Commentary

3865

On the importance of being co-transcriptional

Karla M. Neugebauer

Max Planck Institute for Molecular Cell Biology and Genetics, Pfotenhauerstrasse 108, 01307 Dresden, Germany

e-mail: neugebauer@mpi-cbg.de

Journal of Cell Science 115, 3865-3871 © 2002 The Company of Biologists Ltd
doi:10.1242/jcs.00073

Summary

Intense research in recent years has shown that many pre-
MRNA processing events are co-transcriptional or at least
begin during RNA synthesis by RNA polymerase Il (Pol II).
But is it important that pre-mRNA processing occurs co-
transcriptionally? Whereas Pol Il directs 5 capping of
MRNA by binding to and recruiting all three capping
activities to transcription units, co-transcriptional splicing

is not obligatory. In some cases, such as alternative splicing,
splicing may occur post-transcriptionally owing to the
slower kinetics of splicing unfavorable introns. Despite
recent models in which splicing factors are bound directly
to the C-terminal domain (CTD) of Pol Il, little evidence
supports that view. Instead, interactions between snRNPs
and transcription elongation factors provide the strongest
molecular evidence for a physical link between

depends on polyadenylation signals, but, like splicing,
polyadenylation per se probably begins co-
transcriptionally and continues post-transcriptionally.

Nascent RNA plays an important role in determining which
transcripts are polyadenylated and which alternative
terminal exon is used. A recent additon to co-
transcriptional RNA processing is a possible RNA
surveillance step prior to release of the mRNP from the
transcription unit, which appears to coordinate nuclear
transport with mRNA processing and may be mediated by
components of the nuclear exosome.
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Introduction which individual RNA residues are converted to alternative

Over the past two decades, an appreciation that nascent RIgases (e.g. adenosine is converted to inosine by base
polymerase Il (Pol Il) transcripts participate in numerougieamination) to produce mRNAs encoding distinct protein
enzymatic reactions has emerged. For example, Beyer and goducts; (3) splicing, in which introns are removed and exons
workers have directly visualized nascent pre-mRNAare ligated together by the spliceosome; (49r&i formation,
shortening owing to intron removal by the spliceosome (Beyewhich involves pre-mRNA cleavage and synthesis of the
and Osheim, 1988; Osheim et al., 1985). Such an event p9ly(A) tail; and paradoxically (5) degradation. A priori, each
considered to be ‘co-transcriptional’, because it occurs beforef these modifications might occur independently of the others,
RNA synthesis is complete and while the nascent RNA is stiince most can occur in in vitro reconstituted systems on
tethered to the DNA by the polymerase (Fig. 1). Observationgurified pre-mRNA substrates. However, many studies have
of contemporaneous synthesis and processing raigevealed functional relationships between these processes and
possibilities for co-regulation among chemical reactions, anéach (with the exception of editing) has been shown to be co-
this has been intensely investigated in recent years. The tetnanscriptional at least some of the time. Importantly, a number
co-transcriptional has come to imply a functionally significantof trans-acting factors required for pre-mRNA processing
coupling between transcription and RNA processing eventslirectly bind to Pol 1l, which stimulates processing, and, in
However, some reactions may occur during transcriptiorsome cases, processing feeds back to Pol Il activity. This has
simply because they are relatively fast compared with the timled to the proposal that transcription and processing occur in a
it takes to transcribe the gene to its end. Here, | focus on thgene expression factory’ composed of machines linked
relationships between pre-mRNA synthesis and processing ingether for the purposes of efficiency and regulation (Bentley,
order to address the following question: when is it importan2002; Cook, 1999; Maniatis and Reed, 2002; Proudfoot et al.,
to be co-transcriptional? 2002).

What goes on at transcription units (TUs)? From the point
of view of Pol Il, the transcription process includes pre- . o
initiation complex formation, transcription initiation, 5" €nd capping: coupling is key
elongation, termination and dissociation of Pol Il from theOnly RNAs transcribed by Pol Il are capped at théierils,
DNA template (Fig. 1). From the point of view of the and this is due to direct binding of the capping enzymes to Pol
transcript, pre-mRNA processing includes five processes: (1) (reviewed in Shatkin and Manley, 2000; Shuman, 2001).
5 end capping, in which thée &iphosphate of the pre-mRNA Two proteins in humans and three in yeast are responsible for
is cleaved and a guanosine monophosphate is added aiheé triphosphatase, guanylyltransferase and methyltransferase
subsequently methylated to produce m7GpppN; (2) editing, iactivities. When Pol Il switches from initiation to processive
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Fig. 1. Co-transcriptional pre-mRNA

processing. A schematic representation

transcription and pre-mRNA processing

events at Pol Il transcription units (TUs).

Pol 1l (black ball) initiates transcription at

the promoter (arrow) and proceeds along

the TU during elongation phase, AAA

terminating and releasing from the DNA

template following passage through the
gg:;ggg%:i:gg fs;%?;ls Ssuivﬁg cpsgg Polllinitiation. .Elongation . . .. ............... Termination
CstF, bind directly to Pol Il and are show  RNA
all along the TU as a blue ball adjacent t_

the black one. Capping enzymes (red oval) bind to Pol Il as it enters the elongation phase and then fall off the' Tap atdeésl by the

capping enzymes is symbolized by the baseball cap. Because splicing is co-transcriptional, we have hypothetically pigdadtepsici
recognizing the sand 3 splice sites (orange and yellow balls, respectively) and the assembly of the spliceosome (green oval) within the body
of the TU. Additional polyadenylation factors are recruited to downstream regions, as shown by the additional dark biterbafiation,

Pol 1l is released from the template and recycled, and the fragment of cleaved nascent RNA remaining will be degraded. iSheleaRsP

from the template and undergoes nuclear transport.

....... Capping . . . . . .Splicing . . . . Polyadenylation. . . .

elongation, the C-terminal domain (CTD) of the large subuniPol-ll-transcribed RNAs has important consequences for the
of Pol Il becomes hyperphosphorylated on the first two serinifetime of the (pre)-mRNA, and this cascade of events can be
residues in the heptad YSPTSPS, which is repeated 26 timatributed to the initial interaction of the capping enzymes with
in yeast and 52 times in humans. The hyperphosphorylateé®bl 1.
form of the CTD has affinity for both human (HCE1 and
HCM1) and two of the three yeast factors (Ceglp, the o ) o
guanylyltransferase, and Abdlp, the methyltransferasef.re-mRNA splicing: a race against transcription
Interestingly, in yeast the triphosphatase activity Cetlp bindéme?
to Ceglp with two consequences: (1) Cetlp, like Ceglp arfdre-mRNA splicing begins co-transcriptionally and often
Abdlp, becomes bound to the polymerase; and (2) Cetlgontinues post-transcriptionally, as exemplified by the Balbiani
stimulates Ceglp activity by an allosteric interaction (Cho eting genes ofZhironomus tentansn which a high proportion
al., 1998; Ho et al., 1998). In HCE1, triphosphatase activitypf nascent RNAs lack introns at thelrénds but still contain
is dependent on an active guanylyltransferase domain, amerminal introns (Bauren and Wieslander, 1994; Wetterberg
guanylyltransferase activity is in turn stimulated byet al., 1996). Co-transcriptional splicing has also been
phosphorylation of the second serine of the CTD heptad tdocumented irosophila(Beyer and Osheim, 1988; LeMaire
which it is bound (Ho and Shuman, 1999). Reflecting this linkand Thummel, 1990; Osheim et al., 1985) and humans
with initiation and the speed of the capping reactions, cappin@fennyson et al., 1995; Wuarin and Schibler, 1994) and is
occurs when the nascent RNA is only 20-40 nucleotides londikely to occur in yeast (Elliott and Rosbash, 1996). In pre-
All three enzymes are concentrated at the promoter regions ofRNA splicing, introns are removed and exons are ligated
yeast TUs, and Ceglp and Cetlp dissociate from TUmgether by a two-step transesterification reaction carried out
downstream of the promoter owing to dephosphorylation oby the spliceosome, a dynamic 60S ribonucleoprotein particle
the CTD during elongation (Komarnitsky et al., 2000;(Staley and Guthrie, 1998). Formation of the spliceosome at
Schroeder et al., 2000). The recruitment and regulation of thgarticular splice junctions is triggered by recognition of the 5
capping enzymes through direct binding to the Pol Il CTDsplice site by the U1 snRNP and of thes@lice site by U2AF,
provide a complete explanation for the capping of Pol Ifollowed by the U2 snRNP. It is unclear whether the
transcripts. spliceosome is assembled from larger complexes, such as the
The 3 cap modification itself renders pre-mRNA and recently identified penta-snRNP, which contains the U1, U2,
mMRNA resistant to the action of o 3 exonucleases. In U4, U5 and U6 snRNAs (Stevens et al., 2002) or the 200S
addition, the cap serves as a binding site for two importadbRNP (large nuclear ribonucleoprotein particle), which
factors: the cap-binding complex (CBC) in the nucleus and theontains additional non-snRNP RNA processing factors
translation initiation factor elF4E in the cytoplasm (Lewis(Yitzhaki et al., 1996), or by the sequential addition of sSnRNP
and lzaurralde, 1997). Like capping, CBC binding is co-and non-snRNP factors as was previously supposed (Reed,
transcriptional (Visa et al., 1996), but there is no evidence t2000).
date that recruitment of CBC to the cap requires any specific Understanding how splicing is integrated with transcription
coupling to the transcription machinery. CBC is composed o more complicated than understanding capping, because
two subunits, CBP80 and CBP20, and plays a role in splicingetazoan genes contain multiple introns (an average of nine
of the first intron (Colot et al., 1996; Lewis et al., 1996a; Lewigper gene in humans), which cannot serve as splicing substrates
et al., 1996b), promotes the nucleocytoplasmic export of Wntil both the 5and 3 ends of each intron are synthesized.
snRNAs (Gorlich et al., 1996) and supports a ‘pioneer roundThus, the time that it takes for Pol Il to synthesize each intron
of mMRNA translation in the cytoplasm before CBC isdefines a minimal time and distance along the gene in which
exchanged for elF4E (Fortes et al., 2000; Ishigaki et al., 20013plicing factors can be recruited and spliceosomes formed. The
Thus, the rapid and highly specific addition of thec&p to  time that it takes for Pol Il to reach the end of the TU defines



pre-mRNA processing 3867

the maximal time in which splicing could occur co- rich regions and are relatively scarce in regions lacking introns
transcriptionally. In general, Pol Il moves along the DNA(Kiseleva et al., 1994), which suggests that splicing factors do
template at a rate of 1-1.5 kb/minute. In humans, intronsot travel with Pol Il within the TU. It is important to note
(which average 3,300 bp) are ten times longer than exortBat, in contrast to capping, splicing of at least some pre-
(which average 300 bp) (Lander et al., 2001). This corresponasRNAs in fission and budding yeast can occur efficiently
to a ~3 minute transcription time for introns and only ~30following synthesis by RNA polymerase Il (Pol IIl) (Kohrer
seconds for exons. RNP formation at splice sites in et al.,, 1990; Tani and Ohshima, 1991), T7 RNA polymerase
Drosophilais observed 48 seconds aftesflice site synthesis, (Dower and Rosbash, 2002) or a CTD-less Pol Il (Licatosi,
with intron removal occurring 3 minutes later (Beyer and2002). Therefore, the stimulatory effect of the CTD on
Osheim, 1988). If these rates are similar in humans, then Isplicing may not be essential.
the time the 3splice site is recognized, the next exon may A recent study suggests that the effects of the CTD on
already be finished, and by the time splicing could occur 3plicing efficiency are indirect and due to an interaction of
minutes later the next intron will have been completed. Thisplicing snRNPs with Pol Il elongation factors (Fong and
opens up the possibility for competition among splice sites iZhou, 2001). This study shows that snRNPs or the addition
alternative splicing. Indeed, intron removal does not alwaysf an intron to the transcription template stimulate Pol I
occur in the order of intron synthesis, which indicates thatlongation by the direct binding of sSnRNPs to the elongation
some splicing events occur much more rapidly than others aridctor TAT-SF1; TAT-SF1 in turn binds to P-TEFb, which
that slower splicing events may occur post-transcriptionally iphosphorylates the CTD and remains associated with it
the nucleoplasm (LeMaire and Thummel, 1990; Wetterberg eturing elongation (Fong and Zhou, 2001). One implication of
al., 1996). Evidence for the interplay between transcription anthis finding is that Pol Il elongation machinery might bring
splicing kinetics comes from experiments in humans and yeasnRNPs to active genes. This may explain the observation by
in which changes in transcription rate by introduction oflight microscopy that a gene transcribed by CTD-less Pol Il
transcriptional pause sites or the mutation of elongation factofails to accumulate snRNPs or members of the SR protein
result in the alternative selection of splice sites (Roberts et afamily of non-snRNP splicing factors (Misteli and Spector,
1998) (Howe and Ares, personal communication). Moreover1999); however, because the nascent RNA produced by the
exons upstream of exceptionally long (>20 kb) introns ar€TD-less pol Il probably also lacks thecap and CBC, this
preferentially trans-spliced td 8s-exon RNAs expressed from observation remains open to other interpretations. Indeed,
a heterologous Pol Il promotes in human cells (Kikumori et alintronless genes transcribed by wild-type Pol 1l fail to recruit
2002) showing that competition occurs within and is influence®R proteins in similar assays, which suggests that the
by the time-frame of transcript synthesis. The demonstrationascent RNA plays an important role in splicing factor
that transcriptional activators influence alternative splicing byecruitment (Huang and Spector, 1996; Jolly et al., 1999).
modulating Pol Il elongation rates (Kadener et al.,, 2001)mportantly, if the CTD were pre-loaded with snRNPs
provides a physiological relevance for this kinetic relationshiglirectly or indirectly through P-TEFb/TAT-SF1, it would be
and suggests that alternative splicing in vivo may in part be dwdfficult to understand how introns could further increase the
to transcriptional rather than splicing regulation per se. It wilelongation rate. Taken together, the simplest explanation for
be interesting to learn whether members of an increasintlis set of observations is that recruitment of snRNPs and
number of trans-acting elongation factors also regulate splicBAT-SF1 to TUs is enhanced by the cooperative binding of
site choice by a similar mechanism. Undoubtedly, onsnRNPs to splicing signals within the nascent RNA and of
parameter of this type of regulation is the amount of time th@AT-SF1 to P-TEFb.
nascent RNA has to bind to trans-acting splicing factors before Despite the lack of evidence for direct binding of SnRNP or
the next binding site or splice site is made. non-snRNP splicing factors to the CTD, prevailing models of
In addition to this kinetic link between transcription andtranscription-splicing coupling in the literature are based the
splicing, there is the distinct possibility that a physical linkassumption of binding (Goldstrohm et al., 2001; Maniatis and
also exists. The pivotal observation is that the Pol Il CTOReed, 2002). The underlying logic of the model is that the
stimulates splicing in human cells independently of its effectsrystal structure of Pol Il places the CTD at the exit groove of
on capping or 3end formation (Fong and Bentley, 2001). Pol Il from which the nascent RNA emerges (Cramer et al.,
Addition of Pol Il or the CTD alone also stimulates splicing2001), and placement of splicing factors at the outlet would
in vitro (Hirose et al., 1999; Zeng and Berget, 2000), but theromote their efficient recruitment to cognate RNA-binding
molecular mechanism underlying this stimulation is unknownsites as the latter are made. However, splicing factors such
Although the search for such a link has focused on a proposed snRNPs and SR proteins are present at quite high
role for the CTD in directly binding to splicing factors concentrations in HelLa cell nuclei [1-10/ for U1, U2, U4,
(Corden, 1990; Greenleaf, 1993), to date the only bona fidd5 and U6 snRNPs (Yu, 1999), and 10-104 for the SR
splicing factor shown to bind to the CTD in vitro is the yeastprotein SF2 (Hanamura et al., 1998; Phair and Misteli, 2000)].
UlsnRNP component Prp40p, which has no knowrThe affinity of at least one SR protein SRp55 for its binding
homologue in metazoans (Morris and Greenleaf, 2000kite in the alternatively spliced cTNT pre-mRNA is 60 nM
Although a search for direct binding partners of the CTD(Nagel et al., 1998). Thus, a compelling argument for why
revealed a set of proteins containing arginine-rich domainirther concentration of splicing factors would be
similar to those present in non-snRNP splicing factors, notadvantageous has yet to be made. In particular, the observation
that splicing factors that have demonstrated splicing activitthat ‘small exons must be recognized within a vast sea of
were not detected in those assays (Yuryev et al., 1996). Withintrons’ (Maniatis and Reed, 2002) does not explain why
the Balbiani Ring genes, snRNPs are concentrated in introsplicing factors should be bound to the CTD, since the
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introns, like the exons, would experience the same elevatedRNA at a site located between the canonical AAUAAA
concentration of factors. sequence — where cleavage and polyadenylation specificity
Additional open questions not addressed by the moddhctor (CPSF) binds — and a downstream G/U-rich region —
include differences in splicing rates between intronswhere cleavage stimulatory factor (CstF) binds. Cleavage is
differences in the order of intron removal, and how alternativperformed by cleavage factors | and Il (CFI and CFIl), and
splicing could occur in the context of such Pol-ll-directednuclear polyadenylation is performed by poly(A) polymerase
recruitment. Finally, it is unclear whether all of the component$PAP) bound to CPSF and the nuclear poly(A)-binding protein.
of the spliceosome and/or every alternative splicing regulator In human and yeast cells, the CTD of Pol Il contributes to
should be positioned at every actively transcribed gene dhe efficiency of polyadenylation (Fong and Bentley, 2001,
whether genes accumulate factors differentially to reflect thelricatosi, 2002), and the purified large subunit of Pol Il
particular biosynthetic requirements. Interesting alternatives tstimulates polyadenylation in vitro (Hirose and Manley, 1998).
generic splicing factor recruitment by the CTD are provided byrhere are many physical links between Pol Il and the
the findings that the SR protein family member SF2 bindpolyadenylation machinery. Several components bind to the
directly to the transcriptional co-activator p52 (Ge et al., 1998pol Il CTD (e.g. CPSF and cleavage/polyadenylation factor 1A)
and that alternative splicing can be influenced by promoteand to other components of the Pol Il holoenzyme (e.g. CPSF
identity (Cramer et al., 1999; Cramer et al., 1997). Thus, muchinds to TFIID, and CstF binds to the transcriptional
more information regarding the molecular mechanisms ofoactivator PC4) (Barilla et al., 2001; Calvo and Manley, 2001,
splicing factor recruitment and spliceosome assembly iBantonel etal., 1997; McCracken et al., 1997). Thus, extensive
required before we will be able to come to an understandingrotein-protein interactions among the polyadenylation factors
of co-transcriptional splicing that can either be generalized tthemselves and with Pol Il may help to coordinate termination
all genes or satisfyingly describe the differences among genemd polyadenlyation. InChironomus these two events
Although coupling between transcription and splicing can bare temporally correlated (Bauren et al, 1998), and
important, it may be equally important for some transcripts thgholyadenylation cleavage factors are required for efficient
splicing continues post-transcriptionally. TBeosophilaUbx  termination in yeast (Birse et al., 1998). However, direct
pre-mRNA contains a 75 kb intron that is recursively splicedvisualization of nascent transcriptsXenopusindDrosophila
the first splicing event creates new splice sites, which arghows that cleavage often occurs after the release of Pol Il from
subsequently recognized, and the transcript is spliced agdine DNA (Osheim et al., 1999; Osheim, 2002), which suggests
(Hatton et al., 1998). This chain of events could occur cothat a substantial fraction of polyadenylation occurs post-
transcriptionally, but a strict coupling between splice-siteranscriptionally. It is not known whether Pol Il remains
synthesis and splicing factor binding must be ruled out. Aassociated with the mRNP as it is released from the TU; if it
similar complication arises through RNA editing by the ADAR does, it might continue to stimulate polyadenylation post-
family of adenosine deaminases, because editing sites occurti@nscriptionally. Indeed, both hypo- and hyper-phosphorylated
splice junctions where intron sequences base pair witforms of free Pol Il are able to enhance polyadenylation of a
upstream exon sequences to produce a characteristic stem |l@ypthetic pre-mRNA substrate in nuclear extract (Hirose and
(Keegan et al., 2001). By definition, this must occur beforélanley, 1998), indicating that stimulation of polyadenylation
splicing, and indeed editing can alter splice-site sequences by Pol Il need not be co-transcriptional.
produce alternative splicing (Rueter et al.,, 1999). Thus, In contrast to capping, polyadenylation is not solely
depending on the site and kinetics of editing, splicing of editedpecified by Pol II. A small but significant set of Pol Il
transcripts may be either co- or post-transcriptional. Théranscripts, such as histone mRNAS, snRNAs and snoRNAs,
proposal that alternative splicing occurs more slowly tharare not polyadenylated and undergo alternative mechanisms of
constitutive splicing and results in the splicing of some intron8' end formation (for a review, see Proudfoot et al., 2002);
post-transcriptionally (Melcak and Raska, 1996) is supportetikewise, rRNA, which is normally synthesized by RNA
by microscopic studies that have detected slow-splicing intronzolymerase | (Pol ), is not polyadenylated when synthesized
away from the site of synthesis (Dirks et al., 1995; Johnson &ly Pol 1l (Nogi et al., 1991). Thus, polyadenylation targeting
al., 2000; Zachar et al., 1993). The movement of (pre)-mRNAy Pol Il can be overridden by other processing signals.
away from the gene is not thought to represent vectoridhdeed, polyadenylation signals in nascent yeast RNAs
transport to the nuclear envelope, because the rates asgpport partial polyadenylation of mRNAs transcribed by
trajectories of MRNP movement are consistent with diffusiorither Pol I, T7 RNA polymerase or Pol Il lacking the CTD
(Melcak et al., 2000; Politz et al., 1998; Politz et al., 1999(Licatosi, 2002; Lo et al., 1998; McNeil et al., 1998; Dower
Singh et al.,, 1999; Wilkie and Davis, 2001); rather, theand Rosbash, 2002), which confirms that a strict coupling
diffusion of such transcripts to the envelope may providdetween Pol Il and polyadenylation is not required. Another
additional time for post-transcriptional splicing to occur. case of modulation of polyadenylation function occurs in
alternative terminal exon usage, in which polyadenylation
) _ ) o sites in upstream exons are not used in favor of those sites
3’ end formation: tied up with termination found in downstream alternative exons. This points to the
Transcription termination and release of Pol Il from the DNAimportance of the strength of the polyadenylation signals
template depends on transcription through a functionadescribed above, which can determine the rate of assembly of
polyadenylation signal, which in humans can be up to 1500 bpolyadenylation complexes on the nascent transcripts (Chao
upstream of the termination site (reviewed in Proudfoot et algt al., 1999). Assembly of polyadenylation complexes on
2002; Shatkin and Manley, 2000; Wahle and Ruegseggeajternative terminal exons or unpolyadenylated transcripts
1999). Polyadenylation involves first the cleavage of the pranay thus be relatively slow compared with the rates of
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splicing or alternative '3end formation. Thus, signals in the How do mutations in export factors result in retention of
nascent RNA play a defining role in where and whether thganscripts at TUs? Several lines of evidence link mRNA
transcript is polyadenylated. transport with transcription. First, pre-mRNA splicing deposits
The interdependence of terminal intron splicing anda set of proteins called the exon-junction complex (EJC) on
polyadenylation (Niwa et al., 1992) and their temporalmRNA, and this complex promotes the nucleocytoplasmic
coincidence (Bauren et al., 1998) suggest a kinetic and/dransport of the mRNP (reviewed in Reed and Hurt, 2002).
physical link between the two processes. The splicing factddecond, even in the absence of splicing, two nuclear export
U2AF65 binds to the polypyrimidine tract at dlisplice sites, factors in yeast, Yralp and Sub2p, and their human
where it promotes annealing of the U2 snRNA with thecounterparts, ALY and UAP56, are recruited to TUs through
branchpoint. Interestingly, U2AF65 also binds to the C-direct binding to the THO transcription elongation complex
terminus of PAP (Vagner et al., 2000), and this additionafLei et al., 2001; Strasser et al., 2002). This evolutionarily
binding interaction probably helps to define the terminal exogonserved transcription/export complex (TREX) is detectable
for splicing and promotes the assembly of polyadenylatiothroughout the TU (Strasser et al., 2002), and Yralp has been
machinery within the exon. The U1l snRNP binds'aplice  detected in downstream regions of the TU in a separate study
sites and inhibits PAP, perhaps suppressing prematufeei et al., 2001). The co-transcriptional binding of these
polyadenylation/termination in long introns or before thefactors to nascent RNA raises the possibility of a feedback
synthesis of the terminal exon (Gunderson et al., 1997). In thmechanism that is active at the TU. This link between RNA
case of alternative terminal exon usage in the IgM pre-mRNAprocessing, mMRNP release and nuclear export is reminiscent of
the kinetics of polyadenylation probably play a role, sinceprevious studies in human cells, showing that transcripts that
elevated levels of CstF-64 in plasma cells promote thexhibit defective splicing or polyadenylation are retained at the
recognition of the weaker upstream polyadenylation signalU (Custodio et al., 1999; Horowitz et al., 2002). It remains
and preclude splicing to the downstrearh splice site to be determined how transcripts are retained at TUs and
(Takagaki and Manley, 1998). Conversely, the calcitoninivhether mRNP retention in humans depends on components
CGRP pre-mRNA undergoes alternative terminal exon usag# the nuclear exosome.
through the action of a splicing factor SRp20, which promotes
splicing and polyadenylation at upstream sites (Lou et ) )
al., 1998). These physical and kinetic links betweerConclusions and perspectives
polyadenylation and splicing indicate that these two process&o-transcriptional RNA processing is probably the
co-evolved. Because polyadenylation is linked withconsequence both of the relatively fast kinetics of processing
termination, interactions with the splicing machinery may, onreactions compared with the relatively long time that it takes
the one hand, have put pressure on splicing to occur cte synthesize an entire pre-mRNA and of direct binding of
transcriptionally and, on the other hand, may have selected feome RNA processing factors to the transcriptional machinery.
splicing to occur slowly enough to permit assembly ofCapping of the 5end is specified by the direct binding of
downstream complexes on polyadenylation sites that might bEapping enzymes to the Pol Il CTD and is not dependent on
otherwise spliced out too quickly. signals within the nascent RNA substrate. Thus, in spite of the
speed of the capping reactions, it is essential that capping is
o ) co-transcriptional. Although polyadenylation and splicing are
Release of mMRNPs from the transcription unit: a similarly stimulated by the CTD, these processes depend on
distinct step? signals within the nascent RNA to which essential transacting
Because the pre-mRNA travels with Pol Il significantly beyondactors bind. Because transcription termination depends
the polyadenylation signal, there may be additional time for coen polyadenylation signals and factors, transcription and
transcriptional processing of the nascent RNA before it ipolyadenylation are tightly coupled. Association of
released from the TU. Several recent studies in yeast suggestlyadenylation factors with Pol Il probably enhances the
that an mRNA processing surveillance mechanism operates efficiency of polyadenylation, but cleavage and poly(A)
the TU prior to mRNP release. First, mutations in mRNAaddition can clearly occur post-transcriptionally. Pre-mRNA
nuclear export factors lead to the retention of mMRNAs asplicing is both co- and post-transcriptional, and the kinetics
their sites of transcription, and these mMRNAs becomef splicing factor binding, spliceosome assembly and
hyperadenylated (Jensen et al., 2001). Second, (pre)-mRNAmnscription rate probably combine to determine which
that are cleaved but not polyadenylated, owing to a mutatiosplicing events occur before termination. Despite much
in PAP, also accumulate at TUs and can be released upspeculation concerning the potential utility of physical links
inactivation of components of the nuclear exosome (Hilleretvetween the transcription and splicing machineries, evidence
et al., 2001), which are thought to function mainly a®3¥ supporting such a model is surprisingly lacking. Thus, the
exonucleases (Mitchell and Tollervey, 2001). Interestinglyjmportance of co-transcriptional splicing has yet to be
retention of transcripts aberrantly processed at tHe@n@s  established, and outstanding questions as to the mechanisms of
does not depend on Pol Il, since retention also occurs when thglicing factor recruitment and the regulation of alternative
transcript is synthesized by T7 RNA polymerase (Dower andplice site selection remain. Given the existing evidence for
Rosbash, 2002). These findings suggest that components of thenscription units as gene expression ‘factories’, it is clear that
nuclear exosome have novel functions in regulating the relea&®ol 1l is not the only engineer on duty; specific signals within
mMRNPs from the TU. A previous study implicated the exosomeascent RNA and the interplay between the kinetics of
in monitoring pre-mRNA splicing (Bousquet-Antonelli et al., transcription and processing are important parts of the
2000). blueprint for assembling distinct sets of machinery.
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