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Splicing can occur co-transcriptionally. 
What happens when the splicing reac-

tion lags after the completed transcrip-
tional process? We found that elongation 
rates are independent of ongoing splicing 
on the examined genes and suggest that 
when transcription has completed but 
splicing has not, the splicing machinery 
is retained at the site of transcription, 
independently of the polymerase.

The Connection Between 
 Transcription Rates  

and  Co-transcriptional Splicing

The unraveling of unique nuclear com-
partments termed nuclear bodies has led 
to the quest for the spatial detection of 
unique sites of DNA replication, mRNA 
transcription and other gene expres-
sion related processes. Among these, the 
actual site of pre-mRNA splicing in the 
cell nucleus has been examined. While 
it seemed reasonable that splicing would 
occur sequentially to transcription, and 
perhaps only after the release of the 
mRNA from the gene, immunocytologi-
cal findings of the distribution of tran-
scribing genes and splicing factors actually 
pointed to the fact that these processes are 
occurring in close proximity.1 Currently, 
it is agreed upon that much of the splic-
ing events occur co-transcriptionally. This 
means that the spliceosomal machinery 
can assemble on the nascent transcript 
while still tethered to the actively tran-
scribing polymerase.2,3 Co-transcriptional 
splicing also implies that some introns 
are removed prior to the completion of 
mRNA synthesis.4-11
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The significance of a co-transcriptional 
processing mechanism is a highly dis-
cussed issue,12 especially as it becomes 
evident that this is a widespread process 
occurring on many genes and in differ-
ent organisms. The almost immediate 
detection of splice sites on the emerging 
nascent transcript in a co-transcriptional 
model would replace the need for a scan-
ning mechanism that would be required 
to run through the completed pre-mRNA 
sequence and search for exons, which 
tend to be rather small sized and lying in 
between the comparably huge intronic 
sequences. The understanding that the 
spliceosomal machinery can piggy-back 
on the pre-mRNA while still attached 
to the polymerase has raised some inter-
esting ideas. For instance, it was appeal-
ing to suggest that the long C-terminal 
tail (CTD) of the polymerase, which 
one could imagine swaying behind the 
enzyme in proximity with the emerging 
pre-mRNA, could serve as a landing pad 
for splicing factors traveling with the poly-
merase and as a launching pad for target-
ing them onto the pre-mRNA once splice 
sites emerged.13-16 Indeed, some studies 
pointed in this direction.17-21 However, 
conclusive data on this subject has not 
accumulated, particularly since the CTD 
itself was not found to have a stimulating 
effect on splicing in yeast or in mamma-
lian cells.22,23 Yet, the involvement of the 
CTD in the regulation of alternative splic-
ing has been demonstrated through the 
SRp20 SR protein.24 This suggests that 
the CTD does have a role in the recruit-
ment of splicing factors to the pre-mRNA, 
possibly in an indirect manner. Therefore, 
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associated snRNP proteins, as well as a 
variety of SR proteins and RNA-binding 
proteins were recruited and enriched at the 
site of transcription.44 Spliceosome recruit-
ment is transcription-dependent since it is 
observed only when the gene is in a tran-
scribing state. Because intron sequences 
are detected by RNA FISH on the gene 
only and not elsewhere in the nucleus, we 
concluded that splicing on the studied 
gene was occurring co-transcriptionally. 
In addition, quantification of spliceosome 
accumulation on the transcripts was pro-
portional to the number of introns in each 
gene, suggesting independent processing 
for each intron.

The Strange Case of U1 snRNP

As a comparison to spliced genes we exam-
ined a similar but intronless gene contain-
ing one exon only. Recruitment of splicing 
factors to this gene is not expected since 
no introns or splice sites are found in the 
sequence. This was the general finding; 
however, U1 snRNA and the U1A pro-
tein were enriched on the actively tran-
scribing intronless gene. Immunostaining 
for the unique 2,2,7-trimethylguanosine 
cap of snRNAs confirmed the presence 
of snRNA on the actively transcribing 
intronless gene.44 Previously, a proteomic 
analysis of the human RNAP II protein 
complex identified all the components of 
the U1 snRNP and SR proteins, but no 
other snRNPs or splicing factors, indicat-
ing the possible association of U1 snRNP 
with the polymerase.17 In another recent 
study, U1 snRNA co-immuoprecipitated 
with RNAP II from mitotic extracts in 
which RNAP II is transcriptionally inac-
tive. Further investigation using tandem 
arrays containing integrated intron-con-
taining genes showed similar results. The 
expected battery of splicing factors were 
recruited to the spliced genes only, whereas 
identical genes containing site-specific 
mutations in the splice sites that rendered 
the genes splicing deficient, recruited U1 
snRNA, U1-70K and SP2/ASF only.45 
It should be noted that U1-70K was not 
found associated with the intronless heat-
shock genes as examined by chromatin 
immunoprecipitation techniques.8 Also, 
U1 snRNP was found to protect pre-
mRNAs from premature cleavage and 

increasing the probability and efficiency of 
the biochemical reactions. Allostery: the 
close contact obtained between various 
mRNA processing factors and subunits of 
the RNAP II elongation machinery can 
allosterically activate or inhibit mRNA 
processing factors.16,32 Kinetic coupling: 
elongation rates influence mRNA folding 
and the assembly of RNA-protein com-
plexes, and as described above modulate 
alternative splicing decisions.

If transcription rates can regulate alter-
native splicing outcomes, and the splic-
ing machinery is co-transcriptionally 
assembled on the pre-mRNA, could it be 
possible that reciprocal coupling occurs 
as well, and that the assembled spliceo-
some can modulate transcription rates? 
We set out to examine this relationship 
using live-cell approaches for measuring 
transcriptional kinetics.33 Transcriptional 
elongation rates on specific genes in living 
mammalian cells are obtained by tagging 
the mRNA34 followed by photobleaching 
experiments (fluorescence recovery after 
photobleaching, FRAP) for measuring 
the rate of synthesis as it occurs in real-
time.35-37 These approaches have measured 
RNAP II transcription rates that can 
reach 4.5 kb/min.35,38 This measurement 
is three-fold higher than previously mea-
sured polymerase transcription speeds. 
Recently, additional approaches that do 
not use live-cell analysis have measured 
~4 kb/min elongation rates as well.39,40

A crucial aspect of the live-cell mea-
surements of transcription is that they are 
conducted on a specific intron-containing 
gene harboring the RNA tagging sequence, 
and that the gene is stably integrated and 
forms a tandem gene array consisting of 
many copies of the gene. In this manner, a 
“transcription factory”41 recruiting a high 
concentration of polymerases is gener-
ated and easily visualized.42 With respect 
to co-transcriptional splicing, using such 
a tandem array should help in defining if 
splicing is actually occurring as the poly-
merase is transcribing i.e., splicing factors 
should be detected at the site of transcrip-
tion. Indeed, RNA FISH has shown that 
intron sequences can be detected at the 
transcription site only, and not throughout 
the nucleoplasm suggesting that splicing 
is occurring at the gene locus itself.35,43,44 
We also showed that all U snRNAs and 

at the moment it remains unclear whether 
such direct interactions between the splic-
ing machinery and the polymerase actu-
ally occur and, if they do, to what purpose.

Recent studies now point to the role of 
histone modifications in the marking of 
exon and intron boundaries, in the recruit-
ment of splicing factors, in the outcome 
of alternative splicing12,25,26 and, since the 
connection between transcription and 
alternative splicing is well established, 
they therefore support the co-transcrip-
tional splicing concept.27,28 These studies 
have shown that RNAP II elongation rates 
can influence the choice of alterative exons 
and thus the generation of alternatively 
spliced products. By reducing RNAP II 
elongation rates either via mutations in 
the enzyme or by use of drug treatments, 
alternative exon inclusion was enhanced, 
similar to experiments that have placed a 
pause site downstream of weak alternative 
exons thereby promoting exon inclusion.29 
Recent evidence points to a crucial role of 
polymerase pausing in the outcome of co-
transcriptional splicing.12 Several pausing 
mechanisms have been described, such as 
pausing at the 3' splice site30 or pausing 
at the terminal exon.31 Together with the 
emerging information on favored nucleo-
some positioning on exons versus reduced 
positioning on exon-intron junctions, and 
RNAP II enrichment on exons, it would 
be tempting to suggest that transcriptional 
rates are reduced on exons thereby provid-
ing the sufficient time for the recognition 
of the 5' and 3' splice sites and for co-tran-
scriptional splicing to occur. This would 
also mean that most of the introns situated 
at the 5'-end of genes are co-transcription-
ally removed. However, the question of 
how much splicing is actually completed 
during RNA synthesis remains open, since 
only a small selection of mammalian genes 
have been analyzed.

Following Co-Transcriptional 
Splicing in Living Cells

David Bentley suggested three ways by 
which the coupling of RNAP II transcrip-
tion with pre-mRNA processing can influ-
ence processing reactions.6 Localization: 
by virtue of simple proximity between the 
different machineries, an increase in the 
local concentration is obtained thereby 
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over time. The rate at which the YFP-MS2 
fluorescence recovers on the active gene is 
a reflection of the rate at which RNAP II 
is transcribing new MS2 stem-loops. The 
rates of transcriptional elongation are 
retrieved from the FRAP recovery curves 
by either modeling of the data with dif-
ferential equations or with computational 
simulations.35,38,48

In this manner we could measure the 
rates at which RNAP II transcribed the 
portion of the gene starting from the MS2 
region until the end of the gene, hence 
measuring polymerase elongation rates 
after the generation of the splice sites. We 
found that elongation rates were similar 
on the genes with 2 or 3 introns as well as 
on the intronless gene. This indicated that 
the co-transcriptional recruitment of the 
spliceosomal machinery did not increase 
or reduce the rate at which the polymerase 
was moving along this part of the genes. 

as a real-time fluorescent output for tran-
scriptional activity, as explained below. 
The tagged region was located immedi-
ately downstream to the splicing events, 
and therefore we could measure the rate 
at which the polymerase was transcribing 
while engaged in co-transcriptional splic-
ing, and compare the different genes.

The technique used to measure tran-
scription rates in vivo is the FRAP 
method.47 The 3'UTR of the gene, which 
is downstream to the splice sites, contains a 
series of MS2 sequence repeats. The latter 
are transcribed and form stem-loop struc-
tures in the pre-mRNA that are immedi-
ately coated by a specific RNA binding 
protein called YFP-MS2. Therefore, an 
actively transcribing gene array is visual-
ized as a unique yellow dot in the nucleus 
(see image in Fig. 1). In this live-cell assay, 
the YFP-MS2 signal is photobleached and 
the recovery of fluorescence is monitored 

polyadenylation in a splicing-independent 
manner.46 Altogether, it is possible to sug-
gest a mechanism by which U1 snRNP 
is associated with RNAP II even in the 
absence of splicing in order to scan for the 
presence of a 5' splice site. When a 5' splice 
site is identified by U1 this could then 
trigger the step-wise recruitment of the 
spliceosomal machinery and the induction 
of co-transcriptional splicing.

RNAP II Elongation Rates are 
 Independent of Ongoing Splicing

Returning to our assay for measuring 
transcription rates on specific genes in liv-
ing cells, we monitored RNAP II elonga-
tion rates on a series of genes containing 
the β-globin exons and introns.44 The 
genes differed in the number of introns: 
2 introns, 3 introns, 5 introns and an 
intronless gene. The mRNA tag served 

Figure 1. When transcription has completed but splicing has not, the splicing machinery is retained at the site of transcription, independently of the 
polymerase. Image from an RNA FISH experiment on the U2OS E3 (3 exons, 2 introns) cell line. Co-transcriptional accumulation of the spliceosomal 
U2 snRNA (red) on the actively transcribing gene site (mRNA in green). Bar, 5 μM. The scheme depicts RNAP II transcription on an intron-containing 
gene. U1 snRNP might accompany the polymerase by associating with the CTD prior to transcription of the splice sites, and could thereby be in close 
proximity to the emerging transcript. Splicoeosomes are recruited to each intron and after splicing an exon-junction complex (EJC) is deposited on 
the exon-exon junctions. If the polymerase has completed transcription but splicing has not, the polymerase leaves the site of transcription while the 
transcript is delayed until splicing has completed. Only then can the transcript diffuse out into the nucleoplasm.



www.landesbioscience.com Transcription 219

the gene to the nuclear pore.49 Completion 
of processing at the gene itself prior to 
release would make sense especially for 
constitutive splicing, since all the splic-
ing factors have already assembled. On 
the other hand alternative splicing might 
be controlled through the choice between 
co- or post-transcriptional processing, 
since the stoichiometry of splicing factors 
can lead to different alternative outcomes, 
and thereby changing of the splicing envi-
ronment (gene vs. nucleoplasm/speckle) 
would help in controlling the specific splic-
ing factors associated with the transcript. 
Still, the phenomena of co-transcriptional 
splicing has yet to be quantified for a large 
set of mammalian genes. It remains to be 
seen what fraction of the genome is co-
transcriptionally or post-transcriptionally 
spliced, what are the rules that govern 
these choices, and whether they are spa-
tially compartmentalized.
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