete foci 
known as nuclear speckle domains. In this study, we use a model system where DnA constructs 
are microinjected into HeLa cell nuclei, to follow the fates of the transcripts. We show that 
transcripts lacking functional splice sites, which are inefficiently exported, do not associate 
with nuclear speckle domains but are instead distributed throughout the nucleoplasm. In 
contrast, pre-mRnAs containing functional splice sites accumulate in nuclear speckles, and 
our data suggest that splicing occurs in these domains. When the TREX components uAP56 
or Aly are knocked down, spliced mRnA, as well as total polyA +  RnA, accumulates in nuclear 
speckle domains. Together, our data raise the possibility that pre-mRnA undergoes splicing in 
nuclear speckle domains, before their release by TREX components for efficient export to the 
cytoplasm. 
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Biochemical studies have revealed that the machineries for 
transcription, RNA processing and mRNA export are exten
sively coupled to one another via a complex network of both 

physical and functional interactions1–4. Coupling among the steps of 
gene expression is also apparent at the cellular level4–6. For example, 
in yeast, defects in either the factors or steps in mRNA processing 
typically result in accumulation of transcripts at the site of trans
cription where they are ultimately degraded7–10. Likewise, yeast 
transcripts are retained and degraded at the site of transcription 
in mRNA export mutants10. Although less is understood in human 
cells, several studies have raised the possibility that the coupled steps 
in gene expression take place within or near nuclear compartments 
variously known as nuclear speckle domains, splicing factor com
partments, interchromatin granules or SC35 domains4,5. The earliest 
reports came from fluorescence in situ hybridisation (FISH) analysis 
of RNA transcripts from highly expressed endogenous genes5 (and 
references therein). These studies indicated that, for many genes, 
transcription occurs in the vicinity of nuclear speckle domains 
and that mRNA processing occurs near or within the domains11–15. 
Additional work supported the view that nuclear speckle domains 
are sites of RNA processing, as evidence indicates that premRNAs 
can undergo spliceosome assembly and splicing within nuclear 
speckle domains5,16–20. Recent studies have lent additional support 
to the view that nuclear speckle domains have an important role 
in the expression of actively transcribed genes4,6. In particular, an 
active allele or coexpressed genes cluster together around, or asso
ciate with, nuclear speckle domains21–23. For example, cotranscribed 
erythroid genes located on four different chromosomes cluster 
together around a common nuclear speckle domain21. Other studies  
of nuclear speckle domains indicate that they function as storage 
and recycling sites for the RNA processing machinery, and for some 
genes, the processing machinery moves from these domains to the 
transcriptionally active genes24–28. Additional work has also led to 
the view that nuclear speckle domains are sites where overexpressed 
exogenous pol II transcripts and/or aberrant RNAs (such as cDNA 
transcripts) accumulate26,27. However, other studies are not consist
ent with this view, as cDNA transcripts were not detected in nuclear 
speckle domains18–20. Thus, further work is needed to understand 
how nuclear speckle domains function in the pathway of gene 
expression.

Nuclear speckle domains are not only the sites enriched in 
RNA processing machineries but also contain the mRNA export 
machinery (for example, the TREX complex) and mRNA surveil
lance machinery (for example, exon junction complex)5,28–30. The 
conserved TREX complex contains the multisubunit THO com
plex and UAP56, Aly, Tex1 and CIP2931–36 (K.D., R.R., unpublished 
observation). In humans, efficient recruitment of the TREX complex 
to mRNA is splicing dependent, consistent with the observation 
that the TREX complex colocalizes with splicing factors in nuclear 
speckle domains31,32. Specifically, we previously found that the  
TREX complex is more efficiently recruited to mRNAs generated by 
splicing than to cDNA transcripts37–40. This increased recruitment 
correlated with increased export efficiency of spliced mRNAs rela
tive to cDNA transcripts41. During this analysis41, we observed that 
the transcripts containing introns were present in discrete nuclear 
foci in HeLa cells, but this observation was not further investigated.

In this study, we have used a nuclear microinjection assay to 
determine the fates of transcripts encoded by CMVDNA constructs 
either containing or lacking functional splice sites. We show that 
both types of transcripts are detected at similar levels in the nucleus. 
However, cDNA transcripts and three different randomsequence 
transcripts do not associate with nuclear speckle domains, whereas 
transcripts containing functional splice sites do. Using splicing 
specific FISH probes, our data suggest that splicing occurs in nuclear 
speckle domains. Finally, we show that a spliced reporter mRNA, as 
well as total polyA +  RNA, accumulates in nuclear speckle domains 

when TREX components UAP56 or Aly are knocked down. 
Together, these data indicate that transcripts containing functional 
splice sites associate with nuclear speckle domains, undergo splicing  
within these domains, and TREX components UAP56 and Aly 
function in releasing the mRNA from the domains for export to 
the cytoplasm. How these data relate to expression of endogenous 
genes is discussed.

Results
Splicing-dependent association of RNA with nuclear speckles. 
We previously showed that spliced mRNAs are exported more 
efficiently than their corresponding cDNA transcript counterparts 
in both Xenopus oocytes and HeLa cells41,42. To further investigate 
the role of splicing in mRNA export, we microinjected a variety of 
DNA constructs containing a cytomegalovirus (CMV) promoter 
and the bovine growth hormone (BGH) polyadenylation site 
into HeLa cell nuclei and then examined the nucleocytoplasmic 
distribution of the transcripts using FISH. Initially, we compared 
a wildtype (WT) CMVβglobin DNA construct containing its 
natural introns, a CMVβglobin cDNA and three CMVDNA 
constructs encoding random sequences lacking functional splice 
sites (Fig. 1a). Each of these constructs was microinjected into 
nuclei, cells were fixed after 5 min of incubation, followed by 
FISH (Fig. 1b, inset panels show the dextran nuclear injection 
marker). This analysis revealed that all of the CMV constructs 
were transcribed and that the nascent transcripts were detected 
in the nucleus. Quantitation of FISH images for a minimum of 
40 individual cells per construct revealed that the total amount of 
RNA detected was similar for all five constructs (Fig. 1c). Consistent 
with previous results41, by 6 hr after microinjection, spliced WT  
βglobin mRNA was largely detected in the cytoplasm, whereas 
the cDNA transcript and three random sequence transcripts 
were largely detected in the nucleus (Supplementary Fig. S1). We 
conclude that both spliced and cDNA/random sequence RNAs  
are present at similar levels, and only the spliced mRNA accumulates 
at higher levels in the cytoplasm.

To further investigate the distribution of WT βglobin trans
cripts, we microinjected the CMVβglobin DNA construct,  
αamanitin was added 30 min after microinjection, and then a 
time course was carried out using FISH. A representative cell for 
each time point is shown in Figure 2a, and fields of cells are shown 
in Supplementary Figure S2. As indicated by quantitation of the 
FISH signal (Fig. 2b), transcripts continued to accumulate for up 
to 1.5 h, most likely due to the time required for the αamanatin to 
inhibit further transcription. Examination of the WT βglobin FISH  
signal at the 5 and 15min time points revealed that the transcripts 
were evenly distributed throughout the nucleoplasm (Fig. 2a, FISH 
panels). By 30 min, the transcripts began to concentrate as multiple 
nuclear foci and continued to be detected in these foci for up to 1.5 h 
(Fig. 2a, FISH panels). Thereafter, the transcripts were also detected 
in the cytoplasm where they continued to accumulate over time  
(Fig. 2a, FISH panels). As shown in Figure 2a (SC35 and merge panels),  
the nuclear foci containing the βglobin transcripts colocalize by 
immunofluorescence with the splicing factor SC35, the standard 
marker for nuclear speckle domains4,5,28. As our FISH assay detects 
RNA transcripts as a population, and previous work has shown that 
RNA and the contents of nuclear speckle domains move dynami
cally between the domains and the nucleoplasm43, our study does 
not distinguish between the (long debated) possibilities that nascent 
transcripts enter preexisting nuclear speckle domains or whether 
factors exit the domains and associate with nascent transcripts to 
form speckles. A great deal of elegant work has dealt with these 
issues and also with the detailed morphology of nuclear speckle 
domains and subdomains within nuclear speckle domains5,44  
(and references therein). In addition, previous work17 and our study 
show that nuclear speckle domains often appear enlarged and/or 
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coalesced, possibly because of the large amount of RNA associ
ated with the domains under certain conditions. Our study is not 
focused on these detailed aspects of nuclear speckle domain for
mation, dynamics and morphology, and thus, with these caveats in 
mind, for simplicity, we will refer to transcripts as being in nuclear 
speckle domains throughout this manuscript.

Importantly, quantitation of the total FISH signals during our 
time course (Fig. 2b) revealed that the βglobin transcripts remain 
at about the same levels starting at 1.5 h through 6.5 h. Over this time 
period, transcripts are detected in nuclear speckle domains and then 
detected in the cytoplasm. As the levels of transcripts were roughly 
the same over this time period, these data indicate that most of the 
RNA associated with the nuclear speckle domains is exported to 
the cytoplasm. Together, our data indicate that βglobin transcripts 
are at first present throughout the nucleoplasm at the earliest times 
after transcription, followed by association with nuclear speckle 
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Figure 1 | FISH of RNAs after transcription of CMV-DNA constructs.  
(a) schematic of constructs. The CmV promoter and BGH polyA sites  
and the location of the FIsH probe (indicated by short line) are shown.  
The sizes (in nucleotides) of the introns, exons, cDnA and random 
transcripts are indicated for the respective constructs. (b) FIsH of 
indicated transcripts that were detected 5 min after microinjection of 
CmV-DnA constructs (50 ng µl − 1) into HeLa cell nuclei. FITC-conjugated 
dextran was coinjected as a nuclear marker (inset panels). scale bar, 
10 µm. (c) Quantification of total FIsH fluorescence was determined for 
a minimum of 40 cells for each construct. Data represent the average of 
three experiments, and error bars indicate s.e.
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Figure 2 | WT -globin transcripts associate with nuclear speckle 
domains. (a) FIsH time course showing nucleocytoplasmic distribution  
of β-globin transcripts after microinjection of WT β-globin DnA  
construct into HeLa cell nuclei. α-amanitin was added at the 30-min time 
point to block further transcription. Cells were incubated for the indicated 
times before fixation. FIsH, immunofluorescence (IF) using an sC35 
monoclonal antibody and merged images are indicated. scale bar, 10 µm. 
(b) Quantification of total FIsH fluorescence was determined for  
a minimum of 10 cells for each time point. Data represent the average  
of three experiments, and error bars indicate s.e.
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domains, and are then rapidly exported to the cytoplasm without 
an intermediate site of accumulation. Thus, transcript release from 
nuclear speckle domains appears to be a ratelimiting step in export 
of at least this spliced mRNA reporter.

To further investigate the significance of the speckle association 
of WT βglobin transcripts (Fig. 2), we microinjected three CMV
DNA constructs encoding random sequences and a construct 
encoding CMVβglobin cDNA into HeLa cell nuclei, followed by 
addition of αamanitin at 30 min (Fig. 3a,b). FISH analysis at the 
earliest time point after microinjection (5 min, Fig. 3a) revealed 
that Random 1 transcripts were evenly distributed throughout the 
nucleoplasm, as observed with WT βglobin transcripts (Fig. 2a). 
However, in contrast to WT βglobin transcripts, Random 1 trans
cripts remained evenly distributed in the nucleoplasm throughout 
the time course (Fig. 3a, FISH panels). Moreover, colocalisation 
studies with SC35 revealed that Random 1 transcripts do not associ
ate with nuclear speckle domains (Fig. 3a, SC35 and merge panels). 
A FISH comparison at the 1h time point for all three Random tran
scripts and the βglobin cDNA transcript revealed that none of these 
transcripts colocalized with SC35 (Fig. 3b). Consistent with these 
data, a FISH time course carried out for Random 2 and 3 transcripts 

confirmed that they do not associate with nuclear speckle domains 
at any time point (Supplementary Fig. S3). Finally, when another 
WT CMVDNA construct, AdML, or a splicedefective counterpart 
containing mutated 5′ and 3′ splice sites (CMVAdML∆5′∆3′), was 
microinjected into HeLa cell nuclei, the WT AdML transcript was 
distributed in discrete nuclear foci, which colocalized with SC35 
(Fig. 3c, SC35 and merge) whereas the AdML∆5′∆3′ transcript was 
diffusely distributed in the nucleoplasm (Fig. 3c, SC35 and merge). 
Together, the data with all of our constructs indicate that associa
tion of transcripts with nuclear speckle domains requires functional 
splice sites.

We also investigated the nuclear localisation of the microinjected 
CMVDNA constructs and found that they associated with nuclear 
speckle domains in a splice sitedependent manner (Supplemen
tary Fig. S4). The CMVDNA constructs most likely move by free  
diffusion. The splice sitedependent association with nuclear speckle 
domains may occur because nascent transcripts with functional 
splice sites are still attached to the DNA. Further studies are needed 
to determine whether these observations with the CMV constructs 
are related to studies showing that actively transcribed endogenous 
genes associate with nuclear speckle domains4,5,21.
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Figure 3 | Splice site-dependent association of transcripts with nuclear speckle domains. (a) CmV Random 1 DnA construct was microinjected into HeLa 
nuclei, and α-amanitin was added after 30 min to block further transcription. A FIsH time course for Random 1 RnA was carried out at the indicated times. 
FIsH, IF using an sC35 monoclonal antibody and merged images are shown. scale bar, 10 µm. (b) same as a except that Random 1, 2 and 3 CmV-DnA 
constructs and CmV β-globin cDnA construct were microinjected, and FIsH was carried out 1 h after microinjection. (c) same as a except that CmV-WT  
AdmL or CmV-∆5′∆3′ AdmL DnA constructs were used, and FIsH was carried out 30 min after microinjection. FIsH, IF using an sC35 monoclonal 
antibody and merged images are shown. scale bar, 10 µm.
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Evidence that splicing occurs in nuclear speckle domains. We 
next investigated whether splicing of the CMV transcripts occurs in 
nuclear speckle domains. Initially, we carried out reverse transcrip
tion (RT)–PCR to obtain a general idea about the splicing kinet
ics of the total βglobin RNA population after microinjection of the 
CMVDNA construct. Mostly unspliced premRNA was present at 
early times (5 and 15 min) after microinjection and mostly spliced 
mRNAs at later time points (30 and 60 min; Supplementary Fig. S5). 
We next carried out a FISH time course using a probe to the exon 
2–exon 3 splice junction (SJ probe) to detect only spliced mRNA 
or a probe specific to intron 2 (intron probe, which detects both 
the unspliced premRNA and the intron; Fig. 4). By 5 and 15 min 
after microinjection, βglobin RNA was detected throughout the 
nucleoplasm, and only with the intron probe (Fig. 4), consistent 
with the presence of unspliced premRNA at early times. By 30 min, 
the RNA was detected with both the SJ and intron probes, consist
ent with the presence of spliced mRNA at this time point. Of parti
cular significance, the transcripts detected with the SJ and intron 
probes were well colocalized with each other, but were present in 
only a subset of nuclear speckle domains (Fig. 4, 30 min, compare 
SJ and intron probe panels and merge, and compare SJ/SC35 merge 

and intron/SC35 merge). The observation that the same subset of 
nuclear speckle domains was detected with both the intron and the 
SJ probes suggests that splicing occurs within the nuclear speckle 
domains. If, for example, the RNA was moving rapidly between  
different speckles, then we would expect to detect different speckles 
with the intron versus the SJ probe.

To further investigate the possibility that splicing takes place within 
nuclear speckle domains, we carried out confocal microscopic analy
sis using the SJ probe as well as a probe to the exon–intron junction 
(EI probe, which detects unspliced premRNA; Fig. 5a). At the 30min 
time point, the confocal data show that the transcripts detected with 
both the SJ and EI probes colocalize with each other and also with 
SC35. Moreover, the data show that the transcripts are localized in 
only a subset of the nuclear speckle domains. Zstack confocal images 
further show the colocalisation of transcripts detected with the SJ 
and EI probes (Fig. 5b). Together, these data suggest that splicing of  
βglobin premRNA occurs within nuclear speckle domains.

UAP56 functions in release of mRNA from nuclear speckles. As 
the TREX export machinery localizes in nuclear speckle domains 
and associates with mRNAs during splicing, we next investigated the 
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Figure 4 | FISH time course of -globin transcripts using SJ- or intron-specific probes. CmV β-globin DnA construct was microinjected into nuclei,  
α-amanitin was added at 30 min and FIsH was carried out at the indicated times. Probes were to the second sJ probe or the second intron (intron probe)  
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link between TREX, mRNA export and nuclear speckle domains. 
Previous studies showed that UAP56 knockdown results in strong 
nuclear retention of mRNA with accumulation in distinct nuclear 
foci45,46, but the identity of these foci was not investigated. To char
acterize the foci, we carried out RNAmediated interference (RNAi) 
of UAP56 in HeLa cells, using nontargeting short interfering RNAs 
(siRNAs) as a negative control. As shown by western blot analysis, 
UAP56 protein levels were efficiently knocked down (Fig. 6a). To 
determine the effects of the knockdown on the nucleocytoplasmic 
distribution of RNA, we microinjected the WT CMVβglobin DNA 
construct (Fig. 1a) into HeLa cell nuclei, allowed transcription for 
30 min, added αamanitin to block further transcription and then 

used FISH to detect βglobin RNA after 3.5 h (Fig. 6b). In the nega
tive control knockdown, βglobin RNA was detected mainly in the 
cytoplasm (Fig. 6b, control (cntl) RNAi). In marked contrast, in 
the UAP56 knock down, βglobin RNA was detected in discrete 
nuclear foci (Fig. 6b, UAP56 RNAi; a field of microinjected cells at 
lower magnification is shown in Fig. 6c). As shown in Figure 6d, the  
βglobin RNA detected by FISH colocalized with SC35. Thus, 
UAP56 knock down results in a strong accumulation of βglobin 
RNA in nuclear speckle domains. As immunodepletion of UAP56 
in nuclear extracts results in inhibition of splicing in vitro47,48, and  
as splicingdefective transcripts that are capable of at least partial 
spliceosome assembly accumulate in nuclear speckle domains5,16 
(and references therein), we asked whether UAP56 knock down 
affected splicing of the βglobin reporter in vivo. As shown in  
Figure 6e, RT–PCR revealed only spliced mRNA in both the UAP56 
knockdown and negative control knockdown cells. These data indi
cate that a splicing defect does not account for the accumulation  
of βglobin mRNA in nuclear speckle domains in the UAP56 knock
down cells.

To further examine the role of UAP56 in the accumulation of 
mRNA in nuclear speckle domains, we microinjected the CMVβ
globin DNA construct into UAP56 or control knockdown cells and 
then carried out a time course. At 30 min after microinjection, the 
accumulation of βglobin transcripts in nuclear speckle domains 
appeared similar in UAP56 and control knockdown cells (Fig. 6f, 
30 min). However, at subsequent time points, the nuclear speckle 
domains appeared rounded in the UAP56 knockdown cells com
pared with the control cells (Fig. 6f). This round phenotype likely 
results from the high levels of transcripts that accumulate in nuclear 
speckle domains in the UAP56 knockdown cells; these transcripts 
are able to exit the domains in the control knockdown (or normal) 
cells. The time course also shows that some of the βglobin mRNA 
reaches the cytoplasm by 3.5 and 6.5 h time points in the UAP56 
knockdown cells (Fig. 6f). This may occur because sufficient UAP56 
remains after knock down to allow the slow release from nuclear 
speckle domains (that is, a leaky phenotype) or because UAP56 
knockdown only delays the release of mRNA from the domains. At 
present, we cannot distinguish between these and other possibilities.

To ascertain whether UAP56dependent release of spliced 
mRNAs from nuclear speckle domains occurs with endogenous 
mRNAs, we next examined the distribution of total polyA +  RNA 
in UAP56 knockdown cells. The expected distribution of polyA +  
RNA was observed in negative control knockdown cells (Fig. 7a, cntl 
RNAi), in which the RNA is present in both the nucleus and the cyto
plasm49–51. In the nucleus, a portion of the steadystate polyA +  RNA 
is present in nuclear speckle domains15,16,52,53. In marked contrast to 
the nonknockdown cells, in the UAP56 knockdown cells, polyA +  
RNA was only present in the nucleus where it strongly accumulated 
in multiple foci (Fig. 7a, UAP56 RNAi). As shown in Figure 7b, the 
polyA +  RNA in UAP56 knockdown cells colocalized with SC35, 
indicating that these foci correspond to nuclear speckle domains.  
Zstack images from confocal microscopy confirm the colocalisation 
of polyA +  RNA in UAP56 knockdown cells with nuclear speckle 
domains (Fig. 7c). We conclude that UAP56 knock down results in 
the accumulation of polyA +  RNA in nuclear speckle domains. We 
did not detect any splicing defects in UAP56 knockdown cells when 
we assayed two endogenous mRNAs (DNAJB1 and BRD2, data not 
shown)54. Thus, as observed with βglobin mRNA, our data indicate 
that splicing inhibition is not likely to account for the accumulation 
of polyA +  RNA in nuclear speckle domains in UAP56 knockdown 
cells, though we cannot rule out the possibility that UAP56 knock
down inhibits splicing of a subset of premRNAs.

Aly functions in the release of mRNA from nuclear speckles. 
To determine whether other TREX components have a role in the 
release of mRNA from nuclear speckle domains, we knocked down 
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Figure 5 | Evidence that -globin pre-mRNA is spliced in a subset of 
nuclear speckle domains. (a) CmV β-globin DnA was microinjected into 
nuclei, and FIsH was carried out after 30 min using a probe to the sJ probe 
or the EI probe. IF with sC35 monoclonal antibody was carried out after 
the FIsH. Confocal microscopy was used to visualize the cells. The nucleus 
was detected by the injection marker. The indicated merged images are 
shown in the second row. scale bar, 10 µm. (b) Z-stacked confocal images 
for a representative nucleus using the indicated probes or sC35 antibody 
for IF are indicated. Z-stacks were taken in steps of micrometer. The top to 
middle sections of the Z-stacks are shown. scale bar, 10 µm.
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Aly (Fig. 8a). Consistent with previous studies55,56, Aly knock down 
inhibits mRNA export (Fig. 8b). Significantly, our data show that 
total polyA +  RNA is retained in nuclear speckle domains after Aly 
knock down (Fig. 8b). Zstack images from confocal microscopy 
confirm the colocalisation of polyA +  RNA in Aly knockdown cells 
with nuclear speckle domains (Fig. 8c). Together, these data indicate 
that at least two TREX components, UAP56 and Aly, function in 
release of mRNA from nuclear speckle domains.

Discussion
Nuclear speckle domains are 25–50 discrete foci that contain the 
machineries for premRNA processing and mRNA export (the 
TREX complex), as well as polyA +  RNA. In this study, we analyzed  

total polyA +  RNA and also microinjected CMVDNA constructs 
into HeLa cell nuclei to investigate the relationships between  
premRNA splicing, mRNA export and nuclear speckle domains. 
Our study led to three main conclusions. (1) Only premRNAs con
taining functional splice sites localize to nuclear speckle domains. 
(2) Spliced mRNA accumulates within the domains. (3) The TREX 
components, UAP56 and Aly, function in releasing spliced mRNA/
polyA +  RNA from the domains for export to the cytoplasm.

As our work employed CMVDNA constructs, which are  
introduced exogenously into nuclei and are also highly expressed, a 
key issue is how these data relate to expression of endogenous genes.  
An important point in this regard is that knockdown of TREX com
ponents resulted in the accumulation of not only the exogenous 
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reactions carried out in the presence or absence of RT, followed by PCR. DnA size markers (in base pairs) are indicated on the left. m: marker for unspliced 
and spliced mRnAs. (f) FIsH time course showing nucleocytoplasmic distribution of β-globin transcripts after microinjection of WT β-globin DnA 
construct into the nuclei of control knockdown or uAP56 knockdown cells. α-Amanitin was added at the 30-min time point to block further transcription. 
Cells were incubated for the indicated times before fixation. FIsH, IF using an sC35 monoclonal antibody, and merged FIsH and IF images are shown.  
scale bar, 10 µm.
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reporter mRNA, but also endogenous polyA +  RNA, in nuclear 
speckle domains. In contrast, we did not observe an increase in 
levels of polyA +  RNA in the surrounding nucleoplasm. Thus, 
these data raise the possibility that a significant fraction of the 
endogenous mRNA in the nucleus passes through nuclear speckle 
domains before export to the cytoplasm. As our data and previous 
work18,19 indicate that association of transcripts with nuclear speckle 
domains is splicing dependent, the data argue that this fraction of 

endogenous mRNAs was spliced in nuclear speckle domains and 
then exported. Our study also shows that transcripts such as cDNAs 
or randomsequence RNAs do not associate with speckles, and these 
RNAs are poorly exported. Thus, putting all of the data together,  
it is possible that a prerequisite for efficient export of many 
mRNAs is that premRNAs enter nuclear speckle domains, undergo  
splicing, followed by TREXdependent release and efficient export. 
Previous work has shown that splicingdefective introns that are either 
capable of forming partial spliceosomes or are part of multiintron 
premRNAs are retained in nuclear speckle domains16. Thus, these 
data indicate that nuclear speckle domains may function as quality  
control centres once these defective mRNAs are present in the 
domains5,16. Properly processed mRNAs that pass this quality  
control checkpoint are rapidly and efficiently exported.

Recent studies showing that an active allele23, a set of hormone
regulated genes22 or a set of regulated erythroid genes21 all associate 
with nuclear speckle domains supports the view that these domains 
are specific sites for orchestrating nuclear events in the expression 
of at least a subset of genes5,16. In light of these studies on specific 
endogenous genes and our results, it will be interesting to determine 
the generality of nuclear speckle domain function in splicing and 
TREXdependent release for export of endogenous premRNAs. 
This analysis is especially relevant to previous studies indicating that 
splicing of at least some endogenous premRNAs occurs at the site 
of transcription, and not within speckles16,57. Further work is needed 
to determine how these premRNAs are targeted for export and why 
they do not increase in levels in the nucleoplasm when TREX com
ponents are knocked down. Although our data indicate that a key 
function for UAP56 and Aly, and possibly the entire TREX complex, 
is releasing spliced mRNA from nuclear speckle domains, further 
studies are needed to understand the mechanisms involved in this 
release as well as other important roles the TREX machinery may 
have during the mRNA export pathway.

Methods
Molecular biology and antibodies. The plasmids encoding WT human βglobin 
premRNA and cDNA were constructed by adding a 5′ Myc tag and a 3′ HA tag to 
both introncontaining and intronlacking βglobin by PCR amplification using 
the forward primer 5′CGGGGTACCGCCGCCACCATGGAACAAAAACTCATC 
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Figure 7 | PolyA +  RNA accumulates in nuclear speckle domains in UAP56 knockdown cells. (a) FIsH of polyA +  RnA in control and uAP56 knockdown 
cells. scale bar, 10 µm. (b) FIsH for polyA +  RnA followed by IF using an sC35 monoclonal antibody in control or uAP56 knockdown cells. The merged 
FIsH and IF images are shown in the right panel. scale bar, 10 µm. (c) Z-stack confocal analysis of FIsH for polyA +  RnA, sC35 IF and merged images are 
indicated. Z-stacks were taken in steps of micrometer. The top to middle sections of the Z-stacks are shown. scale bar, 10 µm.
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Figure 8 | PolyA +  RNA accumulates in nuclear speckle domains in Aly 
knockdown cells. (a) Western analysis using whole-cell lysates from cntl 
or Aly knockdown cells probed with an antibody against Aly or against 
tubulin as a loading control. molecular weight markers in kilodaltons are 
shown. (b) FIsH for polyA +  RnA followed by IF using an sC35 monoclonal 
antibody in control or Aly knockdown cells. The merged FIsH and IF 
images are shown in the bottom panels. scale bar, 10 µm. (c) Z-stack 
confocal analysis of FIsH for polyA +  RnA, sC35 IF and merged images are 
indicated. Z-stacks were taken in steps of micrometer. The top to middle 
sections of the Z-stacks are shown. scale bar, 10 µm.
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TCAGAAGAGGATCTGCCATGGGTGCATCTGACTCCT3′ and the reverse 
primer 5′CGCAGAGATATCTTAAGCGTAGTCTGGGACGTCGTATGGGT 
ACGTAGCGTGATACTTGTGGGC3′. PCR products were cloned into KpnI 
and EcoRV sites in pcDNA3. The plasmids encoding CMV WT AdML and 
CMV ∆5′∆3′AdML were constructed by inserting a PCR fragment containing 
AdML58 and ∆5′∆3′AdML58 into the Kpn1 and Xba1 sites in pcDNA3.1. In the 
∆5′∆3′AdML58, the WT 5′ splice site sequence (GTTGGGGTGAG) was replaced 
with (ATTGGAGCCAC), and for the 3′ splice site mutation, eight consecutive  
T residues (nucleotides 155–162 in AdML) were replaced with GTGATCAC.  
The plasmid encoding Random 1 was constructed by using PCR to amplify  
a fragment from total genomic HeLa DNA containing the antisense sequence of 
human αinterferon (IFNA1). The forward primer was 5′ACTAAGCTTAGAAC 
CTAGAGCCCAAGGTT3′ and the reverse primer was 5′ACTAAGCTTACACTA 
ACCACAGTGTAAAGGT3′. The PCR product was inserted into the HindIII site 
of pcDNA3. The plasmid encoding Random 2 was constructed by first inserting 
a PCR fragment containing the sense sequence of human β interferon (IFNB1) 
generated using the forward primer 5′ACTGCTAGCACATTCTAACTGCAACC 
TTTCG3′ and the reverse primer 5′ACTCTTAAGCACAGCAGTTCATGCC 
AT3′ into the Nhe1/Af1II sites of pEGFPN2. A PCR fragment containing the 
antisense sequence of this construct was then generated using the forward primer 
5′ACTGCTAGCAATACGACTCACTATAGGCAAGCTTACATTCTAACTGCA 
ACCT3′ and the reverse primer 5′ACTAAGCTTTTCCAAAATAAAATTTAA 
AT3′. This PCR product was subsequently inserted into the HindIII site of 
pcDNA3. The plasmid encoding Random 3 was constructed by first amplifying  
the sense sequence of human heatshock protein B3 (HSPB3) gene with the  
forward primer 5′ATGCCCTATAAATAGCCGTTCATT3′ and the reverse primer 
5′GCTGGCATTGTTGGAATAATAAGA3′. Subsequently, a PCR fragment  
containing the antisense sequence of this construct was generated using the  
forward primer 5′ATAGGGCCCGCATTCCGTGCTATGATTCA3′ and the 
reverse primer 5′GACGGTACCCTTCATAAAAATCATAGCAAAT3′. This PCR 
product was inserted into the KpnI and ApaI sites of pcDNA3. RT–PCR was used  
to detect spliced and unspliced βglobin RNA. The forward and reverse primers  
used for RT–PCR were 5′ATGGTGCACCTGACTCCTGA3′ and 5′CACCAGCC 
ACCACTTTCTGA3′, respectively. To generate markers for unspliced and spliced 
βglobin RNA, these forward and reverse primers were used for PCR of WT or 
cDNA βglobin DNA constructs. For western blots, the UAP56 rabbit polyclonal 
antibody, which crossreacts with its  > 90% identical relative URH4945,46, was raised 
against fulllength GSTUAP5640 and used at a dilution of 1:1,000. The Aly rabbit 
polyclonal antibody was raised against fulllength GSTAly and used at a dilution 
of 1:1,000. The tubulin monoclonal antibody was obtained from Sigma and used at 
a dilution of 1:1,000.

Cell culture and RNAi. HeLa cells were transfected with siRNAs using  
lipofectamine 2000 (Invitrogen) on 35mm dishes with glass coverslip bottoms  
(MatTek Corp.). The siRNA target sequences for URH49 and UAP56 were 5′AAA 
GGCCUAGCCAUCACUUUU3′ and 5′AAGGGCUUGGCUAUCACAUUU
3′, respectively46 (it is of note that both UAP56 and its  > 90% identical homologue 
URH49 must be knocked down to observe a robust export block45,46). The control 
nontargeting siRNA was purchased from Dharmacon (catalogue # D0018100420).

DNA microinjections and detection. HeLa cells used for microinjection  
were plated on fibronectincoated 35mm dishes with glass coverslip bottoms 
(MatTek)41. Plasmid DNA (50 ng µl − 1) was coinjected with FITCconjugated 
70kDa dextran (Molecular Probes)41. In each experiment, 50–70 cells were micro
injected, followed by incubation at 37 °C41. After 30 min of incubation, αamanitin 
(50 µg ml − 1) was added, and incubation was continued for the indicated times.  
A 70 bp FISH probe 5′AAGGCACGGGGGAGGGGCAAACAACAGATGGCTGG 
CAACTAGAAGGCACAGTCGAGGCTGATCAGCGGGT3′ that hybridizes to 
pcDNA 3.1 vector sequence was labelled at the 5′ end with Alexa Fluor 546 NHS 
Ester and highperformance liquid chromatography purified. For βglobin splicing 
assays, probes corresponding to splicing junction 2 (SJ probe) 5′CACAGACCAG 
CACGTTGCCCAGGAGCCTGAAGTTCTCAGGATCCACGTGC3′, exon  
3–intron 2 junction (EI probe) 5′CACAGACCAGCACGTTGCCCAGGAGCTGT 
GGGAGGAAGATAAGAGGTATG3′, and intron 2 (intron probe) 5′ATTCCAAA 
TAGTAATGTACTAGGCAGACTGTGTAAAGTTTTTTTTTAAGTTACTTAAT 
GT3′ were labelled with ULYSIS Alexa Fluor nucleic acid labelling kits 647, 546 
and 546, respectively (Invitrogen). For FISH to detect RNAs generated from  
microinjected CMVDNA constructs, HeLa cells were fixed with 4% paraformal
dehyde in PBS for 15 min and permeabilized with 0.1% Triton X100 in PBS for 
15 min41. Cells were then washed with 50% formamide in 1× SSC and incubated 
at 37 °C with FISH probes for 24 h41. For FISH to detect polyA +  RNA, an high
performance liquid chromatographypurified oligo dT(70) probe labelled at the 
5′ end with Alexa Fluor 546 NHS Ester was used. HeLa cells were washed once 
with PBS, fixed for 10 min with 4% paraformaldehyde, washed three times with 
PBS, permeabilized with 0.5% Triton X100 for 5 min, washed twice with PBS and 
then once with 2× SSC for 10 min at room temperature. The oligo dT(70) probe 
was then added at 1 ng µl − 1 followed by incubation for 16–24 h at 42 °C. The cells 
were washed for 15 min each, twice with 2× SSC, once with 0.5× SSC and once 
with PBS at room temperature. Images were captured with an EMCCD camera 
on an inverted microscope (200M; Zeiss) or a Nikon Ti w/Spinning Disk Confocal 

microscope using Metamorph software (Molecular Devices). FISH quantitation  
was carried out using imageJ 1.33u software (National Institutes of Health)41.  
For detecting CMVDNA constructs after microinjection into HeLa cells, PCR 
constructs were generated using 5′Alexa647 labelled forward primer 5′TGGAGG 
TCGCTGAGTAGTGC3′ and reverse primer 5′CCACACCCTAACTGACAC3′.  
Alexa647 labelled PCR products were microinjected at a concentration of 
50 ng µl − 1. Immunofluorescence was performed by incubating fixed cells with 
primary antibody for 30 min at room temperature. After washing three times in 
PBS for 10 min each, cells were incubated with the secondary antibody for 30 min 
at room temperature, followed by three washes in PBS for 10 min each. The SC35 
primary antibody (Sigma) was diluted to 1:1,000 using 10% calf serum in PBS. 
The Mouse Alexa647 (1:1,000), mouse Alexa555 (1:1,000) and mouse Alexa350 
(1:50; Invitrogen) secondary antibodies were diluted into 10% calf serum. 

References
1. Maniatis, T. & Reed, R. An extensive network of coupling among gene 

expression machines. Nature 416, 499–506 (2002).
2. Reed, R. Coupling transcription, splicing and mRNA export. Curr. Opin. Cell 

Biol. 15, 326–331 (2003).
3. Pandit, S., Wang, D. & Fu, X. D. Functional integration of transcriptional and 

RNA processing machineries. Curr. Opin. Cell Biol. 20, 260–265 (2008).
4. Zhong, X. Y., Wang, P., Han, J., Rosenfeld, M. G. & Fu, X. D. SR proteins in 

vertical integration of gene expression from transcription to RNA processing  
to translation. Mol. Cell 35, 1–10 (2009).

5. Hall, L. L., Smith, K. P., Byron, M. & Lawrence, J. B. Molecular anatomy of a 
speckle. Anat. Rec. A Discov. Mol. Cell Evol. Biol. 288, 664–675 (2006).

6. Lawrence, J. B. & Clemson, C. M. Gene associations: true romance or chance 
meeting in a nuclear neighborhood? J. Cell Biol. 182, 1035–1038 (2008).

7. Jensen, T. H., Dower, K., Libri, D. & Rosbash, M. Early formation of mRNP: 
license for export or quality control? Mol. Cell 11, 1129–1138 (2003).

8. Olesen, J. R., Libri, D. & Jensen, T. H. A link between transcription and mRNP 
quality in Saccharomyces cerevisiae. RNA Biol. 2, 45–48 (2005).

9. Vanacova, S. & Stefl, R. The exosome and RNA quality control in the nucleus. 
EMBO Rep. 8, 651–657 (2007).

10. Rougemaille, M., Villa, T., Gudipati, R. K. & Libri, D. mRNA journey to the 
cytoplasm: attire required. Biol. Cell 100, 327–342 (2008).

11. Xing, Y., Johnson, C. V., Dobner, P. R. & Lawrence, J. B. Higher level 
organization of individual gene transcription and RNA splicing. Science 259, 
1326–1330 (1993).

12. Xing, Y., Johnson, C. V., Moen, P. T. Jr, McNeil, J. A. & Lawrence, J. Nonrandom 
gene organization: structural arrangements of specific premRNA transcription 
and splicing with SC35 domains. J. Cell Biol. 131, 1635–1647 (1995).

13. Hattinger, C. M., Jochemsen, A. G., Tanke, H. J. & Dirks, R. W. Induction of 
p21 mRNA synthesis after shortwavelength UV light visualized in individual 
cells by RNA FISH. J. Histochem. Cytochem. 50, 81–89 (2002).

14. Shopland, L. S., Johnson, C. V. & Lawrence, J. B. Evidence that all SC35 
domains contain mRNAs and that transcripts can be structurally constrained 
within these domains. J. Struct. Biol. 140, 131–139 (2002).

15. Smith, K. P., Moen, P. T., Wydner, K. L., Coleman, J. R. & Lawrence, J. B. 
Processing of endogenous premRNAs in association with SC35 domains is 
gene specific. J. Cell Biol. 144, 617–629 (1999).

16. Johnson, C. et al. Tracking COL1A1 RNA in osteogenesis imperfecta.  
Splicedefective transcripts initiate transport from the gene but are retained 
within the SC35 domain. J. Cell Biol. 150, 417–432 (2000).

17. Melcak, I., Melcakova, S., Kopsky, V., Vecerova, J. & Raska, I. Prespliceosomal 
assembly on microinjected precursor mRNA takes place in nuclear speckles. 
Mol. Biol. Cell 12, 393–406 (2001).

18. Tokunaga, K. et al. Nucleocytoplasmic transport of fluorescent mRNA in 
living mammalian cells: nuclear mRNA export is coupled to ongoing gene 
transcription. Genes Cells 11, 305–317 (2006).

19. Ishihama, Y., Tadakuma, H., Tani, T. & Funatsu, T. The dynamics of pre
mRNAs and poly(A)+ RNA at speckles in living cells revealed by iFRAP 
studies. Exp. Cell Res. 314, 748–762 (2008).

20. Funatsu, T. [Singlemolecule imaging and quantification of mRNAs in a living 
cell]. Yakugaku Zasshi 129, 265–272 (2009).

21. Brown, J. M. et al. Association between active genes occurs at nuclear speckles 
and is modulated by chromatin environment. J. Cell Biol. 182, 1083–1097 
(2008).

22. Hu, Q. et al. Enhancing nuclear receptorinduced transcription requires nuclear 
motor and LSD1dependent gene networking in interchromatin granules.  
Proc. Natl Acad. Sci. USA 105, 19199–19204 (2008).

23. Takizawa, T., Gudla, P. R., Guo, L., Lockett, S. & Misteli, T. Allelespecific 
nuclear positioning of the monoallelically expressed astrocyte marker GFAP. 
Genes Dev. 22, 489–498 (2008).

24. Lamond, A. I. & Spector, D. L. Nuclear speckles: a model for nuclear organelles. 
Nat. Rev. Mol. Cell Biol. 4, 605–612 (2003).

25. Prasanth, K. V. et al. Regulating gene expression through RNA nuclear 
retention. Cell 123, 249–263 (2005).



ARTICLE

�0�

nATuRE CommunICATIons | DoI: 10.1038/ncomms1103

nATuRE CommunICATIons | 1:97 | DoI: 10.1038/ncomms1103 | www.nature.com/naturecommunications

© 2010 Macmillan Publishers Limited. All rights reserved.

26. Pawlicki, J. M. & Steitz, J. A. Primary microRNA transcript retention at sites of 
transcription leads to enhanced microRNA production. J. Cell Biol. 182, 61–76 
(2008).

27. Pawlicki, J. M. & Steitz, J. A. Subnuclear compartmentalization of transiently 
expressed polyadenylated primicroRNAs: processing at transcription sites or 
accumulation in SC35 foci. Cell Cycle 8, 345–356 (2009).

28. Zhao, R., Bodnar, M. S. & Spector, D. L. Nuclear neighborhoods and gene 
expression. Curr. Opin. Genet. Dev. 19, 172–179 (2009).

29. Reed, R. & Cheng, H. TREX, SR proteins and export of mRNA. Curr. Opin.  
Cell Biol. 17, 269–273 (2005).

30. Moore, M. J. & Proudfoot, N. J. PremRNA processing reaches back to 
transcription and ahead to translation. Cell 136, 688–700 (2009).

31. Reed, R. & Hurt, E. A conserved mRNA export machinery coupled to  
premRNA splicing. Cell 108, 523–531 (2002).

32. Kohler, A. & Hurt, E. Exporting RNA from the nucleus to the cytoplasm.  
Nat. Rev. Mol. Cell Biol. 8, 761–773 (2007).

33. Saguez, C., Olesen, J. R. & Jensen, T. H. Formation of exportcompetent mRNP: 
escaping nuclear destruction. Curr. Opin. Cell Biol. 17, 287–293 (2005).

34. Sommer, P. & Nehrbass, U. Quality control of messenger ribonucleoprotein 
particles in the nucleus and at the pore. Curr. Opin. Cell Biol. 17, 294–301 (2005).

35. Rougemaille, M. et al. THO/Sub2p functions to coordinate 3′end processing 
with genenuclear pore association. Cell 135, 308–321 (2008).

36. Carmody, S. R. & Wente, S. R. mRNA nuclear export at a glance. J. Cell Sci. 122, 
1933–1937 (2009).

37. Zhou, Z. et al. The protein Aly links premessengerRNA splicing to nuclear 
export in metazoans. Nature 407, 401–405 (2000).

38. Luo, M. J. et al. PremRNA splicing and mRNA export linked by direct 
interactions between UAP56 and Aly. Nature 413, 644–647 (2001).

39. Masuda, S. et al. Recruitment of the human TREX complex to mRNA during 
splicing. Genes Dev. 19, 1512–1517 (2005).

40. Cheng, H. et al. Human mRNA export machinery recruited to the 5′ end of 
mRNA. Cell 127, 1389–1400 (2006).

41. Valencia, P., Dias, A. P. & Reed, R. Splicing promotes rapid and efficient mRNA 
export in mammalian cells. Proc. Natl Acad. Sci. USA 105, 3386–3391 (2008).

42. Luo, M. & Reed, R. Splicing is required for rapid and efficient mRNA export in 
metazoans. Proc. Natl Acad. Sci. USA 96, 14937–14942 (1999).

43. Misteli, T. Protein dynamics: implications for nuclear architecture and gene 
expression. Science 291, 843–847 (2001).

44. Smith, K. P., Byron, M., Johnson, C., Xing, Y. & Lawrence, J. B. Defining early 
steps in mRNA transport: mutant mRNA in myotonic dystrophy type I is 
blocked at entry into SC35 domains. J. Cell Biol. 178, 951–964 (2007).

45. Lee, C. S. et al. Human DDX3 functions in translation and interacts  
with the translation initiation factor eIF3. Nucleic Acids Res. 36, 4708–4718 
(2008).

46. Kapadia, F., Pryor, A., Chang, T. H. & Johnson, L. F. Nuclear localization of 
poly(A)+ mRNA following siRNA reduction of expression of the mammalian 
RNA helicases UAP56 and URH49. Gene 384, 37–44 (2006).

47. Fleckner, J., Zhang, M., Valcarcel, J. & Green, M. R. U2AF65 recruits a novel 
human DEAD box protein required for the U2 snRNPbranchpoint interaction. 
Genes Dev. 11, 1864–1872 (1997).

48. Shen, H. et al. Distinct activities of the DExD/Hbox splicing factor hUAP56 
facilitate stepwise assembly of the spliceosome. Genes Dev. 22, 1796–1803  
(2008).

49. Carter, K. C., Taneja, K. L. & Lawrence, J. B. Discrete nuclear domains of 
poly(A) RNA and their relationship to the functional organization of the 
nucleus. J. Cell Biol. 115, 1191–1202 (1991).

50. Visa, N., PuvionDutilleul, F., Harper, F., Bachellerie, J. P. & Puvion, E. 
Intranuclear distribution of poly(A) RNA determined by electron microscope 
in situ hybridization. Exp. Cell Res. 208, 19–34 (1993).

51. Huang, S., Deerinck, T. J., Ellisman, M. H. & Spector, D. L. In vivo analysis of 
the stability and transport of nuclear poly(A)+ RNA. J. Cell Biol. 126, 877–899 
(1994).

52. Melcak, I. et al. Nuclear premRNA compartmentalization: trafficking of 
released transcripts to splicing factor reservoirs. Mol. Biol. Cell 11, 497–510 
(2000).

53. Molenaar, C., Abdulle, A., Gena, A., Tanke, H. J. & Dirks, R. W. Poly(A)+ RNAs 
roam the cell nucleus and pass through speckle domains in transcriptionally 
active and inactive cells. J. Cell Biol. 165, 191–202 (2004).

54. Kotake, Y. et al. Splicing factor SF3b as a target of the antitumor natural 
product pladienolide. Nat. Chem. Biol. 3, 570–575 (2007).

55. Okada, M., Jang, S. W. & Ye, K. Akt phosphorylation and nuclear 
phosphoinositide association mediate mRNA export and cell proliferation 
activities by ALY. Proc. Natl Acad. Sci. USA 105, 8649–8654 (2008).

56. Hautbergue, G. M. et al. UIF, a new mRNA export adaptor that works together 
with REF/ALY, requires FACT for recruitment to mRNA. Curr. Biol. 19, 
1918–1924 (2009).

57. Custodio, N. et al. Inefficient processing impairs release of RNA from the  
site of transcription. EMBO J. 18, 2855–2866 (1999).

58. Das, R. & Reed, R. Resolution of the mammalian E complex and the  
ATPdependent spliceosomal complexes on native agarose minigels.  
RNA 5, 1504–1508 (1999).

Acknowledgments
We thank B. Lee, E. Folco, and R. Das for useful discussions, the National Cell Center 
(Minneapolis, MN) for HeLa cells and the Nikon Imaging Center at Harvard Medical 
School for confocal microscopy facilities. This work was supported by an NIH grant to R.R.

Author contributions
A.P.D. carried out microinjection and confocal microscopy. A.P.D. and K.D. carried out 
western blots, RT–PCR, FISH, IF and knockdowns. H.L. constructed plasmids encoding 
Random 1, 2 and 3 transcripts. R.R., K.D., and A.P.D wrote the manuscript.

Additional information
Supplementary Information accompanies this paper on http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Dias, A. P. et al. A role for TREX components in the  
release of spliced mRNA from nuclear speckle domains. Nat. Commun. 1:97  
doi: 10.1038/ncomms1103 (2010).


	A role for TREX components in the release of spliced mRNA from nuclear speckle domains
	Introduction
	Results
	Splicing-dependent association of RNA with nuclear speckles
	Evidence that splicing occurs in nuclear speckle domains
	UAP56 functions in release of mRNA from nuclear speckles
	Aly functions in the release of mRNA from nuclear speckles

	Discussion
	Methods
	Molecular biology and antibodies
	Cell culture and RNAi
	DNA microinjections and detection

	Additional information
	Acknowledgements
	References




