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Abstract

Nitcmative splicing regulation not only depends on the interaction of splicingfactors
with splicing enhancers and silencers in the pre-mRNA. but also on the coupling

etween transcription and splicing.Thiscoupling is possiblebecausesplicingisoften
cotranscriptional andpromoter identityand occupationmayaffectalccmativesplicing.Wediscuss
herethe differentmechanismsbywhich transcriptionregulates alccmative splicing. Theseinclude
therecruitment ofsplicingfactorsto the transcribingpolymerase and "kineticcoupling"; which
involves changesin therate of transcriptionaldongation that in tum affectthetiming in which
splicesitesare presented to the splicingmachinery. The recruitment mechanismmaydepend on
the particular features ofthe carboxyl terminal domain ofRNA polymerase II. whereaskinetic
couplingseemsto be linked to how changes in chromatinstructure and other factorsaffecttran-
scriptiondongation .

Introduction
For decades RNA polymerase II (RNAPII) transcription and pre-mRNA processing have

been thought to be independent stepsin thepathwayofeukaryoticgeneexpression until a series
of biochemical. cytological and functional experiments demonstrated that capping. splicing
and cleavage/polyadenylation are coupled to transcription.1·7 Thisrequires that splicingoccurs
cocranscriptionally. However. theexistence ofcotranscriptionalitypersedoesnot necessarilyimply
a mechanistic coupling. Indeed, splicingoften occurs cotranscriptionally. Electron microscopy
visualization of Drosophila embryo nascent transcripts (Fig. lA) has clearlydemonstrated that
splicingoccurscocranscriptionallywithareasonablefrequency andthatsplicesiteselectionprecedes
polyadenylation.! Cotranscriptionalsplicingwasalsodemonstratedin the dystrophin gene," Since
transcription of this2.4 Mb-gene, thelargest in the human genome,would takeapproximately
16hours to be completed,cotranscriptionalsplicingofits pre-mRNA appearsasa very intuitive
concept. In fact, it would beverydifficultto conceive that the splicingofthedozensofdystrophin
intronswould-wait- until the entiredystrophin pre-mRNAissynthesized. Nevertheless mostbiol-
ogy (and evenmolecularbiology)textbookscontinue to showfigures in which afullytranscribed
primary transcript, with all its introns, appearsasthe substratefur splicing(Fig. IB.lefi:). A more
realisticview would depict splicingas takingplacewhile the pre-mRNA is still attached to the
template DNA byRNAPII (Fig. is, right).

It is worth noting that cotranscriptionalsplicingis not obligatory.The time it takes RNAPII
to synthesize each intron defines the minimal time in which splicingfactors can be recruited to
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Figure1. Splicingoccurs cotranscriptionally.A)Electronmicrograph of an actively transcrib-
ing Drosophila embryo gene shows that pre-mRNAsplicingoccurs on the nascent transcript.
Asterisk: promoter region. Arrows: intron loops (lariats). Taken with permission from: Beyer
AL, Osheim YN. Genes Dev 1988; 2(6):754-765.8 B) Left: classical textbook picture where all
pre-mRNA processingreactionsare depicted as posttranscriptional.Right: pre-mRNA process-
ing iscotranscriptional. In the depicted pre-mRNA molecule splicingof intron 1 has already
occurred, introns 2 and 3 are being processed and exon 4 has not been transcribed yet.

and spllceosomes assembled upon an intron, whereasthe time that it takes RNAPII to reachthe
end of the transcription unit and release the nascent pIl:-mRNAdefines the maximaltime in
which splicingcouldoccurcotranscripdonallyfFor long genes, for example, someintrons could
becotranscriptionally splicedwhereas others couldbeprocessedwellaftertranscriptionhasbeen
completed.Thisis indeedwhat happensin the Balbianiring 1 (BRI) genewhereintron 3,located
3 kb from the S'end of the 40 kb-pIl:-mRNA, is mostlyexcised cotranscriptionally, but intron 4,
located0.6 kb from the polyA site, is excised cotranscriptionally in only 10%ofthe molecules.P
For mostgenes,wedo not knowwheneachintron is spliced.Wedo not evenknow ifa particular
intron always follows the samepattern ofprocessing. Ir is worth noting that ifsplldngwerestrictly
cotranscriptionaland that the splicingofone intron mustbe completedbeforethe followingintron
is transcribed,alternative splicingwould not exist.

Only recentlyhas the cotranscriptional assembly ofsplicingfactors been examineddirectly
bychromatin immunoprecipitation (ChiP). In the budding yeastSaccharomycc:s cereuisie« it was
observed that the smallnuclear ribonucleoprotein particles (snRNPs) accumulateat positions
alongintron-containinggenesthat coincidewith the appearanceoftheir target splicingsequences
in nascent PIl:_mRNA.ll·13 For instance, UI snRNP becomes associatedwith the pre-mRNA
shordyafter the S' splicesite is transcribed.while U2 snRNP becomesassociatedlater,after the
3' splicesitehas been synthesized. Studiesin mammaliancells haveconfirmedtheseconclusions
and have extended them by showing that in addition to general splicing factors, regulatory
factors likehnRNPAI accumulatecotranscriptionallyon intron-containing genes but not on
intronless ones.14 The use of efficient in vitro transcription/splicing assays has corroborated
the results obtained in living cells: nascent pIl:-mRNA synthesizedby RNAPII is stabilized
and efficiendyspliced" apparendy because it is immediatelyand quantitativelydirected into
the spliceosomeassembly pathway. In contrast, nascent pIl:-mRNAsynthesizedby 17 phage
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RNA polymeraseis quantitativelyassembledinto the nonspecific hnRNP complexes which are
inhibitory to spliceosomeassembly, indicating that RNAPII mediates the functional coupling
of transcription and splicingby directing the nascent pre-mRNA into spliceosomeassembly.16
Moreover.onlygenestranscribedbyRNAPII encodepre-mRNAsand an: efficiently recognized
bythe spliceosome-pre-mRNAs transcribedbyRNAPI,RNAPIII or 17 RNA polymerasean:
poorly splicedor not at all.17-20

This chapter will focus on the evidence, gathered mainly during the last decade,supporting
the existence ofmechanisms that couple RNAPII transcription to alternativesplicingand this
evidencewill be discussedin light ofknowledgeof the functional linksbetween transcription
and splicingin general. Both transcription and splicingan: extremely complexprocesses because
they involve thousandsofprotein factors,RNA molecules and DNA sequences. Thiscomplexity
hinders any attempt at generalization and simplification. The reader should bear in mind that
certainmolecularinteractionsor kineticconstraintsmight be relevantfor a particulargeneor set
ofgenesbut not for others.

Promoters Affect Altemative Splicing
The idea that promoter regulation affectsonly the quantity and not the quality of the gene

transcripthas dominated our conceptionofgeneexpression in the past. However, the findingthat
promoter identity and occupationbytranscriptionfactorsmodulatesalternativesplicing'l.21.22 not
only strengthened the concept ofa physicaland functional couplingbetween transcription and
splicingbut directed our attention towards how this coupling might affect protein expression
patterns.Theoriginalobservationof the promoter effectinvolvedtransient transfectionof mam-
malian cells with reporter minigenes for the alternatively splicedextra domain I (EDI) cassette
exonofjibronectin (FlV) under the: control ofdifferent RNAPII promoters. EDI is 270 bp long
and contains an exonicsplicingenhancer (ESE)that is recognizedby the SR proteins SF2/ASF
and 9G8. When transcription ofthe minigeneis drivenbythe a-globin promoter EDI inclusion
levels in the mature mRNA an: about 10 times lower than when transcription is driven bythe
FN or cytomegalovirus (CMJI) promoters (Fig. 2). Theseeffects an: not the trivial consequence
ofdifferentmRNA levels produced by eachpromoter (promoter strength) but depend on some
qualitativepropertiesconferredbypromotersto the transcriptionIRNAprocessingmachinery.This
observationis consistentwith microarraystudies indicatingthat although, likeglobaltranscrip-
tion profiles, globalalternativesplicingprofilesreflecttissueidentity,transcription (evaluatedas
promoter usageand strength) and alternativesplicingact largelyindependentlyon differentsets
ofgenesto definetissue-specific expression profiles.23

Promoter identity hasbeen shown independently to affect the alternative splicing of
pre-mRNAs transcribed from severalother genes.Reporter minigenes containing alternative
exansand flankingintron regionsfrom the CD44and the calcitonin gene-relatedproductgenes.
wereput under the control ofsteroid-sensitivepromoters or promoters that do not respond to
steroid hormones. Steroid hormones affectedsplicesiteselectiononlyofpre-mRNAsproduced
by the steroid-sensitivepromoters. As in the case of the FN EDI exon, promoter-dependent
hormonal effectson splicingwerenot a consequenceof an increasein transcription rate or ofa
saturation of the splicingmachinery," Promoter-dependent alternative splicingpatterns have
been alsofound in the cysticfibrosis transmembrane regulatorS and in thejibroblastgrowthfactor
receptor 2 genes.26

The findingthat promoter structure is important for alternativesplicingpredicts that factors
that regulatealternativesplicingcould be actingin part through promoters and that cell-specific
alternativesplicingmay not only result from the differentialabundance ofvarioussplicingfac-
tors.but alsofrom a morecomplexprocessinvolvingcell-specificpromoter occupation.However,
promoters an: not swappedin nature and sincemost geneshavea singlepromoter, the only con-
ceivable waybywhich promoter architecturecould control alternativesplicingin vivo.would be
the differentialoccupation ofpromoters bytranscription or splicingfactorsofdifferentnatures
and/or mechanisticproperties.Accordingly, it has beenfound that transcriptionalactivatorsand
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Figure 2. Promoters affect alternative splicing. A) a-globin (white)/fibronectin (gray) hybrid
minigenes under the control of three different promoters, used in transient transfections of
mammalian cells in culture to assess inclusion levels of the alternatively spliced EDI cassette
exon (dashed) Arrows mark the positions of the primers used for RT-PCR. B. RT-PCR (top)
show that inclusion levels with the FN and CMV promoters are more than 10-fold higher
compared with inclusion levels with the a-globin promoter. RNase protection assays (bottom)
show that expression levels are higher with the a-globin and FN promoters compared to the
CMV promoter. Based on Cramer et al.21,22

coactivarorswith differentactionson RNAPII initiation and elongationaffectalternativesplicing
differentiallf7.l8 (seebelow).Altemativepromoterusage isfrcquentinmammaliangenesandcould
impactthe usage ofdownstreamalternativesplicesites.However, the the linkbetweenalternative
promoter usageand splicesiteselectionmight not be the resultof transcription/splicingcoupling
but the consequenceofdeepchanges in pre~mRNA secondarystructuredue to differentfirstemn
sequences in the pre-mRNA.

Twonon-exclusive mechanisms havebeenproposedto explain promotereffects on alternative
splicing. On the onehand. the promoter might recruit splicingfactorsor bifunctionalfactorsact-
ingon both transcriptionand splicingto the transcribinggene. On the other hand, the promoter
might alter the rateofRNAPII elongation,affectingin turn the timingofcotranscriptionalsplic-
ing. I will discuss these two modesin depth, but firstwill describethe features and rolesof what
is likelyto be a central participant in these process, the carboxyterminal domain (CTD) ofthe
large subunit ofRNAPII.

RNAPII CTD and Coupling
TheCTD playsarolein the nucleardistribution ofcomponentsof the transcriptionand splic-

ing machineries. In fact, transcriptionalactivationofRNAPII genesincreases the association of
splicingfaetorsat sitesoftranscription,but this rdocalizationdoesnot occurifRNAPII lacks the
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CTD.29 Thisis consistentwith findingsthatovcrc:xprcssion ofCTD-containing large subunitsof
RNAPII in mammaliancells inducesselective nuclear reorganizationof splicingfactors.30 Also
consistent with the above, stimulation of transcription by strong activators is associatedwith
increasedsplicingefficiency and thisproperty ofactivatorsdependson the CTD.SJ.72

The CTD is composed of 52 tandem heptapeptide repeats in mammals (26 in yeast), with
the consensus sequenceYSPTSPS. The serinesat positions2 and 5 of this repeat arc subject to
regulatory phosphorylation. Phosphorylationof scrs by TFIIH is linkedwith transcriptional
initiation, whereasphosphorylation of Ser2 by P-TEFb is associated to transcriptionaldonga-
tion.l l,32Coupling oftranscription and pre-mRNA processing mayin part be due to the ability
ofRNAPII to bind and ·piggyback· someof the processing f.u:tors in a complexreferredto as
an ·mRNA factory~2 Thisconceptarosefrom the observationbyMcCrackenet all l thatddction
of the CTD causes defects in capping, clcavage/polyadenylation and splicing.These authors
showed thatdeletion of the CTD inhibits splicingofthe p-globin gene,which isconsistentwith
the findingsthat isolatedCTD fragmenrsl" aswdl aspurifiedphosphorylatedRNAPIPSareable
to activatesplicingin vitro. Nevertheless, isolatedCTD fragmentscannot duplicate the effectof
the RNAPII holoenzymeunlessthe pre-mRNAis recognizedviaexan definition,Le., it contains
at least one complete internal exon with 3' and 5' splicesites. In other words, the CTD docs
not appear to activatesplicingofpairs ofsplicesitesacross an intron. Thesefindings support a
direct rolefur the CTD in exan recognitionand haveled to speculationthat the CTD functions
to bring consecutive exans in proximity, thereby facilitatingspliceosome assembly. Consistent
with this model,Dye and Proudfuot16showedthat exansflankingan intron that hadbeenengi-
neered to becotranscriptionally cleaved byinsertinga ribozymein the middle arcaccuratdyand
efficiently splicedtogether.Thesedata suggest that a continuous intron transcript isnot required
fur pre-mRNA splicingin vivoand provideevidencefur a moleculartether connectingemergent
splicesitesin the pre-mRNA to an dongating transcriptioncomplex.

Dynamicchanges in the CTD structureandphosphorylationmayplaysignificant rolesin RNA
processing. Forinstance,the peptidyl-prolyl isomerasePin 1stimulatesCTD phosphorylationby
cdc21cyclin Bandinhibits RNAPII-depcndentsplicingin vitro,l7lnhibitionofP-TEFb-mediatcd
CTD phosphorylation prevents cotranscriptional splicing and 3'-end formanon in Xenopus
ooeytcs. In contrast, processingof injected pre-mRNA is unaffectedby P-TEFb kinase inhibi-
tion, which stronglyindicates that RNAPII docs not participate directly in posttranseriptional
processing, but phosphorylation of its CTD is required fur efficientcotranscriptionalprocess-
ing.18 New insights into the mechanismbywhich the CTD functions in splicingcomefrom in
vitro experimentswith a fusion protein consistingof the CTD fused to the C-terminus ofthe
splicingfactor SF2/ASF (ASF-CTD). Compared to SF2/ASF alone, ASF-CTD increasedthe
reaction rate during the earlystages of splicingand thisrequired both RNA-bindingactivityand
phosphorylationofCTD in the fusion protein."

It is worth mentioning that the rolesofCTD in splicingmaybe gene-specific. For example,
the absenceof the CTD can affectalternativesplicingof the FNEDI cassetteexan40 (seebelow)
and mRNA editing ofthe ADAR2 gene" without inhibiting generalsplicing.

Factor Recruitment
One modd that couldexplain the promoter effecton alternativesplicingis that the promoter

Itselfrecruitssplicingfactorsto the siteof transcription,possiblythrough transcriptionf.u:tors that
bind to the promoter or to transcriptionalenhancers. Someproteins, such as the transcriptional
activator of the human papilloma virus,42 and the thermogenic coactivator PGC-l, naturally
function in both transcriptionand splicing. Interestingly, PGC-l affects alternativesplicing,but
onlywhen it is recruitedto complexes associated withgenepromoters' ! (Fig.3).Another example
of a bifunctional factor is the transcription factor Spi-I, required fur mydoid and B lymphoid
differentiation.Spi-l is ableto regulate alternativesplicingofapre-mRNAfur a genewhosetran-
scriptionit regulates. Guilloufet al44demonstrated that, similarto PGC-l, Spl-I must bind and
transactivate its cognatepromoter to favorthe uscofa proximal5' alternativesite.
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Figure 3. Example of how promoters may affect alternative splicing through recruitment of
factors with dual function in transcription and splicing. A promoter with a DR-l element binds
the transcription factor PPARy, which in turn recruits the transcriptional coactivator PGC-1.
PGC-l interacts with RNAPII and other proteins of the pre-initiation complex as well as with
the splicing factor SRp40, which controls inclusion of the fibronectin EDII alternative exon .
PGC-l inhibits inclusion of EDII into the mature mRNA, only when targeted to a promoter.
Based on Monsalve et al.4J

Othermammalianproteins thatappear to aa as bifunctionalfactors include the product ofthe
WT-l gene,which isessentialfor normal kidneydevelopment.45SAF-B,which mediates chromatin
attachment to the nuclear matrix,46 CAlSO, a human nuclear factor with characteristic WW and
FF domains implicated in transcriptional dongation47.48 and a groupofproteins known as SCAFs
(SR-likc cm associated factors) which interact with the CTD and, similarly to SR proteins,
contain an RS domain and an RNA bindingdomain," However there is no formal evidence that
SCAFs function in splicing.

Transcriptional coregulators have also been implicated in the control ofalternative splicing.
Several coregulators ofsteroid hormone nuclear receptors have shown to have diffi:rential effects
on alternative splicing in a promoter-dependent manner. so Some coregulators, such as CoAA
(coactivator activator), act by recruiting coactivators. CoAA interacts with the transcriptional
coregulator TRBP, which is in tum recruited to promoters through interactions with activated
nuclear receptors. CoAAregulates alternative splicingin a promoeer-dependene manner. It similarly
enhances transcription ofsteroid-sensitive or -insensitive promorers, but only affects alternative
splicingoftranscripts synthesizedfrom the progesterone-activatedMMTVpromoter," Inaddition,
transcriptional activators seem to not only modulate alternative but also constitutive splicing in a
RNAPII cm-dependent manner."
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Figure 4. The carboxy terminal domain (CTD) of RNA polymerase II mediates the inhibitory
effect of the SR protein SRp20 on the inclusion of the alternatively spliced fibronectin ED!
exon. Transcription by a WT RNAPII (left) allows recruitment of SRp20 to the transcription
machinery which stimulates EDI skipping. Transcription by a mutated RNAPII lacking the
CTD (ACTO, right) causes higher EDI inclusion because SRp20 is not recruited. Based on de
la Mata et al" o

Recruitment ofSRp20, the CTD and Alternative Splicing
Transcription by an RNAPII mutant lacking the CTD provokes a dramatic enhancement in

the inclusion levels of the FN EDI alternative cassette exon without affecting the efficiency of
general splicing. Interestingly, the cm influences alternative splicing in a way that is indepen-
dent ofcapping and 3' end processing. Experiments using RNAPII cm variants with different
numbers ofrepeats revealed that the 'Iength ofthe cm correlates inverselywith EDI inclusion
levels,with 19 heptads being the minimum number ofrepeats necessary to sustain normal EDI
splicing. This finding is in agreement with reports showing that22 tandem repeats are sufficient
to support wild-type levelsofsplicing ofpre-mRNAs containing constitutivdy spliced introns or
enhancer-dependent inrrons," Using siRNA knockdown strategies we found that whereas activa-
tion ofEDI inclusion by the SRprotein SF2/ASF is not affectedbythe absenceofthecm,inhibi-
tion ofED I inclusion by another SR protein, SRp20, is completely abolished when transcription
is carried out by a ACm RNAPII, suggesting that SRp20 requires the cm to be recruited to

the transcription/splicing machinery'? (Fig. 4). We were not able to demonstrate direct physical
interactions between SRp20 and any portion ofthe RNAPII large subunit. However. we believe
that such an interaction, perhaps weak or indirect. must exist because SRp20 has been found in
a transcription complex known as "mediator" together with the large subunit ofRNAPlls3and
because immunocytochemical studies have shown that SRp20 preferentially associateswith sites
ofRNAPII rranscription'" and is efficiently recruited to the tau gene when one ofits alternative
emns is included, but not when it is ercluded."
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Figure5. Kinetic coupling model for the regulation of alternative splicing by RNAPII elongation.
The 3' splice site (55) by the alternative cassette exon (white) is weaker than the 3' 5S of the
downstream lntron (black). Low transcriptional elongation rates (right) favor exon inclusion,
whereas high elongation rates (left) favor skipping.

Transcription Elongation and Alternative Splicing
Promoters can also control alternative splicing by regulating the rates ofRNAPlI transcrip-

tion dongation. Low dongation rates or transcriptional pausing would favor the inclusion of
alternative emns governed by an emn skipping mechanism, whereas rapid elongation rates or
the absence of transcriptional pausing would favor exclusion of these emus. The mechanism
by which elongation rates affect EDI splicing is a consequence ofEDI pre-mRNA sequence.
EDI emn skipping occurs because the 3' splice site of the upstream intron is weaker than the
3' splice site of the downstream intron. If the polymerase pauses between these two splice
sites, the upstream intron will be spliced. Once the transcription complex resumes elongation,
the downstream intron will be removed and the emn will be included. In contrast, a rapidly
elongating transcription complex will transcribe both introns before the 5' splice site of the
upstream intron can be used. As a result, the 5' splice site will be preferentially spliced to the
strong downstream 3' splice site, rather than the weakupstream 3' splice site, resulting in emn
skipping (Fig. 5). When a weak 3' splice site is followed by a strong one, as is the case in many
alternative splicing events, the transcription elongation rate can affect the relative amounts ofthe
mRNA isoforms. However, when two consecutive strong 3' splice sites occur, as in constitutive
splicing , transcription elongation rates are less relevant.

A kinetic role for transcription in alternative splicingwasoriginally suggested by Eperon ct alS6

who found that the rate ofRNA synthesis can affect the secondarystructureofanascent transcript
surrounding a 5' splice site, which affects splicing. A similar mechanism involving a kinetic link
was suggested from experiments in which transcription pause sites were found to affect alternative
splicing bydelaying the transcription ofan essential splicing inhibitory element (DRE) required
for regulation oftropomyosin eron 3.57
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Severaladditional experiments Indirectly support a role for transcriptipon elongation in
alternativesplicing:

• Transcription factors that primarily stimulate transcriptional initiation. such as Spl and
CTF /NFl.havelittleeffecton alternative splicing,whereas factorsthat stimulateelongation.
such asVP16,promote skippingof the EDI emn.27.58

• Phosphorylationofthe RNAPII cm at Ser2bythe elongationfactor P-TEFhconvertsthe
polymerase from a nonprocessive to a processive form.Inhibitorsofthis kinasesuchasDRB
(dichlororibofuranosylbenzimidazole) inhibit RNAPII elongation.Cdls transfi:ctedwith
ED! splicingreporters and treated with DRB displayeda 3-fold increasein EDI inclusion
into mature mRNA comparedto untreated cdlsP

• Changesin chromatin structure alsoaffectsplicing. Treatment of cdls with trichostatinA.
a potent inhibitor of histone deacetylation, favors EDI skipping.27Thisfinding supports the
hypothesis that acetylation ofthe corehistoneswould facilitate thepassageofthe transcribing
polymerase, which isin turn consistentwith the moddofchromatinopeningbeingmediated
by a RNAPII transcription elongation complexpiggybackinga histone acetyltransfi:rase
activitytrackingalongthe DNA.59 Moreover. replicationof transfi:ctedminigenereporters,
which compacts the chromatin structure and slows the passage ofthe polymerase. causes a
10 to 30-fold increase in ED! ezon inclusionlevels in the transcripe," Interestingly, it has
recentlybeen shown that DNA methylationat internal regionsofa geneprovokes a closed
chromatin structure and reducesthe efficiency of transcription elongarion/" Thissuggests
that alternativesplicingcould be indirectlymodulated by the DNA methylationstatus not
only at thepromoter but also internally.

• Transcriptionalregulatoryelementsthat activatetranscriptionelongation. suchasthe SV40
enhancer.promote skippingofthe EDI emn .61

• Chromatin immunoprecipitationexperiments haveshownthat stalledtranscriptionelonga-
tion complexes exist more frequently upstreamof the alternativeEDI emn on minigenes
with promoters that favor ED! inclusion (i.e.• the FN promoter) than on minigeneswith
promoters that favorEDI skipping(Le.•the a-globin promoter).61

• Mutationanalysis showsthat thebetter the EDI alternativeezonisrecognizedbythesplicing
machinery, the lessitsdegreeofinclusionisaffectedbyfactorsthat modulatetranscriptional
elongadon/"

• Although dealing with general and not alternative splicing, two recent reports provide
strong evidencefor a kinetic link between transcription. splicingfactor recruitment and
splicingcatalysis. Usingchromatin-RNAimmunoprecipitation (ChRIP), Listermanet al14

showedthat whilefts pre-mRNA can be splicedin vivoboth co- and posttranscriptionally.
the topoisomeraseinhibitor camptothecin, which stallsRNAPII elongation, increasedco-
transcriptionalsplicingfactoraccumulationand splicinginparallel.Thesecondreport bythe
Rosbashlab63elegantly showsthat cleavage ofan intron by a hammerhead ribozymecom-
peteswith the splicingof that intron. Ifsplicingofthispre-mRNAispreventedbymutating
the 5' splicesite. the ribozymeis able to cleave the intron, while for a wild-type pre-mRNA
cotranscriptionalsplicingoccursprior to ribozymecleavage. Theseresultsstronglysuggest
that introns arerecognizedcotranscriptionally. Furthermore.theDSTl gene.whichencodes
the transcription elongationfactor TFIIS, was identified in a screenfor genesrequired to
prevent cleavage ofthe intronic ribozymein a normal splicingreporter.Thisagain provides
a link between transcriptionelongationand pre-mRNAsplicing.

Slow Polymerases and Alternative Splicing
A more direct demonstration that transcription elongation affectsalternative splicing in

human cells was provided by the useofa mutant form ofRNAPII (calledC4) that possesses a
reduced elongation rate.64The slowpolymerase stimulates the inclusion of thefibronectin EDI
cxonby4-fold. confirmingthe inverse correlationbetween elongation rate and inclusionofthis
alternativeemn, The C4 mutation also affectedthe splicingofthe adenovirus Ela pre-mRNA,
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byfavoring the uscof themostupstreamof the three alternative 5' splice sitesthat competefor a
common3' splice site.Most importantly and ofphysiological relevance. Drosophila IDes carrying.
the C4 mutation showchanges in the alternative splicing profileof transcripts encodedby the
large uhrabithorax (Ubx) endogenous gene.64Theobserved changes arcconsistentwith akinetic
mechanismwhichallows moretimefor earlysplicingevents. Mostinterestingly. C4heterozygous
IDes displaya phenotype.knownasthe"Ubxeffect".wherethehaltercs presentamorphologythat
resembles the one of the Ultrabithorax mutadon.? .

Similareffects ofRNAPII elongationrateson splicingwcrcfoundinyeast. Alternative splicing
isaveryrareeventin yeast. Mutatingthe branchpointupstreamof theconstitutive internalemn
of theDYN2 genecreates an artificial alternatively splicedcassette emn. Skippingof this emn is
preventedwhenexpressed in ayeastmutantcarryingaslowRNAPIIor in thepresenceelongation
inhibitors.65This supportsthehypothesis thatwhatisimportantto thebalancebetweeneron skip-
pingand emn inclusionarerclarivc ratesof spliceosome formarion and RNAPIIproccssivity.

Chromatin, Elongation and Alternative Splicing
Batsche et al66 revealed a newrolein alternative splicing for die chromatinremodeling factor

SWI/SNF. whose mechanism of action involves the regulationof RNAPII elongation. SWI/
SNF is known to interact with RNAPIL splicing factors and spllceosome-associared proteins.
Overexprcssion of Brahma[Brm), the key subunit of SWIlSNF. favors inclusion ofa blockof
consecutive alternative emns in the CD44gene. which is a target for SWI/SNF transcriptional
activation. As expected for asplicingregulator. Brminteractswith compleees containingUl and
U5 snRNAs. which arepresentin spliceosomes, but not with U3 snRNA.which is involved in
ribosomal RNAprocessing.Brmalso interactswithSam68. anuclear RNA-9indingprotein that in
turn bindssplicingregulatoryelementspresentin the CD44alternative emns andstimulates their
inclusionupon activation oftheERKMAPkinascs. Howdocs Brmuscthesemultipleinteractions
to controlalternative splicing? CD44containsaclusteroften consecutive alternativeemns (vito
vl0) locatedbetween constitutive emns 5and 16.ChIP experiments haveshownthatBrmisnot
onlypresentat thegenepromoterbut appears to bedistribUtedalongthewholetranscriptionalunit
withlevels thatdecrease graduallytowards the3' end.Althoughalso concentratedat thepromoter
region.RNAPII displays adiffercntdistributioninsidethe gene. withaclearaccumulationwithin
thevariable regionpeakingonemn v4.1his peakdisappears whenBrmisknockeddownbyRNAi.
but is higherwhencells arctrcaredwith phorbolesthersthat activate ERIes.

These findings stronglysuggest thatactivation ofSam68byERKtriggers the formarion ofmac-
romolecularcomplexescontainingSam68.RNAPIIandBrmat thecentralblockofvariableemns.
Thisresults in the stallingofRNAPII and the inclusion ofthevariableexons into maturemRNA.
in agreement with thekineticcouplingmodel (Fig. 5). Interestingly, there is a dramaticchange
in the phosphorylation status ofRNAPII at the pausesite.66 Successive ChIPs (ChIP-reChIPs)
usingfirstanti-Brmand then anti-phospho-CTl) antibodiesspecific for eitherphospho-Si:r5 or
phospho-Ser2 revealed that within the CD44constantregionBrmassociates withphospho-Ser2
cmRNAPII. However. Brmassociates withphospho-Sery CTD RNAPII species at the CD44
alternative exons.Thereturn of theRNAPII phosphorylation statusto that typicalof promoters
at specific siteswithin genes couldgenerateinternal"roadblocks" to elongation (Fig.6). In any
case it isnowclearthat Internal roadblocksexistin vivo. canberegulatedbyexternalsignals and
arcveryimportant for alternative splicing.

Coordination Between and Polarity in Multiple Alternative
Splicing Events .

Soon afterthe discovery of splicing it becameevidentthatmanygenes containedmore than
one regionthat is alternatively spliced. a feature that significandy expan.ds the protein-encoding
potential of a genome. Thefibronectin geneis a paradigmatic example,67 as it containsthree re-
gionsof alrcrnative splicing thatdisplay cdl type- and developmental stage-specific regulation.
Thisorganizationcan giverise to up to 20 mRNA isoforms in humans. 12 ~ rodents. and 8 in
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Figure 6. SWI/SNF stimulates inclusion of alternative exons in the CD44 gene by creating a
"road block" to RNAPII elongation at the variable region. The pause is the consequence of
multiple protein interactions involving SWI/SNF, RNAPII, the splicing regulator Sam6B and
spliceosomal components. The phosphorylation pattern of RNAPII CTD associated to Brm is
changed from phospho-Ser2 to phospho-Ser5. This might cause the stalling of RNAPII mol-
ecules coming behind, even if they are phosphorylated at the elongation-competent Ser2.
Based on Batsche et al.66

chickens.61Althoughother geneswith multipleregionsofalternativesplicinghavcbeencharacter-
izedindividually. the generalprevalence ofthisphenomenon has been onlyrecentlyexamined by
bioinfurmaticapproaches which indicate that a significantfraction (2596) ofhuman geneshave
such an organization.691his organizationalso raises the question of whether the differentalter-
nativelysplicedregionsofagenearc coordinatelyregulated.Thishas beenstudied bytransfecting
human cellswith minigencs carryingtwo alternativeEDI regionsin tandem. separatedby3.400
bp spanningthree constitutivecxonsand the correspondingintrons, Mutations at splicesitesor
regulatoryclementsofthe prmimal (withrespectto the promoter) EDI cxonthat eitherstimulate
or inhibit its inclusion cause paralleleffects in the inclusionlevels ofthe distal EDI. In contrast,
the samemutations introduced in the distalEDI havemuch smallereffectson the inclusionlevels
ofthe proximalcxon.69Although the molecularmechanismfor the coordinatingeffectremainsto
be elucidated.it isclearthat coordinationdisplays genepolarity.Most interestingly. coordination
persistsbut polarity disappearswhen the rate oftranscriptionalelongationis high (Fig. 7) but is
reestablishedwhen elongation is inhibited by DRB.Thus. the rate oftranscription elongationis
not only important for splicesite selectionat a singlealternativesplicingevent but alsofor long
distance effects in splicingregulation. Other examples oflong distance regulation ofsplicesite
selectionhavebeenreported in the equine fJ-CAJdn intron 1.70 and in the human thromhopoietin
gene," However. coordination and polarity of multiple alternativesplicingeventsdo not appear
to occur in every gene as splicingofthe Drosophila Dscam genedocs not appear to be governed
by such rules."
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Figure 7. Model for the role of RNAPII elongation on alternativesplicing polarity. Lowelongation
rates or internal pauses (left) allow a temporal window of opportunity for splicing complexes
to assemble at the proximal alternative exon before the distal alternative exon is transcribed.
As RNAPII proceeds, the exon definition complexes at the proximal alternative exon stimulate
distal alternative exon inclusion in a polar way. High elongation rate or lack of internal pauses
allows both proximal and distal alternative exons to be exposed simultaneously to the splicing
machinery which results in the absence of polarity. Based on Fededa et al.69

Conclusions and Perspectives
Transcription dongation and transcription factor recruitment may contribute independently

or in a concerted way to the mechanisms by which transcription controls alternative splicing.
Some years ago we proposed the idea that changes in the "pausing architecture" ofa gene would
provoke changes in the alternative splicing pattern of its transcript, In this context. perhaps
the contribution of different promoters or differential occupation ofa single promoter is not
crucial in the cell. but experiments ofpromoter swappingwere important to investigate the real
determinants in kinetic and recruitment coupling. Several lines ofevidence point to changes in
the chromatin structure in internal regions ofgenes as dicitors ofchanges in RNAPII elonga-
tion and stalling. The use ofChiP methodology hascome ofage to depict the "orography" of
RNAPII, as wdl as that ofproteins involved in transcription, splicing and chromatin structure
along genes during cotranscriptional mRNA processing. The roles ofposttranslational modifi-
cations. such as acetylation and methylation ofcore histones, should also be investigated. One
could imagine that. in the not so distant future, a detailed map will be available of the peaks
and valleys corresponding to the distributions of regulatory proteins and modifications on
each gene in the genome and under different physiological or pathological conditions. Such
information will likely be enremdy informative for predicting the corresponding patterns of
transcription and processing.
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